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Abstract

The physical and chemical processes that occur in the subsurface as fluids and rocks
interact play a central role in shaping subsurface geochemical systems. However,
capturing these fluid-rock interactions in the field is difficult, as these processes occur
hidden from direct observation. Both geochemical and geophysical methods provide
complementary insights into the complex fluid-rock interactions, but the disciplines
are not commonly used together. This thesis aims to integrate reactive transport
geochemical modeling with time-lapse geophysical surveying to better understand
and monitor fluid-rock interactions associated with hydrogen sulfide (H2S) mineral
storage in basalt, focusing on the Nesjavellir geothermal site (SW Iceland). In the
mineral storage approach, injected HyS reacts with basalt-sourced iron to form the
mineral pyrite. The direct current and induced polarization (DCIP) geophysical
method is sensitive to pyrite abundance through the chargeability parameter and
is therefore evaluated as a novel monitoring tool for HyS mineral storage. This
research integrates DCIP surveying with reactive transport models that couple fluid
flow and transport with geochemical reactions to predict the fluid-rock interactions
and provide insight into geochemical processes controlling the DCIP response.

Reactive transport models presented here show that HsS mineral storage is
effective under the current injection conditions, with up to 87% of the injected
HsS mineralizing as pyrite over 25 years of continuous injection. Consequently,
HyS contamination of the nearby Lake Thingvellir is expected to be minimal
(<0.013 pmol/L). However, faults with high permeability pose a potential risk for
contaminating the surface water. Lithologic and hydrologic controls strongly impact
H,S mineralization: it is greatest in high-permeability hyaloclastites with abundant
basaltic glass and in fresh, olivine-rich lava flows; high porosity and temperature
accelerate iron release and pyrite formation; and permeability governs the spatial
distribution of pyrite precipitation, although high fluid flow in permeable zones can
limit the fluid-rock interactions required for pyrite formation. H,S mineralization
is maximized in high-permeability hyaloclastites containing abundant basaltic
glass and fresh lava flows containing abundant Fe-rich olivine. High porosity and
elevated temperature accelerate basalt dissolution and iron release, enhancing HsS
mineralization. Permeability controls the spatial distribution of HyS-rich water and
subsequent pyrite precipitation. However, high fluid flow rates in permeable zones
can limit fluid-rock interactions. Inversion of the 3D flow model constrained by

1ii



borehole fluid temperature data reveals high permeabilities up to 9.7x10~' m?

in hyaloclastite units. The permeability values agree with estimates derived from
a petrophysical relationship linking permeability, changes in electrical resistivity
between 1985 and 2020, and smectite abundance, as predicted by reactive transport
simulations over the same period. Multiple-porosity models indicate that slow,
diffusion-dominated transport in the rock matrix enhances fluid-rock interactions,
with up to 97% of the total pyrite formation occurring within the rock matrix. This
highlights the importance of considering diffusive processes in multiple-porosity
frameworks to accurately simulate HyS mineral storage in fractured basalt.

Assessing DCIP monitoring capabilities at Nesjavellir shows increases in chargeability
in wireline DCIP logs from injection wells injecting HsS-rich water at rates of
12.5-149 L/s. The wireline measurements, taken 40 days apart, capture changes
consistent with reactive transport model predictions of pyrite formation within 3.25
m of the borehole. In contrast, DCIP surface measurements show no significant
change in chargeability following six months of continuous injection. Field-scale
reactive transport models illustrate that low signal-to-noise ratios at the injection
depths and small chargeability responses from dispersed pyrite mineralization limit
the monitoring capability of surface DCIP. Synthetic DCIP datasets generated from
reactive transport models show that cross-borehole DCIP surveying improves upon
the surface DCIP approach by measuring chargeability changes at injection depths,
but the method remains limited by data noise and weak chargeability signals.

Overall, this thesis provides innovative ways of integrating geochemical and

geophysical approaches and provides a comprehensive, non-invasive approach to
enhance hydrogeological monitoring capabilities.
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Utdrattur

Edlis- og efnafraedileg ferli sem eiga sér stad pegar vokvar og berg hvarfast hvert vio
annad gegna lykilhlutverki i métun jardefnafraedilegra kerfa i jardskorpunni. Erfitt
er a0 rannsaka samspil vokva og bergs med beinum athugum par sem ferlin eiga
sér stad nedanjardar. Baedi jardefna- og jardedlisfreedilegar adferdir veita aukna
innsyn 1 flokid samspil vokva og bergs, en bessar fraedigreinar eru almennt ekki
nyttar saman. Pessi ritgerd midar ad pvi a0 sampaetta jardefnafreedileg likon af
grunnvatnsstreymi vio timaradir jarOedlisfreedilegra maelinga til ad skilja betur og
vakta vixlverkun vokva og bergs { tengslum vio bindingu brennisteinsvetnis (HsS)
i steindir basalts, med aherslu & jarohitasvaedi Nesjavalla & Sudvesturlandi. Par er
deelt nidur HoS sem hvarfast vid jarn dr basalti og myndar pyrit. Jardedlisfraedilega
adferdin byggir 4 jafnstraumi og spanskautun bergs (e. direct current and induced
polarization, DCIP) og er ngem fyrir magni pyrits vegna hledslugetu pyrits. Adferoin
geeti pvi verid nystarlegt eftirlitsteeki fyrir bindingu HyS { pyrit. I pessari rannsékn
eru DCIP meelingar sambpeettar grunnvatnslikonum sem tengja saman vokvaflaedi og
jaroefnafraedileg efnahvorf til ad spa fyrir um samspil vokva og bergs og veita innsyn
i pau jardefnafraedilegu ferli sem styra svorun DCIP-adferdarinnar.

Grunnvatnslikon sem hér eru sett fram syna ad binding HsS er arangursrik, par
sem allt a0 87% af niourdeeldu HyS breytist 1 pyrit, midad vid 25 ara samfellda
niourdaelingu. Pvi méa gera rao fyrir ad mengun Pingvallavatns af HoS verdi éveruleg
(<0,013 pmél/L), p6 a0 misgengi med mikla lekt geti mogulega valdid mengun
yfirbordsvatns. Jardlagagerd og grunnvatnsfraedilegar adsteedur hafa afgerandi ahrif
a bindingu HyS: Pyritmyndun HyS er mest { mjog gegndreepu mobergi med miklu
basaltsgleri og i ferskum hraunum sem innihalda mikid af jarnriku 6livini; hatt
grophlutfall og har hiti valda hradari uppleysingu basalts, pvi verour losun jarns og
binding H,S hradari; Lekt reedur dreifingu HyS-riks vatns og par af leidandi hvar pyrit
fellur ut; hins vegar getur mikio vatnsrennsli 4 lekum sveedum takmarkad samspil
vokva og bergs. Kvoroun & lekt 1 privida straumlikaninu med tilsjon af hitagdgnum
tr borholum gefur allt ad 9,7x107 m?2, sem telst h4 lekt. Pessi lekt er i samreemi
vid mat sem byggir & mun viondmsmeelinga 1985-2020 og likonum af utfellingu
smektits fra pvi ad losun fraveituvatns héfst 4 Nesjavollum. Likan med tvenns
konar gropuhlutfalli synir ad heegt, sveimstyrt flaedi 1 berginu auki pyritbindingu,
par sem allt ad 97% af heildarttfellingu pyrits & sér stad innan bergmassans. Pessi
nidurstada undirstrikar mikilveegi pess a0 taka mid af sveimi i tvigropulikonum sem
herma bindingu HsS 1 brotnu basalti.



Mat & eftirlitsheefni DCIP leidir 1 1j6s mikilvaegi borholumeelinga, par sem
DCIP-borholumalingar med 40 daga millibili syna aukna hledslugetu, sem er {
samraemi vio spar grunnvatnslikana um myndun pyrits innan 3.25 m fra borholum.
Til samanburdar syna DCIP-yfirborosmeelingar engar marktaekar breytingar &
hledslugetu eftir sex manada nidurdeelingu, sem er einnig i samraemi vio nidurstéour
grunnvatnslikana og orsakast af fjarlegd meelitackja fra pyritmynduninni. Hermd
DCIP-gogn tr grunnvatnslikonum benda til pess ad DCIP-mealingar milli borhola
geti umfram yfirbordos DCIP melingar greint tutfellingu H,S, ad pvi tilskildu ad
gbgn séu af géboum gaedum og nidurdeeling eigi sér stad yfir 1ong timabil.

[ pessari ritgerd eru lagdar fram nystarlegar leidir til ad sampeetta jardefnafraedilegar

og jardeOlisfraedilegar nélganir & heildsteedan hatt til ad beeta eftirlitsheefni med
bindingu H,S.
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1 Introduction

1.1 Objectives and Motivation

The overarching aim behind this thesis is to integrate geochemical modeling with
geophysical field surveying to enhance the application of time-lapse geophysical site
investigation and to produce more accurate models that illuminate subsurface
fluid-rock interactions. = While not commonly utilized together, integrating
geochemical and geophysical methods can provide shared mutual benefits when
characterizing real-world subsurface systems (Wu et al. 2014), such as complex
fluid-rock interactions.

Fluid-rock interactions describe changes in a system’s geochemistry resulting from
the alteration of the host rock and secondary minerals by pore fluids. These processes
are fundamental to the characterization of hydrologic systems by altering fluid
composition, solute transport, pore-space geometry, and geomechanical properties
(e.g., Steefel et al. 2009). Yet, constraining such fluid-rock interactions in field
settings is inherently challenging as they occur out of view, are often site-specific, and
involve complex coupled processes. The best way to constrain fluid-rock interactions
at high precision is through geochemical fluid and rock sampling (e.g., Emberley
et al. 2005; McGrail et al. 2017; Polites et al. 2022), but such sampling typically
provides limited spatial and temporal coverage. For example, rock samples recovered
from air-lift pumping of HyS injection wells have revealed pyrite formation, but
samples were only obtained from a single well (Snaebjornsdottir et al. 2017).

Geophysical surveying offers an approach to improve the spatial extent and
temporal resolution of subsurface monitoring efforts and provide constraints on
the geochemical and hydrological heterogeneities of a system (e.g., Binley et al.
2015; Singha et al. 2015). Previous studies have utilized stochastic frameworks
to estimate hydrogeologic parameters and lithologic reactive facies by linking
sparsely-spaced hydrological data and densely-spaced geophysical data, collected
using electromagnetic methods (Ezzedine et al. 1999), ground penetrating radar
(Hubbard et al. 1997; Chen et al. 2004), seismic methods (Rubin et al. 1992; Copty
et al. 1993; Wainwright et al. 2014), and joint radar-seismic approaches (Chen et al.
2001; Hubbard et al. 2001; Sassen et al. 2012). Geophysical data can also serve
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as calibration datasets for hydrogeophysical inversions of hydrogeological model
parameters (e.g., Hinnell et al. 2010; Camporese et al. 2015; Pleasants et al. 2022).
In this strategy, hydrogeological models can provide insight into the underlying
systems driving geophysical signatures, such as changes in pore-fluid chemistry (Wu
et al. 2011), microbial activity (Mellage et al. 2018), and biomass changes (Wu et al.
2014; Mellage et al. 2018). However, real-world noise and geologic complexities
introduce ambiguity to geophysical signatures, and careful interpretation is required
to distinguish the combined effects of coupled processes.

Geochemical and hydrological numerical models can serve as predictive tools to
simulate subsurface fluid-rock interactions throughout subsurface systems. This
provides insight into the underlying processes controlling the expected geophysical
changes (e.g., Wu et al. 2014; Mellage et al. 2018), thereby serving to limit
ambiguity in geophysical interpretation. However, accurately simulating real-world
subsurface processes requires geochemical models with extensive spatial and
temporal parameterization, including fluid flow and transport rates, geochemical
reactions and rates, geologic structure, accurate model initial and boundary
conditions, and geochemical time-series measurements for calibration.

This thesis explores joint geochemical-geophysical approaches for the specific
case of field-scale hydrogen sulfide (HyS) mineral storage. HsS mineral storage
aims to reduce the atmospheric emissions of HyS gas by capturing the gas in
secondary minerals in the subsurface. Release of HyS into the atmosphere creates
environmental problems, including producing odors in nearby cities (Gunnarsson
et al. 2011) at concentrations as low as ~1 pg/m3. At higher concentrations, these
Hs5S emissions pose an environmental threat, as HyS is toxic to humans, animals,
and vegetation at concentrations exceeding 530 ppm (WHO 1981). Additionally,
the oxidation of HyS can produce sulfur dioxide and sulfuric acid, leading to acid
rain (Stefansson et al. 2011). To mitigate these impacts, European and Icelandic
regulations require that the average HsS gas concentration, based on air samples
collected periodically over a 24-hour window (i.e., 24-hour moving average), remain
below 50 pg/m? (Danzon et al. 2001; Govt. of Iceland 2010). Disposal methods
such as mineral storage are explored to reduce atmospheric emissions (e.g., Matter
et al. 2016).

Capturing these emissions through the mineral storage process involves injecting
HsS dissolved in water into the subsurface, where it interacts with the rock to
form sulfur-bearing secondary minerals. Geochemical models and laboratory studies
show that iron leached from the reservoir rock binds with the sulfur to form iron
sulfides, primarily pyrite (e.g., Stefansson et al. 2011; Prikryl et al. 2018; Schaef
et al. 2013). This HyS mineral storage process has been implemented at several
Icelandic geothermal sites (Gunnarsson et al. 2018; Snaebjornsdéttir et al. 2021;
Galeczka et al. 2022; Kjeld et al. 2022). Basalt reservoirs are targeted at these sites
due to their reactivity and high iron abundance (Kelemen et al. 2019), both of which
are necessary components of the HoS mineral storage approach.



1.1 Objectives and Motivation

While the mineral storage approach has the potential to reduce atmospheric HyS
emissions and surface hydrologic discharge, the process must be monitored to
evaluate the extent of mineral precipitation, its stability over time, and possible
undesirable environmental impacts. Adverse impacts of mineral storage approaches
include pore clogging of the host reservoir (Callow et al. 2018), contamination and
acidification of the groundwater and surface waters (Zarandi et al. 2010; Stefansson
et al. 2011; Cuoco et al. 2013; Gémez-Diaz et al. 2022), mobilization of toxic metals
(Zheng et al. 2009; Floor et al. 2011; Sigfusson et al. 2011), and gas leakage to
surface waters and the atmosphere (Meckel et al. 2013; Yang et al. 2013; Cameron
et al. 2016).

Monitoring efforts for mineral storage in the rock formation have relied primarily
on indirect quantification of mineralization (Matter et al. 2016; White et al. 2020;
Gunnarsson et al. 2018; Clark et al. 2020). The monitoring methodologies have
primarily been developed for CO, storage (e.g., Matter et al. 2016; White et al.
2020), but they apply to a large extent to HsS storage and similar pitfalls exist
for both applications. White et al. (2020) inferred COs mineralization percent
by calibrating gas saturation levels in numerical models to field responses of well
pressure buildup. Matter et al. (2016) inferred carbonate mineralization percent by
injecting CO, alongside a non-reactive tracer and applying mass balance calculation
based on the respective concentrations measured at monitoring wells downstream.
While this method indirectly quantifies mineralization percentages of injected COq
and HyS (Gunnarsson et al. 2018; Clark et al. 2020), White et al. (2020) suggests
that uncertainty arises due to the flow-path dependence between the injection
and monitoring wells that may not represent other flow paths in the reservoir
and due to complex interactions between multiple processes, including dissolution,
precipitation, and adsorption. Furthermore, recent studies have shown that injected
COs can be stored as biomass, leading to uncertainty in the way mass balance
calculations shall be interpreted (e.g., whether the lower CO, concentration in
monitoring wells compared to tracer-based calculations may indicate carbonate
precipitation or biomass formation or both) and eventually less permanent COs
storage than claimed (Trias et al. 2017; Daval 2018). Ultimately, each of these
sampling methods has a limited spatial extent due to sparse monitoring boreholes
and surface sampling sites, and they provide only indirect measurements of CO,
and HsS mineralization.

Electrical geophysical methods, which involve injecting current into the ground
and measuring the resulting voltage differences to determine subsurface electrical
properties, are particularly useful for monitoring hydrogeological processes due to
their sensitivity to factors such as pore fluid conductivity, pore space geometry,
and electrochemical interactions at the fluid-rock interface (Singha et al. 2015).
Hydrothermal processes can significantly affect these parameters, making electrical
geophysics a valuable, albeit complex, tool for imaging hydrothermal systems
(see Revil et al. (2021b) and references therein). However, electrical geophysical
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approaches, such as induced polarization (Wu et al. 2010; Wu et al. 2011; Zhang
et al. 2012; Saneiyan et al. 2018; Izumoto et al. 2020) and self-potential (Rembert
2021; Rembert et al. 2022), have primarily been applied to laboratory-scale studies
of carbonate and sulfide precipitation, and their potential for monitoring field-scale

systems has not been extensively investigated (Williams et al. 2009; Saneiyan et al.
2019).

Sulfides have unique electrochemical properties that produce measurable geophysical
signals when imaged using the direct current and induced polarization (DCIP)
method. The sulfide grains exhibit a capacitive effect, storing reversible charges
at the grain-fluid interface that can be measured with DCIP (e.g., Shuey 1975;
Wong 1979; Revil et al. 2015; Abdulsamad et al. 2017)(see further in Section 3.2.1).
Thereby, the time-lapse DCIP surveying represents a potential tool to improve the
spatial coverage and resolution of HoS monitoring methods. However, other factors
besides sulfide formation also contribute to the DCIP geophysical response, including
pore space geometry, fluid conductivity, and other primary and secondary minerals
(e.g., Gurin et al. 2015). This makes HyS mineral storage an ideal target to explore
the mutual benefits of integrating geochemical modeling and geophysical surveying.

Reactive transport models are well-suited for integration with field geophysical
surveying because they consider the complex, coupled processes of groundwater
flow, solute transport, and geochemical reactions (Steefel et al. 2005). Reactive
transport more accurately models real-world systems and, in the particular case of
HsS injection systems, offers valuable insight into the fluid-rock interactions that
govern and occur alongside sulfide precipitation. In general, efforts to integrate
reactive transport modeling and geophysical surveying at the field-scale remain
limited to parameterization of reactive transport models with geophysics (Sassen
et al. 2012; Wainwright et al. 2014). At laboratory scales, applications include
the assessment of biogeochemical end products (Chen et al. 2009) and carbonate
precipitation for trace metal sequestration (Wu et al. 2011). The integration of
geophysical surveying with reactive transport in this study provides insight into the
controls of HyS mineral storage and evaluates the performance of novel geophysical
monitoring methods for mineral storage approaches.

1.2 Research Aims

The integration of DCIP geophysics and reactive transport modeling is approached
through multiple avenues in this study, focusing on HsS mineral storage.
First, geophysical field measurements collected with wireline and surface survey
configurations serve to improve the spatial coverage and resolution of geochemical
monitoring, which has been limited to sparse borehole fluid sampling to indirectly
infer HyS mineralization. The measurements are also used to validate the
geochemical model parameters and the results of the simulated fluid-rock
interactions.



1.2 Research Aims

Next, geochemical models are used to predict the fluid-rock interactions that
facilitate HoS mineral storage and the distribution of HsS mineralization. By
providing the expected geochemical and geophysical changes, the geochemical
models provide context for the measured geophysical response changes, thereby
reducing the ambiguity of the interpretations. The geochemical models are also
utilized a priori to evaluate the sensitivity of various geophysical surveys to HyS
mineralization.

The four specific aims addressed through the integration of DCIP with reactive
transport modeling for monitoring HoS mineral storage are as follows:

1. Understand the geochemical and hydrological factors controlling the extent
of HyS mineralization and corresponding geophysical signatures in field
conditions.

2. Utilize geochemical reactive transport models alongside various time-lapse
DCIP geophysical field acquisitions a priori to evaluate the sensitivity of the
method to monitor HyS mineralization.

3. Explore how geochemical reactive transport models can be used a posteriori
to constrain the interpretation of time-lapse DCIP inversion results, reducing
ambiguity in the geophysical interpretations.

4. Understand the long-term effectiveness of HyS mineral storage and how to
better monitor this process.






2 Background: H>S Injection into
Basalt for Geothermal Emissions
Reduction

2.1 Iceland Geothermal Systems and Emissions

Geothermal energy is a key component of energy production in Iceland, providing
roughly 65% of Iceland’s domestic energy and 30% of the electricity demand at an
installed capacity of 755.3 MWe (Ragnarsson et al. 2023). Energy demand in Iceland
is forecast to increase by up to 124% in 2040, driven by increased public demand,
growth in energy-intensive economic sectors, and efforts to reach climate goals
(Iceland 2022). The total harnessable geothermal energy currently beneath Iceland
is estimated at 59 TWh/a (Bodvarsson 1982; Palmason et al. 1985; Stefansson 2000),
which is contained in both low and high-temperature geothermal systems. At least
250 low-temperature and 26 high-temperature geothermal fields have been identified
in Iceland (Wiglusz et al. 2017).

Low-temperature systems have fluid temperatures below 200°C at depths less than
1000 m (Fridleifsson 1979). Many low-temperature systems are related to local,
density-driven convection along young fractures formed by tectonic stresses in older
crust (Arndrsson et al. 2008). The main gas emissions from these systems are Ny
and Ar (Arndrsson 1986). These low-temperature geothermal systems are primarily
developed for district heating, supplying space heating and hot water for residential
and industrial buildings (Arnérsson et al. 2008).

High-temperature systems are defined by temperatures greater than 200°C above
1000 m depth (Fridleifsson 1979), and are developed for both district heating and
electricity production in Iceland (Arnérsson et al. 2008). To produce electricity,
superheated geothermal water (i.e., production fluid) is brought to the surface,
where a controlled pressure drop produces steam that drives turbines to generate
electricity. These systems are often associated with shallow volcanic intrusions
(Arnérsson 1995). Due to the magmatic heat sources, gas concentrations are higher
in hig-temperature geothermal systems, and the most abundant gases are carbon
dioxide (COy), hydrogen sulfide (HS), and hydrogen (Hy) (Arndrsson 1986). These
gases are brought to the surface with the production fluids, resulting in geothermal
emissions.
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Figure 2.1: HyS emission rates per country from geothermal energy production. Data
collected from Marieni et al. (2018).

Iceland is the world’s largest emitter of HyoS from geothermal energy production,
estimated at 30 kt/yr (Figure 2.1). Total worldwide geothermal emissions are
estimated at 9.6 Mt/yr of CO, and 132 kt/yr of HyS. This study focuses on the
Nesjavellir power plant (SW Iceland), which contributes up to 11,300 tons of HsS
per year (Marieni et al. 2018).

2.2 Nesjavellir Geothermal Field

Nesjavellir is a high-temperature geothermal field, producing 120 MWe and 300
MWth from 260-300 °C water sourced at 1000-1500 m depth (Snaebjornsdéttir et al.
2021). The site is located on the northeast flank of the Hengill central volcano, which
sits on a ridge-ridge-transform triple junction (Figure 2.2). Nesjavellir, and much of
the faulting and recent volcanism, is situated within a 5 km-wide graben that reflects
an extensional tectonic setting (Foulger 1988). The area is comprised primarily
of late Quaternary and post-glacial age basalt flows and hyaloclastites (Arnason
et al. 1969; Foulger et al. 1989). Basalt alteration is limited above 400 m depth,
encompassing much of the injection interval explored in this study (Helgaddttir
2021). Alteration increases at greater depths, where zeolites and smectites are
present closer towards the clay cap of the deep geothermal system at ~500 m depth
(Franzson 1988; Helgadottir 2021).
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Figure 2.2: Map of the Nesjavellir site between the Hengill central volcano and Lake
Thingvellir. Unmarked geology zones are hyaloclastites. The reactive transport
grid (Paper II) is overlaid on the map in black. The blue star on the insert
shows the location of Hengill within Iceland, located on the triple junction of the
Reykjanes Peninsula Rift, South Iceland Seismic Zone, and Western Volcanic
Zone (Einarsson 2008).

HyS injection began at Nesjavellir in January 2021, where the HyS gas is dissolved
into the geothermal wastewater and injected into the shallow groundwater system
(200-500 m depth). The shallow injection depth and the soft soil at the surface within
the rift valley make the Nesjavellir site particularly well-suited to test the ability
of the surface DCIP geophysical method to monitor field-scale HoS mineral storage.
Moreover, the site is well-suited for the development of reactive transport models,
given that its geological structure is relatively well constrained by drilling, calibrated
flow models already exist for the site (Gémez-Diaz et al. 2022), and thermodynamic
databases have been developed explicitly for mineral storage within Icelandic basalts
(Voigt et al. 2018). Lastly, monitoring wells are sparse at the Nesjavellir site and
only tap into the upper ~20-50 m of the groundwater system, so the site would
greatly benefit from improved monitoring methods.
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2.3 Geological Storage for Emissions Reduction

Geological storage approaches have been explored as a means to reduce atmospheric
emissions of gases such as carbon dioxide (COjy) and hydrogen sulfide (HyS). In
these approaches, gases are captured at emission sources (e.g., power plants) or
directly from the atmosphere (Beuttler et al. 2019) and injected into subsurface
storage reservoirs, where they are stored in the pore space. While this approach
reduces atmospheric emissions, potential leakage of injected gases and brines poses
a significant challenge to the emission reduction strategy (Kelemen et al. 2019).
Mitigating leakage requires extensive efforts to characterize the hydrological system
and to ensure the integrity of caprock units above storage reservoirs. The risk
of leakage can also be reduced through secondary trapping mechanisms, including
solubility trapping through dissolution of the gases (Emami-Meybodi et al. 2015),
gas trapping via capillary forces (Krevor et al. 2015), and in-situ mineralization upon
interaction of the pore fluids, gas, and reservoir rock (Matter et al. 2016; Zhang et al.
2017).

Trapping the gases through the precipitation of secondary mineralization (i.e.,
mineral storage) offers a potentially permanent (e.g., Matter et al. 2016) and
cost-effective (e.g., Gunnarsson et al. 2018; Marieni et al. 2018) geological storage
approach.  Mineral storage involves the precipitation of secondary minerals,
including carbonates (e.g., calcite, dolomite, magnesite) for CO, storage and iron
sulfides (e.g., pyrite, pyrrhotite) for HyS storage, upon reaction of the injected
gases with the reservoir rock. Mafic and ultra-mafic rocks, including peridotite
and basalt, have been explored as suitable reservoirs for mineral storage due to
their reactivity and abundance of divalent cations (calcium, magnesium, and iron)
required to form relevant secondary minerals (Kelemen et al. 2019).

Basalt has a major advantage for mineral storage over peridotite due to its high
porosity and permeability, which increase reactivity and preserve fluid flow (Kelemen
et al. 2019). Mineral storage in basalts has been implemented for HyS and CO,
through the Carbfix method (e.g., Matter et al. 2016) and the Wallula basalt pilot
project (e.g., McGrail et al. 2011). While injection into basalts has shown promise
for mineral storage at pilot sites (e.g., Matter et al. 2016; Gunnarsson et al. 2018;
Clark et al. 2020), maximizing the effectiveness of mineral storage at the field-scale
requires a thorough understanding of the complex fluid-rock interactions governing
the mineralization of injected solutes.
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2.4 Fluid-Rock Interactions

Altering the basalt reservoir is governed by complex fluid-rock interactions that
are often site-specific. Basalt alteration depends on a complex interplay between
factors such as lithology, temperature, fluid chemistry, and rock structure (Browne
1978; Kristmannsdottir 1979). Temperature has a large control on basalt alteration
rates and alteration mineralogy (e.g., Kristmannsdottir 1979; Arnérsson 1983). For
example, Thien et al. (2015) showed that for small basaltic glass grains, total
alteration occurs after a few days at temperatures above 300°C, while hundreds
of years are required at low geothermal temperatures of 50°C.

At a fixed temperature, lithology strongly controls the degree of alteration,
with glass-rich hyaloclastites altering more readily than holocrystalline basalts
(Kristmannsdéttir 1979).  Furthermore, the rock structure of hyaloclastites,
including increased initial water content, higher pore connectivity, and higher
permeability, promotes higher degrees of alteration compared to lava flows (e.g.,
Kristmannsdottir 1979; Thien et al. 2015; Scott et al. 2023). The lower initial
porosity (i.e., initial water content) of lava flows can lead to complete pore filling
by secondary minerals, thereby obstructing pore connectivity and preserving the
rock from further fluid-rock interactions (Thien et al. 2015).

Fluid chemistry is also an important consideration in fluid-rock interactions,
controlling factors such as alteration rates and mineral stability (e.g., Browne
1978).  As related to mineral storage, Gudbrandsson et al. (2011) found in
laboratory studies that Mg and Fe were preferentially removed from crystalline
basalts in acidic waters compared to Ca in basic waters, thereby controlling
which carbonate species precipitate. Further laboratory studies found that H,S
mineralization rates were most sensitive to the fluid’s pH rather than temperature or
concentration (PTikryl et al. 2018). Conversely, Franzson et al. (2008) concluded that
alteration assemblages in natural systems are primarily influenced by temperature,
with fluid chemistry as a secondary factor. These results illustrate the complexities
of fluid-rock interactions and the complicated interplay of the factors controlling
the interactions under various geochemical conditions.

Specific to mineral storage approaches, COy mineralization is the subject of many
studies, as detailed in the recent review by Snaebjornsdéttir et al. (2020), while fewer
studies have focused on HyS injection (e.g., Stefansson et al. 2011; Prikryl et al.
2018). Stefansson et al. 2011 utilized reaction path models to show that sulfide
mineralization in basalts was most affected by the availability of rock-sourced iron
and the oxidation state of the iron. Their models also showed that pyrite competes
with smectites and epidote for iron availability, establishing that high temperatures
(>230 °C) can limit HoS mineralization due to epidote mineralization. Laboratory
flow-through column experiments presented in Prikryl et al. (2018) supported these
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findings, showing that iron supply controls the effectiveness of HyS mineralization.
Additionally, iron sulfide formation was greatest at the inlet side and increased with
higher temperatures, indicating that HoS mineralization is rapid and enhanced by
the higher basalt alteration rates associated with elevated temperatures.

In the laboratory experiments of basalt samples that had undergone alteration
with HyS-rich water, pyrite was the main iron sulfide mineral identified by various
techniques, including X-ray diffraction (XRD), electron microprobe analysis
(EPMA), and energy-dispersive spectrometry (EDS) (Schaef et al. 2013; Prikryl
et al. 2018). To a lesser extent, these laboratory studies also identified pyrrhotite
(Prikryl et al. 2018) and marcasite (Schaef et al. 2013). XRD analysis of precipitates
recovered from an airlift pump of an HsS injection well at the nearby Hellisheidi
geothermal field identified pyrite as the sole iron sulfide. However, other iron
sulfides were supersaturated in the monitoring well fluid samples, including greigite,
pyrrhotite, marcasite, and mackinawite, and the nanocrystalline structure of
mackinawite makes it difficult to identify through XRD (Sneebjornsdéttir et al.
2017).  Furthermore, the presence of metastable iron sulfide phases, such as
mackinawite, is controlled by complex processes (e.g., precipitation kinetics,
nucleation, geochemical conditions) that can hinder pyrite formation (Schoonen
et al. 1991; Schoonen 2004; Rickard et al. 2007). These processes are difficult to
capture with geochemical models (e.g., Kaasalainen et al. 2011) and have not been
fully explored in the context of HoS mineral storage.

Ultimately, the previous studies highlight the importance of constraining fluid-rock
interactions to achieve safe and effective mineral storage. Since these subsurface
processes are largely hidden from view and alteration samples can be difficult to
obtain, alternative monitoring approaches and predictive tools are essential.
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3.1 Geochemical Modeling Methods

3.1.1 Simulating Fluid-Rock Interactions

Aqueous geochemical models simulate complex fluid-rock interactions that control
systems such as mineral storage approaches. The general approach of the aqueous
geochemical models developed in this study is to first determine the concentrations
of aqueous complexes (i.e., speciation) through mass action equations assuming
local equilibrium. The saturation conditions of solid species are then calculated,
and supersaturated species are allowed to precipitate and undersaturated species
dissolve. Precipitation or dissolution occurs to reach equilibrium or is controlled
through specific reaction rates (kinetics). Iterative procedures are utilized to solve
the nonlinear system of equations and to satisfy mass and charge balances. The
model inputs include the fluid chemistry, rock composition, and a thermodynamic
database that provides data (e.g., equilibrium constants, species definitions, activity
coefficient parameters) for the thermodynamic model (e.g., Lu et al. 2022).

In this thesis, the rock composition is constrained through whole-rock analysis of
drill cuttings collected from the injection wells and milled to <150 pm (n=102).
The total carbon and sulfur contents were defined utilizing a combustion infrared
carbon and sulfur analyzer (www.actlabs.com/geochemistry). Inductively coupled
plasma optical emission spectroscopy (ICP-OES) analysis at the University of
Iceland constrained the major element composition on a subset of the samples
(n=26).

ICP-OES and ion chromatography (IC) analysis at the University of Iceland
constrained the fluid chemistry of the HyS-rich waters. The waters were sampled
in November 2021 at the injection wellheads and downhole at a nearby monitoring
borehole using a polyvinyl chloride bailer. The COs concentrations were measured
through modified alkalinity titration (Jeffery et al. 1989; Arnérsson et al. 2006;
Stefansson et al. 2007) and the HsS concentrations were measured via mercury
acetate titration with dithizone as the indicator in the lab (Arndrsson et al. 2006).
Additional details on the sampling and analytical methods utilized to constrain
the water and rock chemistry are provided in Chapters 3 and 4 (Paper I). Lastly,
the carbfiz.dat database, developed specifically for modeling fluid-rock interactions
related to mineral storage in basaltic host rocks (Voigt et al. 2018), constrains the
thermodynamic conditions.
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For the more complex geochemical model presented in Chapter 5, the background
groundwater chemistry is defined from water samples collected near the start
of geothermal production at Nesjavellir, as reported in Sigfusson et al. (2011).
Additionally, more complex host rock mineralogy is included, defined by a linear
least-squares fit to the average bulk rock composition.

3.1.2 Reaction Path Models

Many previous studies of HoS mineral storage rely on batch reaction models called
reaction path models (Helgeson et al. 1969; Marini 2006) that simulate progressive
host rock alteration in a closed system (e.g., Galeczka et al. 2022; Gysi et al. 2008;
Gysi et al. 2011; Stefansson et al. 2001; Stefansson et al. 2011; Schaef et al. 2013).
These models output secondary minerals for a given amount of host rock dissolution,
determined either by fixed user-input amounts (i.e., equilibrium-controlled) or by
reaction rates and simulated time (i.e., kinetically-controlled).

At the start of the PhD, I simulated reaction path models using PHREEQC software
first to constrain the expected interactions between the HyS-rich injection water
and the basalts at Nesjavellir, establish the viability of HoS mineral storage for the
specific Nesjavellir system, and to determine the expected secondary mineralogy
(Figure 3.1). These simulations found similar results to models of comparable HsS
injection systems (Stefansson et al. 2011; Schaef et al. 2013; Galeczka et al. 2022)
and general basalt alteration in Iceland (e.g. Crovisier et al. 1992; Stefansson et al.
2001; Gysi et al. 2008; Gysi et al. 2011). HsS readily mineralizes, alongside clays
and zeolites, at the Nesjavellir injection site at early stages of basalt dissolution (i.e.,
higher fluid/rock ratio). The degree of mineralization is limited by the iron supply at
the early stages of basalt dissolution, as identified in Stefansson et al. (2011). As the
reaction progresses (i.e., lower fluid /rock ratio), carbonates and iron oxides form and
iron sulfides become a smaller proportion of the alteration assemblage, suggesting
that fluid-sourced H5S has undergone near-complete mineralization. Galeczka et al.
(2022) found similarly favorable conditions within the deeper injection system at
the Nesjavellir site, with 100% of the injected H5S mineralizing upon the alteration
of 0.2 moles of basalt per kg of water.

While reaction path models illustrate potential fluid—rock interactions and support
the feasibility of HoS mineral storage at Nesjavellir, they do not capture the full
complexity of site-specific processes. In particular, by neglecting fluid flow and
solute transport, which can limit fluid-rock interactions by removing the fluids before
they fully react with the rock, the reaction progress remains unconstrained and
the closed-system model cannot fully characterize real-world geochemical systems
(Steefel et al. 2005).
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Figure 3.1: Predicted secondary mineral abundances during progressive basalt
alteration, based on reaction path modeling under equilibrium conditions. Results
reflect fluid-rock interactions between HyS-rich fluid from the NN-3 injection well
and basalt cuttings from 310 m depth.

3.1.3 Reactive Transport Modeling

Reactive transport models simulate both local batch geochemical reactions at
each grid cell in the model and physical flow and transport processes (advection,
dispersion, and diffusion). Coupling these batch reactions to physical transport
at the field-scale through reactive transport modeling more accurately and
quantitatively characterizes real-world geochemical systems.

At its core, reactive transport simulations satisfy the conservation of mass and
momentum for reactions between the aqueous and solid phases, and for the
transport of aqueous species, heat, and water. When considered as a continuum,
this is accomplished by solving the advection-diffusion equation (ADE), a partial
differential equation that integrates advective fluid flow (—v - Ve), diffusion
(V - (DVc)), external sources and sinks (S), and chemical reactions (R). A
generalized form of this equation can be expressed as,

g—;:v~(DVC)—U-VC+S+R, (3.1)
where ¢ is the concentration of a single component of the system (molspecies-m_3),
v is the fluid velocity field governed by Darcy’s Law (m-s™!), D is diffusivity
(m%s7!; product of the diffusion coefficient, porosity, and tortuosity), and the
terms S and R represent the source/sinks and the chemical reactions considered
(molspecies-m*:s-s*l), respectively. The fluid-rock interactions described in Section
2.4 are contained in R of the ADE, considering the rock composition, fluid chemistry,
and thermodynamic data.
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By coupling the reactions with mass transport processes, reactive transport models
describe how the chemical system changes over a flow path, thereby providing a
spatial distribution of the geochemical system (Figure 3.2). The consideration of
physical transport processes also captures how these processes can directly limit the
geochemical reactions - a concept described by the Damkoélher number, which is a
ratio of the chemical reaction rates to the mass transport rate (e.g., Carrera et al.
2022).

Depth (z)

1
X4 X3

Distance (x)

Figure 3.2: Schematic of reactive transport simulations of the injection system at
Nesjavellir. The diagram highlights how reactive transport models simulate host
rock alteration (gray rock) and secondary mineral precipitation (orange precipitate)
resulting from fluid-rock interactions with an evolving pore fluid composition
(shades of blue) along the flow path. Concentrated fluids near the injection
borehole promote fluid-rock interactions, leading to increased host rock dissolution
and secondary mineral precipitation.

To consider the effects of transport processes on mineral storage, I used PHREEQC
software (Parkhurst et al. 2013) in Chapter 4 to develop 1D advective reactive
transport models based on the mineralogy and fluid chemistry of the reaction path
models discussed previously. The 1D models simulate simplified advective plug
flow along a column, where each cell acts as an independent batch reactor and
each transport step shifts the entire solution in a cell to the next cell without
any fluid mixing. The models do not compute concentration gradients or solve
advective flux equations. Instead, transport is controlled by the number of cells in
the column, the number of advective shifts, the fluid residence time of each shift,
and chemical reactions that occur within each cell. The total simulation time is the
product of the number of shifts and the residence time per shift. The model space
is defined after the simulation by assigning a fluid velocity and multiplying it by the
residence time per shift, which yields an effective travel distance per shift. Because
the solution in each cell is simply replaced rather than transported numerically,
the model effectively reproduces the analytical solution to 1D advective flow and
transport without introducing numerical dispersion. To represent radial flow from
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an injection well, the model uses a constant residence time while decreasing the
fluid velocity as a function of radial distance r. This results in cell widths that
decrease proportionally to 1/r, consistent with conservation of volumetric flow in
radial geometry. Consequently, the larger cells at the start of the flow path lead to
lower resolution of the steep geothermal gradients near the injection borehole.

Similar plug flow models have been developed for laboratory studies to better
understand the fluid-rock interactions in flow-through column experiments
(Galeczka et al. 2014; Prikryl et al. 2018). These models simplify the system
to consider only 1D advective flow (Equation 3.1) and assume the host rock consists
entirely of basaltic glass, a component of the host rock critical for supplying
divalent cations for mineral storage. Using these models and flow-through column
reactors, Prikryl et al. (2018) showed that higher temperatures and lower pH values
increase the dissolution rate of basaltic glass relative to flow rate, resulting in
higher percentages of HyS mineralization. Additionally, their models characterized
how porosity evolves along the flow path, with dissolution near the injection inlet
driving increases in porosity. In a similar approach, Galeczka et al. (2014) used
flow-through column reactors and 1D reactive transport models to illustrate how
the fluid chemistry of COs-rich water evolves along the flow path. While the study
captured fluid-rock interactions by accounting for transport processes, the simple
models were unable to accurately describe the laboratory reactors. Discrepancies
were found between the modeled and experimental fluid compositions, attributed
to limited secondary minerals considered, simplified thermodynamic properties,
and uncertainties in kinetic rates and reactive surface area constraints. Therefore,
the simple 1D models I develop for the Nesjavellir injection system serve as a step
towards the development of field-scale reactive transport models that consider more
flow and geochemical complexities to more accurately describe the real-world HyS
mineral storage system (Chapter 5).

In the complex field system, the processes governing mass transport can vary greatly
within the fractured basalt, with fast, advection-dominated transport occurring
with bulk fluid motion in the fracture network and slow, diffusive-dominated
processes following concentration gradients in the matrix (e.g., Berre et al. 2019).
These processes can be challenging to model at the field-scale, and thus many
models simplify the system to consider flow and transport through a single, effective
porous medium (i.e., single-porosity). Single-porosity models use bulk-average
properties to capture the average flow and transport behavior throughout the
reservoir. However, Gomez-Diaz (2020) showed that these models have limited
ability to reproduce tracer recovery curves in fractured basalts at the Nesjavellir
site. To more accurately simulate flow and transport in complex, fractured media,
such as fractured basalt (e.g., Gémez-Diaz et al. 2022; Ratouis et al. 2022),
studies have developed multiple-porosity models that partition the subsurface into
high-permeability fracture and low-permeability rock matrix domains (Warren et al.
1963; Pruess et al. 1985; Nelson 1987).
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Laboratory models of CO; mineral storage approaches have also shown that
mineralization occurs primarily in diffusion-dominated areas, where slow transport
rates allow for sufficient fluid-rock interactions to mineralize carbonates (Giammar
et al. 2014; Adeoye et al. 2017; Luhmann et al. 2017; Xiong et al. 2017). Thus,
multiple-porosity reactive transport models simulating fluid-rock interactions in
the distinct advection- and diffusion-dominated regions provide a means to more
accurately capture the processes governing fluid flow and mineral storage.

I developed a multiple-porosity reactive transport model of the injection system
using TOUGHREACT software (Xu et al. 2006). This model is built using the
Multiple Interacting Continuum (MINC) multiple-porosity grid structure (Pruess
et al. 1985) to account for more complex flow processes in the real-world system. In
the MINC model, I subdivided the grid into three nested domains: fractures, outer
rock matrix, and inner rock matrix (Figure 3.3). Flow occurs across the model
domain through only the permeable fracture elements, capturing the principle that
hydrological changes propagate quickly through the advection-dominated fracture
network compared to the low-permeability rock matrix. I utilized PEST software
(Doherty et al. 2010) to calibrate the 3D MINC flow to borehole temperature data
collected after wastewater injection began at the Nesjavellir site. Local interporosity
flow and transport in the MINC approach occur within each element between the
fractures and the outer rock matrix, and between the outer rock matrix and the inner
rock matrix. Solute transport in the rock matrix is controlled by the distance from
the fracture network and by diffusion, given the concentration gradients between
the fluids in the fractures and the pore space. Thus, the advective-dominated
and diffusive-dominated processes are simultaneously, yet distinctly, considered by
the model, resulting in a more complete simulation of real-world reactive transport
processes (Warren et al. 1963; Pruess et al. 1985; Nelson 1987).
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Figure 3.3: Schematic of a 2D reactive transport model with a multiple interacting
continua grid (MINC). Each grid element is subdivided into three nested domains:
fracture network, outer rock matriz, and inner rock matrixz. The blue arrows
illustrate the hydrological connections between the nested elements.
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3.2 Geophysical Monitoring

3.2.1 Subsurface Electrical Properties

To apply electrical geophysical methods for mineral storage monitoring, it is essential
first to understand how alteration processes in basalt affect subsurface electrical
properties. This thesis utilizes the direct current and induced polarization (DCIP)
electrical geophysical method, which considers both conduction (¢’) and polarization
(¢”) processes that contribute to the complex conductivity (o*) describing the
electrical properties following (e.g., Vinegar et al. 1984):

o* =0 +io". (3.2)

Electrical Conduction:
Conduction describes how readily electrical current flows through the porous media
and is the real component (¢’) of complex conductivity. This bulk conductivity
value is measured with the direct current (DC) resistivity geophysical method.
Vinegar et al. (1984) defines the real conductivity component (¢’) as the sum of the
conduction through the pore fluids (o, i.e., free ions in pore water) and conduction
at the surface of the fluid-mineral interface (07, i.e., ions exchanged with the rock
matrix):

o' = T+ Ol (3.3)
where F' is an electrical formation factor related to the pore architecture (i.e.,

tortuosity).

Processes associated with hydrothermal systems impact the pore fluid and surface
conduction mechanisms:

i. Pore water salinity: Geothermal fluids are generally more saline than
shallow groundwater due to processes such as phase separation (i.e., where
boiling leaves behind more concentrated residual fluids), extensive fluid-rock
interactions involving volcanic rocks and magmatic hydrochloric acid (HCI),
enhanced rock leaching driven by elevated temperatures and lower pH from
magmatic gases, and fluids mixing with deep, evolved formation waters and
magmatic fluids (e.g., Arndrsson et al. 1978; Arndrsson et al. 2007; Finster
et al. 2015). These processes increase the total dissolved solids and fluid
salinity, leading to higher conductivities.

ii. High temperatures: Warm waters associated with hydrothermal systems are
also more conductive than cold groundwater due to increased ion mobility in
the less viscous fluid (Keller et al. 1966). The increase in water conductivity
with increasing temperature is approximately 2% per degree C (Arps 1953;
Keller et al. 1966; Hayashi 2004). As such, highly conductive responses can
indicate the presence of hot water in hydrothermal systems.
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iii. Reduced Porosity: Changes to the pore space geometry from hydrothermal
alteration also impact the conduction mechanisms. Alteration in hydrothermal
systems generally decreases the matrix porosity (e.g., Callow et al. 2018; Scott
et al. 2023). Decreasing the connected porosity restricts current flow paths
in the water and reduces the fluid-mineral interface, thereby decreasing the
electrical conduction.

iv. Alteration Minerals: Mineralogical changes from host rock alteration in

hydrothermal systems can also impact how current behaves at the fluid-rock
interface (07, ;). Alteration minerals such as smectite clays and zeolites can
have large cation-exchange capacities, a physiochemical property that defines
the amount of exchangeable electrical charges on a mineral’s surface (e.g.,
Weisenberger et al. 2020). Higher abundances of these alteration minerals
result in increased conduction mechanisms along the surface of the rock
matrix (e.g., Waxman et al. 1968; Vinegar et al. 1984). Furthermore, recent
studies found that current flow through smectite clay minerals themselves
(i.e., interfoliar current paths) can further contribute to the conduction

mechanisms in altered basalts (Lévy et al. 2018; Lévy et al. 2019a).

Electrical Polarization:
Polarization describes the reversible storage of electrical charges in a porous material
when subjected to an electric field, and it is the imaginary component (¢”) of the
complex conductivity (i.e., dependent on current injection duration or frequency).
This is measured through the induced polarization (IP) geophysical method (e.g.,
Sumner 1978; Chelidze et al. 1999). Similar to the surface conduction (o7, ) from
Equation 3.3, the polarization process occurs at the surface of the fluid-mineral
interface and is defined as:

o' =ol (3.4)

surf -

In the presence of disseminated metallic particles, the polarization mechanisms
(¢") are primarily driven by the metallic particle abundance (e.g. Wong 1979;
Abdulsamad et al. 2017; Gurin et al. 2013; Gurin et al. 2015; Hupfer et al. 2016; Revil
et al. 2015). Metallic particles encompass semiconducting materials, including ores,
metals, and graphite (Martin et al. 2023). At the Nesjavellir site, metallic particles
are primary iron oxides (e.g., magnetite, ilmenite) and secondary iron sulfides (e.g.,
pyrite, pyrrhotite). The semiconducting properties of metallic minerals allow for
electron mobility within the minerals themselves, causing charge accumulation at
the fluid-mineral interface when current flow is induced (Revil et al. 2015; Martin
et al. 2023).

The degree of polarization can be described as the chargeability (m), a parameter
describing the capacitive effect of the material (Sumner 1978). The chargeability
is directly related to the volume fraction of metallic particles in the subsurface
(Equation 3.11), with larger chargeability measurements indicating more abundant
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metallic particles (e.g., Wong 1979; Gurin et al. 2015; Revil et al. 2015). Lévy et al.
(2019a) verified this direct relationship in laboratory studies on altered Icelandic
basalts with varying abundances of metallic particles. Thus, mineralization of HyS
upon basalt alteration to iron sulfides increases the chargeability response, which is
measured using the DCIP geophysical method. Although the IP response of each
iron sulfide mineral are only beginning to be constrained (e.g., Gurin et al. 2015),
laboratory measurements on altered volcanic samples show that pyrrhotite exhibits
an IP response comparable to, or even greater than, that of pyrite (Lévy et al.
2019a).

While the volume fraction of metallic particles represents a primary control on
the chargeability response, studies have also suggested a dependency on other
factors such as the grain size of the metallic particles, mineral type, and surface
characteristics (e.g., Martin et al. 2023; Lévy et al. 2019a; Gurin et al. 2019;
[zumoto 2023). Additionally, in the absence of metallic particles, other mechanisms
are believed to contribute to the polarization, including the ion exchange at the
surface of smectite clays (Revil et al. 2017b; Revil et al. 2018; Ghorbani et al.
2018) and charge build-up in constricted pore spaces associated with clays called
membrane polarization (Marshall et al. 1959). However, laboratory studies have
also found that smectite clays diminish polarization responses (Lévy et al. 2019a),
highlighting ongoing uncertainty in this relationship.

3.2.2 DCIP Methodology

This thesis focuses on the time-domain IP method, where a direct current square
wave is injected into the subsurface through a pair of grounded electrodes (A and
B), and the resulting voltage is measured at two additional electrodes (M and N)
(Figure 3.4). The A-B-M-N electrodes make up a single quadrupole and provide a
single geoelectrical measurement called the complex resistivity (p} = 1/0}) (Martin

et al. 2021):
1 2r AV
o* Iip
where AV, is the measured time-varying voltage difference between the M and
N electrodes and I is the current injected between the A and B electrodes. The

term k is a geometric factor related to the distances between the various electrodes
(AM, AM, BM, BN), defined as:

k=—— — - (3.6)

The voltage response between the M and N electrodes (AV};y) contains the DC
electrical conduction response and the IP electrical polarization response, which
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Figure 3.4: FElectrode configurations for the galvanic geophysical methods utilized
in this thesis. The cross-borehole data acquisition is the combination of the four
configurations shown. Blue lines indicate the voltage dipole pairs.

arises when residual charges, accumulated during current injection, return to
equilibrium (voltage decay). A simple schematic of the injection current and
measured voltage for a 50% duty cycle is shown in Figure 3.5. Data can also
be collected in a 100% duty cycle, which is implemented in the surface DCIP
survey in this study to improve signal strength and reduce data acquisition time
(Olsson et al. 2015). The measurement of the DC voltage (Vp¢) is made near the
end of the current injection (/,,). The voltage build-up, sometimes referred to as
overvoltage, occurs during current injection due to polarization processes. Following
the termination of the current, the voltage drops (V;po) and decays with time as
the residual charges, built-up during the current injection, relax to equilibrium (i.e.,
IP decay). This decay is the IP decay and contains information on the polarization
of the subsurface.

There are multiple ways to quantify the IP effect from the decay curve. The
intrinsic chargeability (Vpc/Vipo) is defined as the ratio between the DC voltage
and the voltage measured just after the current is terminated (V;pg) (Sumner 1978).
However, this term cannot be measured in the field due to electromagnetic induction
at early times in the IP decay (e.g., Fiandaca et al. 2012; Maurya et al. 2018).

In field surveys, a common approach is to integrate over the entire decay curve for a
given time-window (t; to t2) and normalize by the DC voltage (e.g., Sumner 1978).
This provides an integral chargeability term (M;,;):

JZVip(t)dt 1
ty —ta  Vpo
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Figure 3.5: Schematic of the time-domain DCIP survey with current injection
(dashed red line) for 4 seconds (Ip,) and measured voltage response (blue line)
after the current termination (Ioss). The voltage decay curve (Vip) associated
with the IP effect is shown in the bottom plot, measured at select time-gates (black
dots).

The integral chargeability is a simple and convenient measure of the IP effect, and
this measure is used to indicate the polarization response in Chapter 4 of this thesis
because it is effective in smoothing out data noise (Lévy et al. 2024). However, it
does not contain spectral information that is needed to inform petrophysical and
hydrological properties (Madsen 2019). For time-domain IP data, these properties
are recovered by considering the full IP decay. In the full-decay approach, the
[P decay is divided into time-gates and an apparent chargeability term (m,) is
calculated for each gate :

1
[ Vip(tydt 1
Me.i — . (38)
' t,+1—1t; Vpe
The IP decay curve, defined in the time-domain by apparent chargeability
measurements and contained in the complex resistivity of Equation 3.5, is often

described by phenomenological models. One such model is the Cole-Cole model

(Pelton et al. 1978):
1
t = 1-—- l—-—= .
g ’”’{ m( 1+<z'mp>cﬂ | 39

where pg is the DC resistivity (inverse of electrical conductivity, o), m is the
chargeability, 7, is the relaxation time, and C'is a dimensionless frequency exponent.
In Chapter 6 of this thesis, a re-parameterization of the Cole-Cole model is used to
describe the IP response (Fiandaca et al. 2018).
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A petrophysical relationship exists between the chargeability (m) and the volume
fraction of metallic particles with respect to the total porous media (0,,eanic) (Wong
1979; Revil et al. 2015): 9

m = 5 X 9mem”ic . (310)

Utilizing this relationship, changes in the chargeability response can indicate
changes in the sulfide abundance following HsS injection:
9

Am = 5 X Agmemmc . (311)

3.2.3 DCIP Data Acquisition and Processing

There are multiple approaches to collecting galvanic electrical geophysics data in the
field. In this study, I utilize four methods of data acquisition (based on synthetic
and/or observed data) at the Nesjavellir geothermal site (Figure 3.4); (i) wireline
DCIP logging down the injection borehole, (ii) surface DCIP profiling with a multiple
gradient array, (iii) cross-borehole DCIP where electrodes are placed down the
injection and nearby monitoring boreholes, and (iv) vertical electrical sounding
(VES) along the surface. Each DCIP survey includes a dataset collected prior to HoS
injection and a second dataset collected after a period of continuous H,S injection.
The VES data were collected in 1985 before geothermal development at Nesjavellir,
and the soundings provide only the DC resistivity parameter (no IP).

Wireline Logging:

Wireline logging data used in this study (Paper I) were collected in two
of the injection boreholes, NN-3 and NN-4 (Figure 3.6), in September 2020
(prior to HsS injection) and March 2021 (1.5 months following continuous HsS
injection). The wells were logged with the 16/64 QL40-ELOG/IP probing tool
(www.alt.lu/downhole-probes/) using a 50% duty cycle, 2 s injection pulse, and 2
s release for a total cycle of 8 s and a sampling frequency of 450 Hz, which was
the maximum possible with this tool. The logging instrument utilizes the "normal"
configuration with a current (A) and potential electrode (N) spaced 64 inches apart,
and the second potential electrode (M) located at the surface (Helander 1983).
Wireline IP logging provides electrical data with a high vertical resolution within a
few meters of the borehole (Roy et al. 1971).

The data were processed following the procedure outlined in Lévy et al. (2024).
First, background time-invariant self-potential voltages and 50 Hz harmonic noise
from a nearby buried powerline were removed from the data. The data were re-gated
into 37 log-spaced windows to describe the full waveform decay signal. The first time
gate was removed due to noise from electromagnetic coupling. Next, the data were
normalized by the DC voltage (Equation 3.8) and the decays were stacked using an
arithmetic mean of the positive and negative decays to improve the signal-to-noise
ratio. The decays were averaged over 2 m-thick intervals to further smooth noise
and facilitate an easier comparison between the logging campaigns. Lastly, the
decay curves were integrated to obtain the integral chargeability value at each depth
(Equation 3.8).
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Figure 3.6: Map of the Nesjavellir geothermal field site. The HyS injection wells
are shown as red circles. The approzimate electrode locations along the DCIP
survey lines are displayed as black dots, and the locations of the vertical electrical
soundings collected in 1985 are shown as yellow triangles. Red lines indicate
buried power lines, the pink square is the location of a residential building, and
the blue lines indicate hot water and steam pipes.

Surface DCIP:

Surface DCIP data is used in Paper III of this thesis (Chapter 6). The data were
collected in the summers of 2019, 2020, and 2021. However, the 2019 survey served
to inform the acquisition strategy for the following years, and this data is not utilized
in this thesis. The time-domain, full waveform data were collected using the ABEM
Terrameter LS2 with a 100% duty cycle, varying injection and decay measurement
durations ranging from 4 s to 8.2 s, and a sampling frequency of 3.75 kHz. The data
were collected along seven lines using a multiple gradient array configuration (Figure
3.6). Lines 1-5 were 1200 m long and were oriented parallel to the rift valley in the
direction of groundwater flow. These 1200 m-long lines consisted of 101 electrodes,
with 10 m spacing at the center of the line (200-1000 m) and 20 m spacing at the
edges (0-200 m and 1000-1200 m). Lines 6-7 were 800 m long and transected Lines
1-5. These 800 m-long lines consisted of 81 electrodes with 10 m spacing in the
center of the line (200-600 m) and 20 m spacing at the line edges (0-200 m and
600-800 m).
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The data were processed by first removing the 50 Hz powerline noise following the
algorithm presented in Olsson et al. (2016). I then manually processed the gated
decays using EEMstudio software (Sullivan et al. 2023) to remove data outliers.
I utilized EEMverter software (Fiandaca et al. 2023) to invert the processed data
for subsurface electrical parameters, as detailed in Chapter 6. The 2D inversions
implemented a time-lapse scheme in which the 2020 and 2021 datasets were inverted
simultaneously, penalizing large time-lapse changes between the models to balance
compact time-lapse model changes with data fit (Fiandaca et al. 2015). Topography
was considered in the inversions utilizing a digital elevation model over the survey
area. Additionally, I implemented a multi-mesh inversion approach that solves
for the time-lapse model parameters on a shared mesh geometry that minimizes
the distance between the field electrode positions. This process reduced inversion
artifacts resulting from surface electrode misplacement between the 2020 and 2021
surveys. After the inversions, I further processed the decay curves to remove data
with large misfits to the optimized model and re-ran the inversions.

Synthetic surface DCIP data were also generated along the survey lines using
predictions from reactive transport simulations of HyS injection for 0.5 and 25
years, respectively, to assess the sensitivity of the surface DCIP method to monitor
HsS mineral storage. The IP response associated with the predicted pyrite formation
was calculated utilizing Equation 3.11 and added to the 2020 baseline DCIP data.
Time-lapse inversions were then performed using the baseline and synthetic datasets
to determine whether the pyrite mineralization could be detected.

Synthetic Cross-hole DCIP:

Cross-hole surveys involve placing electrodes in neighboring boreholes. This allows
for electrical imaging between the boreholes, thereby providing high-resolution DCIP
data at greater depths compared to surface DCIP surveying (e.g., Lévy et al. 2022).
The boreholes each have 31 electrodes spaced at 10 m apart throughout the injection
zone (150-450 m depth). The survey design utilizes two boreholes spaced 100
m apart. Quadrupoles are constructed by selecting A-B current electrode pairs
and M-N potential electrode pairs between the two boreholes, and four different

acquisition geometries are combined to maximize the survey resolution between the
boreholes (Lévy et al. 2022).

In this thesis (Paper III), T use synthetic data to test the sensitivity of cross-hole
DCIP surveying to HoS mineralization at the Nesjavellir injection site and evaluate
the potential of this method for future monitoring. I construct the expected
geophysical anomaly using Equation 3.11, with the sulfide mineralization predicted
by 2D-radial reactive transport simulations of HsS injection for 5 and 25 years.
The anomaly is added to baseline models defined by the 2020 baseline dataset.
Additionally, random Gaussian noise with a standard deviation of 2% of the data
values was added to the synthetic DCIP to better represent field conditions. This
dataset is inverted using the previously discussed EEMverter time-lapse inversion
scheme to assess the method’s ability to monitor HyS injection.
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Vertical Electrical Sounding Method:

In addition to the DCIP field data, I utilize historical vertical electrical sounding
(VES) data (Paper III) collected at the Nesjavellir site in 1985 (Figure 3.6) to
characterize the subsurface electrical properties prior to geothermal production and
wastewater disposal (Arnason et al. 1986). VES measures the DC voltage (Vpe in
Figure 3.5) to provide the bulk conductivity component (¢’ in Equation 3.3). This
bulk conductivity is acquired in a similar approach to the surface DCIP method,
in which voltage is measured across the M-N dipole electrodes following a current
injection through the A-B electrodes.
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Figure 3.7: Vertical electrical sounding data collected at the Nesjavellir geothermal
site in 1985 (Sounding HE-122 in Arnason et al. (1986)). The left plot (a)
shows the uncorrected data, and the right plot (b) shows the corrected data, tied
in together through multiplication factors.

Compared to the DCIP profiles, the VES provides a 1D sounding of subsurface
resistivity (inverse of conductivity), utilizing a Schlumberger array configuration. To
obtain the soundings at the Nesjavellir site, the current electrodes remained fixed
around the central sounding location, and their spacing was gradually increased
from 4 to 3560 m, with larger spacings measuring deeper into the subsurface. The
M-N potential electrodes also remained centered at the sounding location, and their
spacing was increased from 1 to 200 m (Arnason et al. 1986).

I processed the VES data to remove local, near-surface heterogeneities that impact
measurements made at varying M-N potential electrode spacings (Figure 3.7). This
involved correcting the resistivity curves with a multiplication factor to force the
segments, measured at various M-N spacings, to tie into the measurements made at
the largest M-N spacings, as these are less affected by local heterogeneities (Hersir
et al. 2022). The processed data were inverted using the pyGIMLI software (Riicker
et al. 2017) to obtain a 1D resistivity model of the Nesjavellir system in 1985.
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3.2.4 DCIP Monitoring at a Geothermal Site

The DCIP method has been historically used for mineral exploration due to
its sensitivity to ore deposits and other metallic particles (e.g., Bleil 1953;
Dusabemariya et al. 2020). However, recent studies have explored the potential
of the DCIP method to image hydrothermal and volcanic systems (e.g. Revil
et al. 2021b). These systems have traditionally been imaged using electrical and
electromagnetic resistivity methods that measure the conduction mechanisms of
the subsurface (i.e., 0’) associated with warm water and geothermal clay caps (e.g.,
Arnason et al. 2010; Hersir et al. 2022). However, these measurements of the bulk
electrical conduction are controlled by both the pore fluid conductivity (o) and the
surface conductivity (o7, ;). Therefore, the method cannot identify the individual
contributions from pore fluids and mineral alteration (Equation 3.3). Conversely,
polarization mechanisms are only dependent on the surface charge accumulation at
the fluid-mineral interface (Equation 3.4), thereby providing information uniquely
related to the mineralogy itself (e.g., texture, pore architecture, and alteration)
(e.g., Singha et al. 2015; Revil et al. 2017b; Lévy et al. 2019b).

Ghorbani et al. (2018) showed that alteration strongly impacts IP parameters in
core samples of volcanic rocks and utilized synthetic modeling to show how IP can
be used for geohazard mapping in hydrothermal areas by indicating out-gassing
and slope instabilities associated with alteration. Additional studies have utilized
IP to characterize the pore size and permeability characteristics of basaltic
reservoirs (Revil et al. 2017a; Zhang et al. 2023), map temperature distributions
associated with the degree of alteration (Revil et al. 2021a; Zhang et al. 2023), and
independently map lithological, mineralogical, and hydrogeological structures of
geothermal systems (Lévy et al. 2019b; Piolat et al. 2023).

While the use of DCIP to identify alteration processes has been explored previously,
the method has not been developed to monitor mineral storage approaches.
However, Lévy et al. (2019a) and Lévy et al. (2019b) utilized the electrical
conduction responses alongside the polarization responses in field data to establish
the ability of the DCIP method to uniquely identify pyrite within alteration of
Icelandic basalts. Building on these results, a recent study associated with this
thesis research began to explore this methodology by testing the DCIP method’s
sensitivity and exploring processing techniques (Lévy et al. 2024). The results
identified complexities in the methodology and, in particular, the need for future
studies to address ambiguity in interpreting the IP response, given the combination
of multiple processes contributing to the response.
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3.3 Conceptual Model: Geochemistry-Geophysics of
H->S Mineralization

Insights from the thesis presented here, alongside reaction path modeling (Stefansson
et al. 2011; Clark et al. 2018; Galeczka et al. 2022) and laboratory experiments
(Marieni et al. 2018; Prikryl et al. 2018), aid in the development of a conceptual
model detailing the relevant processes of HyS mineralization in the HoS-water-basalt
system at Nesjavellir. Basaltic rocks are targeted for mineral storage due to their
reactivity and abundance of cations, particularly Ca?t for CO, mineralization
and Fe?T for HyS mineralization (e.g., Stefansson et al. 2011; Matter et al. 2016).
During low temperature basalt alteration, such as in the shallow injection system
at Nesjavellir (< 100 °C), these cations are released to form secondary minerals,
including amorphous silica, zeolites, smectite clays, iron oxides, carbonates, sulfides,
and sulfates. The specific assemblage of secondary minerals is controlled by the
basalt and fluid composition, thermodynamic conditions (e.g., temperature, redox
state, pH, kinetic rates), and transport processes (e.g., advection, diffusion,
dispersion, fluid mixing, fluid residence time), among other factors.

For the case of H,S injection for mineral storage, the release of Fe*"™ from
the primary minerals (i.e., basaltic glass, iron-rich olivine, iron oxides, and
pyroxene) promotes the formation of iron sulfides, including pyrite and potentially
pyrrhotite. As related to the IP geophysical response, primary iron oxide minerals
(magnetite/titanomagnetite) and iron sulfides have similar chargeability responses
dependent on their volumetric abundance (e.g., Wong 1979; Gurin et al. 2015;
Revil et al. 2015). Thus, the dissolution of the primary iron oxides can reduce the
overall chargeability response while iron sulfide mineralization works to increase the
chargeability (Equation 3.11).

The formation of pyrite upon HsS injection is controlled by the pH conditions, redox
state, and fluid-sourced SO}, Fe?*, and HS™, following the reaction:

4FeSy +4H,0 = HY 4+ SO~ + 4Fe*t +THS™ . (3.12)

Pyrite is supersaturated in the injection fluids prior to injection, promoting rapid
mineralization. To maintain pyrite formation, Fe?" must be supplied from the
alteration of the basaltic rock. The availability of Fe?* is the largest limitation
for HoS mineral storage at the injection conditions, which can be limited by the rate
of basalt dissolution, redox state of the aqueous Fe, and the uptake of Fe?* from
competing secondary minerals. Smectite clay formation is the most competitive
secondary mineral for Fe?" supply, forming alongside pyrite as the basalt rock begins
to alter. However, as the basalt begins to alter, pyrite is the only Fe(II)-bearing
alteration mineral, and smectites are limited to Fe(Ill)-bearing phases. The impact
of smectite clay mineralization on the IP response is uncertain, and there is no
agreed-upon model for polarization (e.g., Revil et al. 2017b; Ghorbani et al. 2018;
Lévy et al. 2019a). However, smectites increase the electrical conduction along the
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surface of the rock matrix due to their cation exchange capacity (e.g., Waxman et al.
1968; Revil et al. 2017b; Weisenberger et al. 2020) and the additional electrical
conduction pathways within the smectite minerals (intra-solid conduction) (Lévy
et al. 2018). Higher conductivities can reduce the magnitude of the IP signal,
thus impacting the ability to resolve small-magnitude IP responses (e.g., Lévy
et al. 2019b). The higher salinity and temperature of the injected geothermal
wastewater compared to fresh groundwater can also increase total conductivity,
further weakening IP responses.

Under conditions of more intense host rock alteration, more basalt-sourced Fe?* is
supplied. The degree of alteration can be increased through faster basalt dissolution
rates driven by temperature and pH conditions, or through increased fluid residence
times in lower-permeability zones or within the rock matrix, which allow for more
fluid-rock interactions. The increased alteration can promote pyrrhotite (FeS) and
Fe(II)-smectite mineralization. Under reduced conditions, higher pH values, and
with more abundant Fe?*, pyrrhotite becomes the stoichiometrically-favored sulfide,

following:
FeS+ H" =Fe*™ + HS™ . (3.13)

Similar to pyrite mineralization, pyrrhotite will increase the chargeabilitiy response

as a function of its volumetric abundance (Lévy et al. 2019a). Laboratory results in
Lévy et al. (2019a) have even shown that pyrrhotite may increase the IP response
more sharply than pyrite. Increased Fe?* supply from increased alteration also
promotes Fe(II)-smectite formation, which can impede sulfide formation, reducing
total HoS mineralization and the IP chargeability response changes.

Ultimately, this conceptual model of the HyS-water-basalt geochemical system
provides insight into the underlying processes driving DCIP changes. These
processes are complex and occur concurrently, adding ambiguity to the interpretation
of the DCIP response, especially in field settings. The field-scale modeling pursued
in this study seeks to quantify the individual contributions of these underlying
geochemical processes to better understand the field DCIP response from H,S
mineralization.

3.4 Present Work

The first paper (Chapter 4) investigates H,S mineral storage in the vicinity of
the injection boreholes using both reactive transport modeling and wireline DCIP.
Simple geochemical reactive transport models are constructed to provide insight
into the geochemical and hydrological processes controlling HyS mineralization.
Additionally, the models are compared with geophysical wireline measurements
taken in the borehole to establish links between geochemical processes and changes
in the measured geophysical response. The near-borehole models serve as a first step
into understanding HsS mineral storage under field conditions from geochemical and
geophysical perspectives.
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The second paper (Chapter 5) expands upon the geochemical model presented
in Chapter 4 through the development of a multiple-porosity reactive transport
geochemical model of the entire injection reservoir at Nesjavellir. The improved
geochemical model incorporates complex hydrological and geochemical processes to
better characterize HyS mineral storage under natural field conditions and provide
insights into the risks associated with long-term H,S injection at the Nesjavellir
site. The model is further used to evaluate how effective borehole fluid sampling, a
current monitoring approach, is in quantifying the degree of HyS mineralization.

The third paper (Chapter 6) investigates the use of the direct current/induced
polarization (DCIP) geophysical method to improve the spatial extent of HyS
mineral storage monitoring. The paper presents time-lapse DCIP data collected at
the Nesjavellir injection site, and utilizes advanced time-lapse inversion software
to resolve subsurface changes associated with HsS injection. The results of the
field-scale reactive transport model presented in Chapter 5 (Paper II) inform
interpretations of the time-lapse DCIP results. Additionally, the reactive transport
results are used to inform synthetic geophysical models that test the applicability
of DCIP as a monitoring method across various field implementations. Lastly, the
historical electrical resistivity values collected in 1985 are compared to resistivity
values measured in 2020 to identify subsurface changes resulting from geothermal
production at Nesjavellir and to validate the reactive transport models.
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Ciraula, D. A., Kleine-Marshall, B. 1., Galeczka, I. M., Lévy, L. (2024). Advanced
monitoring of HyS injection through the coupling of reactive transport models and
geophysical responses. Environmental Science and Technology. 58(25), 11128-11139,
https://pubs.acs.org/doi/10.1021 /acs.est.3¢10139

Requests for further permissions related to the excerpted material should be directed
to the American Chemical Society.

4.1 Summary

The first paper of this thesis sets the foundation for the joint application of
DCIP geophysics and reactive transport modeling to explore field-scale HyS
mineralization. In this work, simple 1D reactive transport models are developed
in PHREEQC (Parkhurst et al. 2013), representing the first geochemical models
of HyS mineralization developed for the Nesjavellir field site that account for flow
processes. The study focuses on the near-borehole environment, characterizing
changes in the wireline IP response measured in injection wells following HyS
injection. This study aims to couple wireline geophysical surveying with geochemical
reactive transport models to better understand the processes and physicochemical
parameters impacting HyS mineralization at the Nesjavellir site. Additionally, this
paper, and the related work presented in Lévy et al. (2024), are the first to apply
geophysics to monitor mineral storage approaches in the field. I develop geochemical
models to better understand the wireline DCIP time-lapse changes.

The reactive transport models provide insight into the fluid-rock interactions
between the injection fluids of NN-3 and NN-4 and the basaltic glass at Nesjavellir.
Fluid chemical parameters, including HyS concentration, temperature, and pH,
are varied to understand their impact on mineralization in the near-borehole
environment. Physical parameters of flow rate, porosity, and permeability are
defined using additional wireline logging methods (i.e., resistivity, neutron, and
temperature pump-tests). These physical parameters are varied along the flow path
to illustrate how they impact the distribution of HyS mineralization (Figure 4.1).
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Figure 4.1: Results are shown for injection wells NN-3 (a-c) and NN-4 (d-f): (a)
and (d) correspond to the relative porosity and permeability used in the reactive
transport model; (b) and (e) show the predicted sulfide mineralization from reactive
transport simulations of 40 days of the HyS injection, displayed as sulfide volume
fraction (SVF, ratio of volume sulfides to the total volume); (c) and (f) correspond
to the measured change in integral chargeability (mV/V) after 40 days of HyS
injection.

The wireline logging recovers an increase in the integral chargeability IP response
after 40 days of continuous HyS injection (Figure 4.1). In NN-3, the integral
chargeability increases are greatest at deeper depths along the model, with 0-10
mV/V increases at shallow depths and 50 mV/V near the bottom of the well. NN-4
recovers more uniform increases in integral chargeability, ranging from 10-17 mV /V
over the entire well. Joint interpretation of these changes alongside the reactive
transport models reveals a complex relationship between the IP response change
and both the magnitude and distribution of HsS mineralization.

Among both the NN-3 and NN-4 models, HyS mineralization is rapid, with sulfide
formation greatest near the borehole. However, the distribution of sulfide formation
along the borehole is controlled largely by the permeability distribution along the
borehole. This is particularly evident in NN-3, where high permeability values
near the bottom of the borehole, identified by the temperature logs, result in
larger amounts of HyS-rich fluid supply and, thus, increased sulfide mineralization.
Increased sulfide mineralization in the bottom third of the injection well, recovered
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Figure 4.2: Row 1 of each figure illustrates changes in sulfide volume fraction
(SVF) predicted in the reactive transport model of NN-3 and NN-4 with input
data defined in the legend below the plots (measured dissolved HyS, pH, and
injection water temperature, average basaltic glass composition across the entire
borehole, midestimate porosity, and the well injection rates with even allocation of
the injection water to each model layer). The additional rows show the change
in sulfide volume fraction predicted by reactive transport models with a single
parameter varied, as displayed along the y-axis. The chemical parameters are
varied by -25% (red) and +25% (green) of the measured values.

by the reactive transport models, aligns with the trends observed in the measured
IP increase. NN-4 recovers a uniform distribution of IP changes, suggesting sulfide
mineralization throughout the borehole. This is captured through a uniform
distribution of high permeability along the borehole.

The magnitude of sulfide formation is impacted by multiple parameters, including
the porosity, temperature, pH, and injection rate (Figure 4.2). Larger porosities
increase the reactive surface area of the basaltic glass host rock, promoting fluid-rock
interactions that supply Fe for HyS mineralization. Larger porosities also increase
the fluid-rock ratio, thereby increasing the HyS available for sulfide precipitation.
The temperature and pH impact HsS mineralization through their impact on the
dissolution rate of basaltic glass (Figure 4.2). Particularly for NN-4, increasing
the temperature by 25% increases the averaged sulfide volume fraction by ~ 75%,
maximizing sulfide mineralization. The increased fluid-rock interactions at higher
temperatures, coupled with the ample HyS-rich fluid supply from large injection rates
in NN-4, facilitate the large increase in sulfide formation. Conversely, increasing the
fluid temperature in NN-3 by 25% only increases the averaged sulfide volume fraction
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by ~ 6% as the sulfide mineralization is ultimately limited by the HyS supply from
lower injection rates. This underscores the complex interplay of processes that
control the magnitude of HyoS mineralization in the field.

Overall, this first study of the thesis establishes the potential for HoS mineralization
at the Nesjavellir site and helps to identify processes that impact the magnitude and
distribution of HyS mineralization in the field setting. Furthermore, the study lays
the foundation for subsequent studies to apply joint IP geophysical and reactive
transport geochemical investigations to monitor HyS mineralization and optimize
the implementation of mineral storage.

4.2 Main Results

o Increases in the induced polarization response following 40 days of H,S
injection suggest that HoS mineralizes in the near-borehole basalt.

o The permeability controls the supply of HsS-rich injection fluid, thereby
controlling the vertical distribution of sulfide mineralization identified in the
wireline logs.

o The magnitude of HyS mineralization is controlled by the release of Fe from
the host rock and thus by the factors that impact the Fe release, mainly
porosity and temperature. Larger porosities increase reactive surface areas
and promote HsS mineralization. Higher temperatures increase the rate of
basaltic glass dissolution, increasing HyoS mineralization.

o While elevated flow rates can increase the supply of HyS-rich fluid and promote
increased sulfide mineralization, large flow rates can also reduce the residence
time for fluid-rock interactions, thereby reducing the Fe supply and sulfide
mineralization.

o Improved coupling of the IP field measurements and the geochemical models

requires more complex reactive transport models and stronger quantitative
links between the IP response and predicted sulfide mineralization.
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Ciraula, D. A., Scott, S. W., Sonnenthal, E. L., Gomez-Diaz, E., Kleine-Marshall,
B. I. (In Prep). Quantifying HoS Mineral Storage Processes in Fractured Basalt
Using a Field-Scale Reactive Transport Model. Manuscript in Prep. for Submission
to Water Resources Research.

5.1 Summary

In the second paper of this thesis, I develop a 3D field-scale reactive transport model
of the injection system at Nesjavellir (grid in Figure 2.2). This paper builds on the
reactive transport models produced in the first paper by adding more complexities
to model the real-world injection system. This includes increased dimensionality
to three dimensions, integration of field-measured temperature and injection rates,
secondary mineral precipitation and dissolution kinetics, complete primary mineral
assemblage, interactions with the ambient groundwater system, hydrogeologic
heterogeneities, non-isothermal fluid flow, and a multiple-porosity model framework.
The main objectives of the study are to (i) predict HsS mineralization over
long-duration injections for further evaluation of DCIP monitoring sensitivity
(Chapter 6), (ii) constrain the field-scale geological controls on HyS mineralization,
(iii) assess the risk associated with HsS injection at the Nesjavellir site, and (iv)
validate fluid mass balance monitoring methods commonly utilized to evaluate the
effectiveness of mineral storage approaches.

The field-scale reactive transport model recovers effective HyS mineralization,
with 87% of the injected HyS mineralization within the model domain bounded
by Lake Thingvellir (Figure 5.1). Similar to the findings of the first paper,
high permeabilities transfer HyS outside the model domain, thereby lowering the
percentage of HsS mineralized within the specified modeled volume. The high
permeabilities of the fracture network, ranging from 1.01x107!? to 9.71x 10~

m?, are identified through calibration to temperature data and align with values
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Figure 5.1: Percentage of the injected HyS that mineralizes within the model
domain and the proportion of HyS mineralization occurring in each MINC domain
(fracture, outer matriz, and inner matriz).

observed in fresh Icelandic basalts (Scott et al. 2023) and through previously
calibrated flow models at Nesjavellir (Gémez-Diaz et al. 2022). Moreover, the
permeability distribution controls the spatial distribution of aqueous HsS and
the resulting sulfide precipitation, which occurs within the rift valley. While the
highly permeable fractured basalt transports HyS efficiently, contamination of Lake
Thingvellir is expected to be minimal (<0.013 pmol/L). However, high vertical
permeabilities along faulted zones and density-driven flow result in the upwelling of
the warm injection fluid, which has the potential to contaminate the surface waters.

Mineralization occurs as pyrite, and no elemental sulfur or sulfates form, suggesting
that the redox conditions remain favorable for sulfide mineralization. Additionally,
after 25 years of HyS injection, aqueous sulfate concentrations remain low (<0.17
mmol/L) and the pH remains basic (>7.5), indicating that the injected HyS does
not oxidize to sulfuric acid and that groundwater acidification is unlikely under
the current injection conditions. Most of the HoS mineralization (~ 90%) occurs
in the outer matrix of the reservoir rock (Figure 5.1), where transport is slow
and controlled by diffusive processes. Compared to the fracture domain, the slow
transport provides sufficient time for fluid-rock interactions to occur, supplying Fe
for pyrite mineralization. Fe is supplied from basaltic glass in hyaloclastites and
Fe-rich olivines in the lava flows and hyaloclastites; therefore, HoS mineralization is
greatest when basaltic glass and olivine are abundant. With sufficient Fe supply,
pyrite mineralization is rapid and only 4-8% of the injected HyS reaches the inner
rock matrix and mineralizes to pyrite. These results suggest that diffusive processes
are essential for HoS mineral storage and must therefore be accounted for in modeling
to accurately capture mineralization processes.
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Figure 5.2: (a-c) Profiles of the volume of sulfide mineralized following 25 years of
Hy S injection. The red dashed arrows highlight the trends of pyrite mineralization
away from the injection wells, with a larger vertical distribution of pyrite in the
fault zone. (d) Sum of the sulfide volume in each column of the reactive transport
grid. Wastewater disposal sites, injection wells, and key monitoring boreholes
are displayed as red dots. The dashed green indicates the locations of the profiles
shown in the left subplots (A-A’, B-B’, and C-C’).

Overall, the pyrite mineralization is distributed throughout the host rock reservoir
(Figure 5.2) and comprises only a minor fraction of the total reservoir rock volume.
In fact, total host rock alteration remains minimal on the yearly-decadal time-scales
investigated in this study; after 25 years of injection, secondary minerals comprise
just 0.034% of the volume in hyaloclastites near the injection boreholes. Although
the extent of alteration is small, extrapolation to longer durations can provide
context for the short engineering timescales investigated for mineral storage. For
example, secondary minerals scale to about 7% of the hyaloclastite volume if
alteration occurs over the duration since the most recent heating episode of the
Nesjavellir system (~5,000 years), and 100% when extrapolating to the age of
the oldest heating episode (~73,000 years). This illustrates the importance of
considering the timescale of mineralogical changes when monitoring field systems.
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Finally, I utilize the field-scale reactive transport model to provide insight into
the capability of the fluid mass balance method, as presented in Matter et al.
(2016), to accurately quantify mineralization. Using their calculations, I confirm the
speculation of White et al. (2020) that the method only quantifies mineralization
that occurs along the flow path between the injection and sampling wells. For
example, in the reactive transport model, a monitoring well sampling 1000 m away
from the NN-4 injection well and situated along a highly permeable flow path
suggests 51% HyS mineralization. In contrast, a monitoring well at the same distance
but outside a primary flow path shows 83% mineralization. In comparison of these
two cases, the more permeable flow path supplies abundant HyS-rich water but
limits fluid-rock interactions along the flow path (e.g., Chapter 4) leading to lower
H5S mineralization percentages.

5.2 Main Results

e 3D reactive transport models predict that HsS mineral storage at the
Nesjavellir site is effective and contamination of Lake Thingvellir is expected
to be minimal, with 87% mineralizing to pyrite before reaching the lake’s
extent.

o The risk of contaminating Lake Thingvellir is greatest when injection occurs
into fault zones that allow for the vertical migration of HoS-rich water.

o Acidification of the shallow groundwater system at Nesjavellir is not expected
under the current injection conditions as HyS oxidation to sulfuric acid is not
observed.

« Diffusive transport within the rock matrix is essential to HyS mineralization,
since the slow transport rate provides sufficient time for fluid-rock interactions
to occur.

e Fe-rich olivine and basaltic glass make both lava flows and hyaloclastites
suitable for HyoS mineral storage.

o Total host rock alteration is minimal over the 25-year injection duration
studied here, and permeability is expected to decrease by only 4.5% over 100
years of injection. However, future studies should develop finer-scale models
to explore the porosity and permeability evolution at finer spatial resolution.

e Fluid mass balance monitoring methods do not indicate mineralization
over the entire reservoir as they are flow path dependent, only providing
quantitative information regarding HsS mineralization between the injection
and monitoring wells.

40



6 Field DCIP Monitoring of HyS
Injection at Nesjavellir - Paper 3

Ciraula, D. A., Fiandaca, G., Chen, J., Scott, S. W., Lévy, L. (In Review).
Constraining Time-lapse Geophysical Responses with Reactive Transport Modeling:
An Approach to Monitor HsS Mineral Storage.  Manuscript submitted to
Geophysical Journal International (June 30, 2025) and received back after review
with moderate revisions (September 8, 2025).

6.1 Summary

The third and final paper of this thesis explores the use of surface and cross-hole
DCIP geophysics to monitor HyoS mineralization at the Nesjavellir site. Building
on the reactive transport model produced in Chapter 5 (Paper II), this study aims
to (i) evaluate the ability of the DCIP method to monitor HyS mineral storage at
the field-scale, (ii) couple geochemical models with the geophysical data to reduce
ambiguity in the interpretations of time-lapse DCIP changes, and (iii) explore how
time-lapse electrical geophysical methods (i.e., DCIP and VES) can be used to
validate reactive transport model parameters.

Surface DCIP data were collected in 2020 prior to HyS injection and in 2021
following six months of H,S injection. A time-lapse inversion scheme with a
flexible gridding structure is introduced in order to handle complexities in the
data arising from electrode misplacement between the 2020 and 2021 surface DCIP
surveys. The gridding structure, called the mid-point model mesh, is shown to
reduce time-lapse anomalies introduced by electrode misplacement. Ultimately,
the time-lapse IP surveying does not recover any significant changes that could be
attributed to HyS mineralization (Figure 6.1). Instead, all IP changes are isolated
to local infrastructure (i.e., a residential building, buried powerline, injection wells),
illustrating the strong impact noise has on the inversion outcomes. Additionally, a
sensitivity analysis shows that the inversion models have limited sensitivity with
depth, and pyrite anomalies are not well resolved at the 200 m injection depth.
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Figure 6.1: Results of the time-lapse IP inversion recovering changes in chargeability
(m) and pyrite volume fraction (0,,) following siz months of HyS injection. The
casings of the NN injection wells (~200 m depth) are displayed as black lines
and indicate the minimum depth that HsS-charged water enters the subsurface.
Beneath the casing, the wells are open and extend another 200-350 m. The results
are trimmed to the water table at ~110 m depth and to the depth of investigation.
Infrastructure in the survey area is displayed along the ground surface (yellow
outline = house, blue line = hot water/steam pipes, red line = buried power line).

To constrain the underlying processes impacting the geophysical responses and aid
in the interpretation of surface DCIP field data, I utilize the reactive transport
model developed in the second paper (Chapter 5). As discussed in Chapter 5, the
RTM was calibrated using data independent from the time-lapse geophysical surveys
analyzed here, namely: permeability estimations from temperature logs, porosity
from logging and core samples (Stefansson 1991; Munioz 1996), and reaction rates
from model calibration to the fluid chemistry of samples of monitoring boreholes.
The predicted mineralogical changes in the system provided by the RTM, combined
with state-of-the-art petrophysical relations linking mineral volume and IP response,
indicate that secondary pyrite mineralization is driving I[P changes, while iron oxide
and smectite minerals have minimal influence on IP changes. Nevertheless, the
reactive transport model confirms the lack of change observed in the surface DCIP
data, as pyrite mineralization occurs too deep (>200 m) and too spread out to
be resolved with the surface DCIP method. Since chargeability is related to the
pyrite volume fraction, dispersed pyrite mineralization results in small chargeability
changes, predicted to be <0.02 mV/V.

Since these results indicate that surface DCIP monitoring would not work at the
Nesjavellir site, I explore the expected response of cross-borehole DCIP monitoring
using synthetic data derived from 2D radial reactive transport predictions. This
allows investigating whether cross-borehole DCIP could be a reliable monitoring
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method in future experiments. The 2D radial model is developed to simulate
injection into the NN-4 borehole using the same geochemical parameterization as
the 3D model. However, the 2D model has cells refined to 5x5 m around the
NN-4 injection borehole to enhance the simulation’s resolution of the near-borehole
processes that the cross-hole DCIP seeks to image. The refined radial geometry
captures the flow and transport near the injection boreholes while ensuring
computational efficiency. The 2D radial model improves upon the radial model
presented in Chapter 4 in similar ways as the 3D model developed in Chapter
5 (i.e., more complex basalt mineralogy, kinetic dissolution and precipitation,
field injection rates and temperature, mixing with groundwater, MINC grid with
hydrogeological heterogeneities, diffusive transport, and non-isothermal fluid flow).
While the 2D radial model represents a major improvement to capturing the field
HyS-basalt-water system compared to the 1D models in Chapter 4, ultimately both
models reveal similar changes in the sulfide volume fractions (~ 1 x 107%).

The sulfide mineralization predicted by the 2D radial reactive transport models
results in IP chargeability changes up to 1.9 mV/V after injection of highly
concentrated HyS-rich fluids for 25 years (Figure 6.2). Cross-hole DCIP surveying
is shown to be sensitive to these changes, particularly between the two boreholes.
Long-term injection of fluids with lower HsS concentrations produces smaller
chargeability changes of 0.6 mV /V, which are not as well recovered by the inversions
and would be difficult to interpret given the expected noise level. HyS mineralization
from short-term injection (5 years) is poorly recovered for the highly concentrated
injection fluid and is not recovered for the lower-concentration injection fluids.

The change of IP response after 40 days, measured by the wireline logging tool and
expressed as integral chargeability, is in the range 10-20 mV/V (Chapter 4). While
these values appear much larger than the IP chargeability response predicted for
25 years of injection in the 2D radial model (chargeability change of 1.9 mV/V),
the wireline integral chargeability (Equation 3.8) cannot be directly compared to
the RCC chargeability (Equation 3.9) calculated by applying a Cole-Cole model to
the predictions of the RTM. The integral chargeability used in Chapter 4 cannot
be interpreted quantitatively because (i) there is no petrophysical relationship
between pyrite volume fraction and integral chargeability, and (ii) the integral
chargeability calculated here does not account for the current waveform and is thus
not an intrinsic parameter of the medium. The RCC chargeability accounts for the
waveform through the inversion process, thereby providing an intrinsic parameter
that can be quantitatively related to the volume fraction of metallic particles
(Equation 3.10).

While the integral chargeability presented in Chapter 4 does not quantify HyS
mineralization from the wireline response, Lévy et al. (2024) utilized Debye
decomposition of the wireline IP response to quantify the HyS mineralization. The
pyrite volume fraction changes after long injection durations (> 270 days) are found

43



6 Field DCIP Monitoring of H»S Injection at Nesjavellir - Paper 3

NN-4 Injection: 77 ppm H,S for 25 yrs
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Figure 6.2: Results of the synthetic cross-hole modeling showing expected
chargeability (m) change and the corresponding change in volume fraction of
metallic particles (Opp) following 25 years of injection into NN-4 (top row) and
NJ-18 (bottom row). The right plots show the time-lapse inversion results of the
predicted synthetic data with 2% Gaussian noise added to the IP decays and the
DC voltages. Solid black lines indicate borehole casing, dashed black lines indicate
the open boreholes, and yellow dots indicate the electrode locations.

to remain near zero throughout most of the borehole, with few isolated intervals
with pyrite volume fractions near 5 x 1073. However, these low values follow an
initial increase in the wireline response after 40 days of injection, recovering volume
fractions approaching 2 x 1072, suggesting possible re-dissolution of the pyrite
after 40 days. The author’s speculate a few areas of uncertainty in interpreting
these findings of decreases response, including passivation of the pyrite minerals
due to formation of other secondary minerals (e.g., Gurin et al. 2019), corrosion
of the pyrite surfaces (e.g., Placencia-Gomez et al. 2013), connectivity of pyrite
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grains (e.g., Izumoto 2023), or the oxidation of sulfides due to microbial blooms
(e.g., Zettlitzer et al. 2010; Lavalleur et al. 2013; Trias et al. 2017). Furthermore,
the Debye decomposition analysis carried out by Lévy et al. (2024) serves as a
first-order estimate for HyS mineralization since it does not account for the current
waveform, and the data were collected with a truncated injection pulse (2-second
injection duration), adding additional uncertainty to the pyrite volume fraction
estimates.

Expanding beyond the IP response, I used historical vertical electrical sounding
(VES) data collected in 1985 (before the Nesjavellir powerplant began operations)
and available in the archives to reveal how subsurface electrical properties have
changed due to geothermal wastewater disposal at Nesjavellir. I compared resistivity
inversion models obtained from the 1985 data to those from DCIP data from 2020
(before the start of HsS injection but after 30 years of geothermal wastewater
disposal into the reservoir from Nesjavallir powerplant operation). Clear decreases in
electrical resistivity from 1925 Q2m to 325 (2m are observed down-gradient from the
injection wells. Analysis of the individual current-conduction pathways contributing
to the total conductivity reveals that the increase in pore-fluid conductivity resulting
from the disposal of warm, conductive geothermal wastewater is the primary cause of
the decrease in resistivity between 1985 and 2020. Smectite mineralization predicted
by the reactive transport simulation further contributes to the decrease in resistivity,
lowering the resistivity to 330-385 (2m, values similar to the 2020 measured resistivity
(325 Qm).

I further used reactive transport models and petrophysical relationships, linking
resistivity, permeability, and smectite abundance (Lévy et al. 2020), to inform the
permeability estimates used in the reactive transport models. I find that a high
permeability value of 7.9x1072 m? is required to achieve the resistivity decrease
given the degree of smectite precipitation (0.06% by volume) and temperature
changes (5 °C increase). This high permeability is similar to the values of
1.01x10712 to 9.71x10~ m? recovered through the inversion of the flow model
to borehole temperature data in Chapter 5. However, this permeability estimate
represents an upper bound because it does not account for changes in resistivity
arising from differences in salinity between the geothermal wastewater and the
shallow groundwater. While this assumption could be debated, it is consistent
with the idea put forward by Revil et al. (1998) and Lévy et al. (2018) that, at
low fluid conductivities, the primary conduction path shifts from the pore space
to the mineral-water interface. This is particularly relevant given that the fluid
conductivity in 2020 was only 0.07 S-m~!, which lies at the lower end of fluid
conductivity ranges usually investigated in the laboratory.
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6.2 Main Results
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The flexible gridding approach, where the DCIP time-lapse inversion is solved
on a shared model mesh, reduces inversion artifacts resulting from electrode
misplacement.

Time-lapse surface DCIP field surveys and field-scale reactive transport
models both indicate that the surface DCIP method has limited ability to
resolve HyoS mineralization at the Nesjavellir site due to the injection depths
(>200 m), small magnitude response changes expected due to dispersed pyrite
mineralization, and the external noise sources.

Cross-hole DCIP surveying is sensitive to HyS mineralization at the field-scale,
yet the monitoring method requires low noise, highly concentrated HyS-rich
injection waters, and sufficiently long injection durations.

Reactive transport models are used with petrophysical relationships to
constrain the underlying processes impacting the IP response, suggesting that
sulfide mineralization has the largest impact on IP response changes.

Resistivity decreases from 1925 Qm to 325 Qm are observed between 1985
and 2020, owing primarily to the disposal of warm, conductive wastewater in
the shallow groundwater system. Smectite precipitation further decreases the
resistivity response.

An independent petrophysical relationship between smectite abundance,
resistivity, and permeability supports the high permeabilities recovered by
model calibrations in previous studies.



7 Concluding Remarks

7.1 General Conclusions

The main objective of this thesis was to explore how geochemical reactive transport
modeling could be integrated with geophysical DCIP field monitoring to better
understand and capture subsurface fluid-rock interactions, with the specific
application of assessing HoS mineral storage at the Nesjavellir geothermal site.

The DCIP method on its own is sensitive to fluid-rock interactions, but the
underlying processes controlling the measured response changes cannot be
distinguished. The first outcome of this research addresses this gap by using
reactive transport models to constrain the fluid-rock interactions that impact
H,S mineralization and the corresponding geophysical signature (Aims 1 and 3).
Parameter sensitivity analysis revealed that the degree of HyS mineralization is
controlled by the rate of basalt dissolution relative to permeability. Parameters that
facilitated more rapid basalt dissolution, such as pH, temperature, and porosity,
increased the iron supply and led to increased HyS mineralization. The relationship
between permeability and HsS mineralization is found to be complex, with low
permeabilities limiting the supply of HsS and high permeabilities limiting the
residence time for fluid-rock interactions to occur; both resulting in less total HyS
mineralization. Conversely, increased residence times and fluid-rock interactions
in the rock matrix, where diffusive processes control transport, result in the most
pyrite formation.

The second outcome of this research enhances the interpretations of DCIP changes
using reactive transport models (Aims 1 and 3). The reactive transport models
reveal that iron oxide dissolution and smectite mineralization, two factors potentially
influencing the IP response, have minimal impact on the IP response relative to
pyrite mineralization. The small TP changes predicted by the reactive transport
modeling also support the interpretation that large, isolated changes in the surface
DCIP response are not related to pyrite mineralization but are likely due to noise.

At the start of this thesis, the use of DCIP geophysics to monitor HyS mineral
storage remained unexplored. The third outcome of this research illustrates how
reactive transport models can be used, both before (Aim 2) and after (Aim 3)
geophysical data collection, to evaluate the sensitivity of geophysical methods to
subsurface processes and help guide the field surveying design and implementation.
Increases in the measured DCIP response in wireline logs following 40 days of
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H5S injection indicate pyrite mineralization, which is further supported by reactive
transport models along the borehole. Conversely, geophysical changes indicative
of HsS mineralization are not recovered by the surface DCIP surveying. Reactive
transport models and DCIP sensitivity analysis indicate that the expected IP
anomaly is too small to be detected by surface DCIP surveying, primarily because
pyrite mineralization is too dispersed and too deep. Cross-hole data acquisition,
tested with synthetic data generated by reactive transport models, is shown to
be sensitive to HyS mineralization at the injection depths when the injection
duration is long, the fluid contains high HsS concentrations, and data noise is low.
These results from the synthetic geochemical-geophysical cross-hole modeling also
contribute to the fourth outcome of this work: using reactive transport models to
help identify how HyS mineral storage can be better monitored (Aims 2 and 4).

The final outcome of this work establishes the long-term effectiveness of HoS mineral
storage at the Nesjavellir site (Aim 4). The field-scale reactive transport models
indicate that HyS mineralizes to pyrite upon interaction with the basalt host rock.
Over long injection durations of 25 years, the majority of the injected HyoS mineralizes
before reaching the extent of Lake Thingvellir, with minimal contamination of the
lake predicted and no groundwater acidification expected. These results suggest
that the mineral storage system implemented at the Nesjavellir geothermal site is
an effective approach to reduce atmospheric emissions of H,S.

7.2 Outlook - Geochemical-Geophysical Integration

Human activity contributes to the majority of HyS emissions, originating from
sources such as natural gas processing, paper production, petroleum refining,
coal gasification, petrochemical manufacturing, and geothermal energy production
(Habeeb et al. 2018). Many of these same processes also contribute significantly
to atmospheric COg emissions (Anwar et al. 2019). Although reducing energy
usage and overall consumption could substantially lower anthropogenic emissions,
completely eliminating emissions is currently unrealistic. Consequently, approaches
such as mineral storage may become critical strategies to reduce atmospheric
emissions while emission reductions continue to be pursued (Kelemen et al. 2019).

This research focused on mineral storage related to a part of a single geothermal
field in Iceland, but the estimated field sequestration capacity of Iceland comprises
only 23% and 1% and of the global field sequestration capacity for H,S and
COq, respectively (Marieni et al. 2018). In fact, laboratory experiments have
demonstrated successful HoS mineralization in basalt samples collected from field
sites worldwide (e.g., Schaef et al. 2013; Schaef et al. 2014). However, H,S injection
in the field is yet to be implemented outside of Iceland (Gunnarsson et al. 2018;
Galeczka et al. 2022; Kjeld et al. 2022). Implementing effective industrial-scale
mineral storage and monitoring injection processes at field sites outside Iceland
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will face challenges arising from differences in reservoir host rock types, local
heterogeneities, and site-specific biogeochemical processes. These complexities
highlight the need to develop new, robust methods to ensure effective mineral
storage.

This thesis shows that the application of reactive transport modeling and DCIP
geophysical surveying is a complementary approach to better constrain and monitor
fluid-rock interactions for HsS mineral storage. However, future research is
needed to advance the joint implementation — both in applying DCIP specifically
for monitoring mineral storage and more broadly in the general integration of
geophysics with process-based models, such as reactive transport modeling, at the

field-scale.

Specific to monitoring HoS mineralization with DCIP, continued efforts are required
to refine the understanding of the electrochemical processes that govern the
IP response. Although the DCIP method is sensitive to mineralogical changes
associated with HyS injection, uncertainty remains regarding other factors such as
pyrite grain geometry (e.g., Gurin et al. 2013; Hupfer et al. 2016; Izumoto 2023;
Martin et al. 2023), pore structure (e.g., Revil et al. 2017a; Weller et al. 2022), and
smectite clay precipitation (e.g., Revil et al. 2017b; Lévy et al. 2019a; Ghorbani
et al. 2018). While laboratory studies in controlled settings can help constrain
these parameters, bridging the gap between these laboratory IP experiments and
field IP surveys remains an important challenge (Martin et al. 2021; Orozco et al.
2022). Similar uncertainties also exist for monitoring CO, mineral storage with
DCIP, where recent laboratory studies have cast doubt on the polarization response
of carbonates (Izumoto et al. 2020; Rembert 2021) that were initially interpreted
(Wu et al. 2010; Wu et al. 2011; Saneiyan et al. 2018).

DCIP survey configurations with buried or down-hole electrodes (i.e., wireline
logging, cross-hole surveying) show potential in this study as a unique geophysical
method to monitor HyS mineralization directly. Surface electrode configurations
with more powerful current sources and larger dipole spacing, such as the FullWaver
System from IRIS Instruments (www.iris-instruments.com/v-fullwaver.html), could
be explored in future studies to expand the depth of DCIP monitoring (e.g., Piolat
et al. 2025). While other geophysical methods (e.g., seismic, gravity, magnetics,
electromagnetics) are less suited for or are unable to directly detect mineralogical
changes, they remain valuable for characterizing injection reservoirs (e.g., Junker
et al. 2025) and tracking fluid-rock interactions associated with mineral storage
approaches.
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Beyond the specific application of monitoring H,S mineralization, integrating
process-based models, such as reactive transport models, with geophysics presents
broader challenges that future studies should consider. First, the integration relies
heavily on the validity of petrophysical relationships. Reducing uncertainty in
these relationships and demonstrating their applicability across a range of field
conditions is critical to the continued integration of these approaches. Second,
discrepancies in the scale and resolution of the process-based model and the
geophysical inversion models pose a difficult challenge, as pore-scale processes
may differ from those controlling continuum-scale behavior. Furthermore, as
shown in this thesis, fine-scale geological changes predicted by continuum-scale
process-based models produce small geophysical changes, detectable with select
survey configurations. Finally, all process-based models contain simplifications of
the real-world system, and excluding key processes, such as biological processes,
from reactive transport models (e.g., Carrera et al. 2022), risks the misinterpretation
of geophysical responses.

As these challenges are addressed, joint geochemical-geophysical approaches will
provide a more comprehensive framework for constraining subsurface processes.
Continued development of these interdisciplinary approaches could open the door for
higher orders of integration, including joint geophysical-geochemical inversions and
fully coupled hydrogeophysical inversions of reactive transport models (e.g., Hinnell
et al. 2010; Singha et al. 2015; Pleasants et al. 2022; Camporese et al. 2015). Such
advances would ultimately enhance our ability to monitor and accurately model
real-world subsurface systems.
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ABSTRACT: Hydrogen sulfide (H,S), an environmentally
harmful pollutant, is a byproduct of geothermal energy production.
To reduce the H,S emissions, H,S-charged water is injected into
the basaltic subsurface, where it mineralizes to iron sulfides. Here,
we couple geophysical induced polarization (IP) measurements in
H,S injection wells and geochemical reactive transport models
(RTM) to monitor the H,S storage efforts in the subsurface of
Nesjavellir, one of Iceland’s most productive geothermal fields. An
increase in the IP response after 40 days of injection indicates iron-
sulfide formation near the injection well. Likewise, the RTM shows
that iron sulfides readily form at circumneutral to alkaline pH
conditions, and the iron supply from basalt dissolution limits its
formation. Agreement in the trends of the magnitude and
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distribution of iron-sulfide formation between IP and RTM suggests that coupling the methods can improve the monitoring of
H,S mineralization by providing insight into the parameters influencing iron-sulfide formation. In particular, accurate fluid flow
parameters in RTMs are critical to validate the predictions of the spatial distribution of subsurface iron-sulfide formation over time
obtained through IP observations. This work establishes a foundation for expanding H,S sequestration monitoring efforts and a

framework for coupling geophysical and geochemical site evaluations in environmental studies.

KEYWORDS: hydrogen sulfide, induced polarization, wireline logging, mineral storage, basalt, pyrite, geothermal wastewater

1. INTRODUCTION

Geothermal energy production offers an environmentally
friendly base-load energy alternative to fossil fuels. However,
as the geothermal steam contains significant H,S content, it
contributes to anthropogenic hydrogen sulfide (H,S) emis-
sions at a rate of ~0.2 Mt/year globally and 30 kt/year in
Iceland.'™ The H,S emissions are toxic to humans, causing
respiratory arrest at concentrations exceeding 530 ppm.4 They
also pose a threat to the environment when reacting with the
atmospheric oxygen to form acid rain.” Recently established air
quality regulations limit the H,S concentration to S0—150 ug/
m?® per 24 h.%7

To meet emission standards at the Nesjavellir power plant in
southwest Iceland, H,S from the geothermal flue gas is
captured, dissolved into geothermal wastewater, and injected
into the basaltic subsurface.® Due to high reactivity and a high
divalent cations content (up to 25 wt % Ca, Mg, Fe),g'lo basalt
has the potential to effectively mineralize H,S through iron
sulfide (e.g, pyrite, pyrrhotite) formation upon interaction
with the H,S-charged injection fluid.' ™ This mineral storage
approach is similar to the CarbFix process, which has been
studied extensively for the co-capture of CO, and H,$.>"'~""
Although these studies suggest that H,S injection and its
subsequent mineralization in basalt is a viable solution to store
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the H,S emissions permanently, it is crucial to establish a
reservoir monitoring strategy to identify potential consequen-
ces of such injection. For example, if sulfide mineralization is
sluggish, dissolved H,S oxidation can acidify groundwater and
mobilize toxic metals from the host rock.'®™>

The most utilized method to monitor field-scale H,S
injections is to analyze the chemical composition of the
injection reservoir fluid and its parameters."*”'7 Such
monitoring, along with geochemical numerical models and
laboratory simulations, gives insights into the processes
governing the dissolved H,S removal from the injection
fluid.!~>"1137162425 However, verification of the mineraliza-
tion requires monitoring boreholes close to the injection wells.
Furthermore, the chemical composition of water from the
reservoir provides only indirect evidence of such mineraliza-
tion. A potential method to acquire direct information on the
magnitude and spatial distribution of the H,S mineralization in
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the storage reservoir is induced polarization (IP) wireline
logging. Implementing borehole IP as a monitoring technique
provides benefits of high spatial resolution and repeatability
over time, enabling alteration processes to be measured along
the borehole.”*’

The magnitude of the induced polarization response and the
volume of polarized material exhibit a positive relationship.”**’
Previous studies have implemented the IP method to interpret
mineral precipitation (i.e.,, sulfides and carbonates) in
laboratory experiments®’™>® and at field sites.””~*' Particularly
for field studies, interpretation of the acquired data can be
challenging due to signal noise and the presence of other IP
sources that contribute to the signal, especially when dynamic
processes are studied.*”** To aid in the interpretation of IP
measurements and to constrain physiochemical parameters, the
IP surveys can be investigated alongside mechanistic models,
such as §eochemical reactive transport modeling
(RTM).>»**7** While laboratory studies have coupled
electrochemical geophysics and RTM,*”** this coupling
remains unexplored for field-scale applications of mineral
precipitation.

In this study, we aim to couple wireline geophysical
surveying (i.e, IP geophysics) and geochemical RTM to
identify the processes and physicochemical parameters (e.g.,
fluid and rock chemistry, degree of basalt alteration, temper-
ature, and reservoir porosity and permeability), controlling
subsurface H,S mineralization. The outcome of this study
contributes to (1) the general understanding of engineered
H,S mineralization, (2) enhancing the monitoring methods to
improve the safety of such operations, and (3) advancing the
integration of joint geochemical and geophysical interpreta-
tions.

2. MATERIALS AND METHODS

2.1. Site Description. This study focuses on the
geothermal power plant at the Nesjavellir high-temperature
(>200 °C at <1 km depth) geothermal field (SW Iceland).
Here, we provide a brief overview of the geologic setting and
the H,S injection system at Nesjavellir, which have been
previously described in detail.'"**~*” The lithology primarily
comprises shallow hyaloclastite formations and lava flows
(<400 m), with intrusions at greater depths.*”** The
production fluid (260—300 °C) at Nesjavellir is sourced at
1000—1500 m depth.'> The intensity of the subsurface basalt
alteration is temperature- and depth-dependent, and it is
manifested as distinct alteration zones: (1) no alteration in the
upper 450 m, (2) zeolite and smectite (<200 °C), (3) mixed
layer clays (200—230 °C), (4) chlorite (230—250 °C), (S)
chlorite—epidote (250—280 °C), (6) epidote—actinolite
(280—330 °C), and (7) amphibolite at the greatest depths
(>330 °C).**

Production began at Nesjavellir in 1990, and the power plant
currently outputs 120 MW, of electricity and 290 MW, as
thermal energy for district heating. A byproduct of this energy
production is geothermal wastewater, sourced from the high
enthalpy production fluid. The majority of the wastewater is
disposed of in shallow injection wells, including the NN-3 and
NN-4 wells, which began injecting in 2004. These wells were
drilled through minimally altered lavas down to 563 m (NN-3)
and 422 m (NN-4) depth, and they tap the cold groundwater
system at the outskirts of the geothermal site.*”" Boreholes
for chemical monitoring are limited at this injection site, and
the closest borehole is ~1.5 km from the injection.

Since January 29, 2021, the power station has dissolved
captured H,S from the geothermal emissions into the
wastewater (separated geothermal wastewater and condensate
wastewater mixture) and has continuously injected the H,S-
charged water into the NN-3 and NN-4 wells. Injection is
under reduced conditions to prevent corrosion of the
infrastructure resulting from the formation of sulfuric acid
following S>~ oxidation. The gas capture process for the
Nesjavellir injection system studied here utilizes liquid ring
vacuum pumps located at the condensers to dissolve CO, and
H,S into geothermal wastewater.”’ This varies from the
CarbFix process of gas capture, which utilizes a pressurized
scrubbing tower to dissolve CO, and H,S gases.”*" Additional
details on the wastewater produced at Nesjavellir, the injection
system, and wells NN-3 and NN-4 are included in Supporting
Information (SI) Text S1 and Table S1.

2.2. Wireline Logging. The geophysical wireline logging
methods used to parametrize the reactive transport models and
identify H,S mineralization are introduced here. These
geophysical methods are outlined in red on the study
workflow, shown in Figure S1. Logging data (neutron,
temperature, resistivity, and IP) collected in the NN-3 and
NN-4 injection wells before the start of H,S injection
(September 21, 2020) define the porosity and permeability
parameters used in the geochemical modeling and establish a
baseline IP response. Logging measurements were repeated 40
days after the start of injection (March 10, 2021) to evaluate
physicochemical changes due to H,S injection. Before logging,
cold groundwater is injected to decrease the borehole
temperature to 60 °C, as required by the logging instruments.

The neutron logging tool emits neutrons from a radioactive
americium—Dberyllium source and uses a neutron receiver to
measure the number of neutrons arriving per second.”’ Values
are reported to an American Petroleum Institute industrial
standard unit, APL Neutron logs are primarily sensitive to the
presence of hydrogen near wells, and reduced neutron
responses can indicate high water contents and porosities.
However, clays and other hydrous minerals can also lower the
neutron response, leading to the misinterpretation of high-
porosity zones.”

The 16/64 QL40-ELOG/IP probing tool (www.alt.lu/
downhole-probes/) measures the electrical resistivity and IP
response. It uses the “normal” electrode configuration with a
64-in. electrode spacing, defined as the distance between the
current electrode (A) and the potential electrode (N).** The
reference potential electrode (M) is located at the surface such
that the distance between the potential electrodes (M and N)
is considered infinite.

Electrical resistivity (units Qm) is inversely related to
porosity and clay content, with decreasing electrical resistivity
values potentially indicating increased porosity and/or clay
content. Electrical resistivity is also a function of temperature
as defined by Keller and Frischknecht™® and Revil et al.>® We
use this relationship, assuming a temperature coefficient of
resistivity of 0.025 °C, to standardize the resistivities to 70 °C.
This standardization removes the influence of the geothermal
gradient and temperature variations between successive
resistivity logs. The influence of temperature on the polar-
ization effect is poorly understood, but it appears to be
independent of temperature in samples containing metallic
particles over the range of 5—50 °C.375%56 Therefore, it was
not accounted for in the IP data.
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The QL40-ELOG/IP instrument also measures time-
domain IP. Following the application of an electric field, the
instrument records the discharge of polarized materials as a
decaying voltage at discrete times.””*® In the presence of
metallic particles, the IP response is generally dominated by
the volume of polarizable minerals (e.g, pyrite, pyrrhotite,
magnetite, and graphite), with 1ar§er chargeability responses
associated with larger volumes. 29960 The following IP
acquisition parameters were used for each measurement
campaign: square-wave current injection (positive-off-nega-
tive-off for 2 s each, 8 s total), 450 Hz sampling rate of the
voltage during the whole cycle, spatial resolution of 25 cm, and
wireline speed of 1.8 m/min.

A common practice is to integrate the decay curve over a
definite time interval to obtain the integral chargeability.”””*°
Although the integral chargeability cannot be used for
quantitative predictions, it has the advantage of smoothing
out the noise and can be comparatively assessed along the
borehole. Hereafter, we refer to the integral chargeability as
chargeability, M, for simplicity.

2.3. RTM Chemical Parametrization. The properties of
the RTM and the model parametrization are discussed here.
These components are outlined in blue in the workflow shown
in Figure SI. To assess the processes and physicochemical
parameters that control the H,S mineralization upon the
injection of H,S-charged water, 1D advective RTMs were
constructed into the adjacent rock along the boreholes using
PHREEQC® and the CarbFix.dat database.”>*® This database
is adapted from the corelO.dat database,* and it includes
revised mineral solubilities (including clays and sulfides) and
aqueous species stabilities that are specifically tuned to
improve the model accuracy of basalt systems at high
temperatures (>90 °C).°>%

In this study, we constructed 1D RTMs that incorporate
evolving water chemistry and cumulative basaltic glass
dissolution along the lateral flow path, given initial water and
rock chemistry representing the H,S injection water, basaltic
glass kinetic dissolution rates, host rock porosity and
permeability, and reaction time step.”> The RTM grids,
shown in Figure 1, were created by discretizing the NN-3
and NN-4 injection boreholes into layers of 25 m in length.
Each layer is treated as an independent 1D RTM. The size and
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Figure 1. Diagram of the 1D reactive transport model domain (shown
for NN-4) and table of the key model parameters. Additional model
parameters are listed in Tables S2 and S3. The host rock (basaltic
glass) composition is defined for each of the individual flow models,
labeled in red. 1D advective flow is along the x-direction, and mixing
between the individual models is not considered in the modeling. Cell
widths are scaled by 1/r to model decreases in the radial flow velocity.
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spacing of the grid were based on the availability of chemical
data of the host rock and the sensitivity radius of the IP tool
(Text §2).5%7

The water flow velocities were calculated using Darcy’s law
and assuming uniform radial flow. The volumetric flow rate for
each layer was determined by scaling the total volumetric
injection rate for NN-3 and NN-4 by a mobility factor, which
is the permeability of the layer normalized by the total sum of
the permeability in the well (Text S3). In PHREEQC, 1D
RTMs assume constant velocity along the flow path, so the
radial flow velocity was achieved by scaling the cell widths by
1/r. These 1D RTMs are beneficial as they can simulate radial
flow away from the borehole in a computationally efficient
manner, capturing the processes impacting the trends of the
bulk geophysical measurements along the borehole.

The basaltic glass host rocks used in the RTMs were
represented by the measured bulk composition of drill cuttings
collected along the NN-3 and NN-4 boreholes (Table S2).
The measured rock compositions were averaged over 25 m-
depth intervals (Table S3). The initial background water for
each flow model was uniform and had a composition identical
with the injection waters measured in NN-3 and NN-4 but
with H,S depleted (Figure 1 and Table S4). This estimate of
the initial water composition represents the geothermal
wastewater that has been injected since 2004 and is the
same wastewater into which the H,S is dissolved into. The
H,S-charged injection water input into each 1D RTM was
assumed to be uniform across each well. The reaction
temperature corresponded to an average temperature meas-
ured over 1 year for the background water and measured
continuously during the 40 days of injection for the H,S
injection water. Details on sampling and analytical approaches
of the bulk rock composition and injection water concen-
trations are given in SI Text S4.

Similar to previous studies modeling basaltic alteration
processes,"**™"" each of the RTMs incorporated kinetically
controlled stoichiometric basaltic glass dissolution with the
kinetic rate given by Gislason & Oelkers (2003).”" Since the
short time frame of H,S injection between IP measurements is
short (40 days) and basaltic glass dissolution is faster than the
dissolution of crystalline minerals in basalt,”>”* we assume that
basaltic glass is the primary phase affected most by the reaction
of the injection fluid and host rock. Basaltic glass is estimated
to be 25% of the matrix volume based on measurements from
unaltered hyaloclastites in south and southwest Iceland.”* The
saturation conditions of the dissolving basaltic glass were
calculated assuming that the primary phase is a leached layer of
amorphous Al-hydroxide and amorphous silica.””™"" Its
reactive surface area (RSA), a parameter generally unknown
in natural settings and uncertain in reactive transport
mocleling,m*80 was assumed to be 20 cm?/ g of basaltic glass,
consistent with previous studies.”>’’ The RSA varies as a
function of the porosity and the amount of basaltic glass
dissolved, assuming the dissolution of spherical particles.81 The
molar volumes of the alteration minerals were taken from
Voigt et al. (2018),%* and basaltic glass density was assumed to
be 2.9 g/cm3.2’76

Alteration minerals allowed to precipitate at local equili-
brium following basaltic glass dissolution were chosen based
on alteration mineral assemblages from laboratory studies'>***
and observations in low-temperature zones within the
subsurface of Nesjavellir (Table SS). They include sulfides
(pyrite, pyrrhotite), carbonates (calcite, dolomite, magnesite,

https://doi.org/10.1021/acs.est.3c¢10139
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Figure 2. Wireline logging results and drill cutting analysis in NN-3 (a) and NN-4 (b). Wireline logs were collected in September 2020, prior to the
start of the H,S injection. The average resistivity and neutron response are grouped into categories of S, 15, and 25% porosity (right columns). The
temperature logs used for permeability estimates (1 X 107" and 1 x 107! m?) were acquired after the cold injection of 13 °C water.”"

siderite), zeolites (analcime, thomsonite), clay minerals
(celadonite, Ca—K—Na—Al-Mg—Fe—vermiculite, Ca—Na—
Mg—saponites), and iron hydroxides (goethite).46’47’83’_86
Precipitation kinetics for secondary minerals, which are largely
unconstrained, are not incorporated into these RTMs.
However, laboratory studies showed a strong correlation
between the rate of H,S mineralization in basaltic systems
and the rate of basaltic glass dissolution, suggesting that the
basaltic glass dissolution rate is the limiting factor for H,S
mineralization."”

To compare the results of the RTMs to the geophysical data,
we calculated the volume of the secondary sulfides (pyrite and
pyrrhotite) formed per unit volume of formation after the
injection of H,S-charged water for 40 days. This value is
referred to as the sulfide volume fraction (SVF). We then
average the change in SVF over the flow paths, weighted by the
distance-dependent electric signal contribution.®” This pro-
vides a single weighted average SVF for each RTM, indicative
of the IP response. Hereafter, we refer to this as the IP-
equivalent average SVF change. Details on the IP-equivalent
average SVF calculations are given in SI Text S2.

2.4. RTM Physical Parametrization. To parametrize the
porosity of the RTM, we utilize the electrical resistivity and
neutron wireline logs. These wireline logs provide qualitative
data on the porosity”>®” but have limited ability to define the
porosity quantitatively.”” Empirically derived relationships for
porosity have limited applicability in basaltic aquifers, given
their calibration to sedimentary formations and the complex
relationships observed between porosity, resistivity, and clay
content in basalts.”>*” To assign the relative porosity estimates
from the resistivity and neutron logs, we group the measured
responses into three categories (low—mid—high) based on
their average response over 25 m-depth intervals. Resistivity
values are grouped as <25, 25—75, and >75 Qm, and neutron
responses are grouped as <600 API, 600—800 API, and >800
API for high, mid, and low porosities, respectively (Figure 2).
We assign porosity estimates of 5, 15, and 25% based on
literature values reported at Nesjavellir and in the surrounding
Hengill area.**™

The permeability values assigned in the RTMs were
determined based on temperature logs from 2001, measured
87 and 45 days after the cold injection of 13 °C water into
NN-3 and NN-4, respectively.”’ Temperature changes along
the borehole indicate a loss of the cold injection water and
inflow of the warmer groundwater, thus highly permeable feed
zones. Zones without temperature change indicate low
permeability as the injection water does not communicate
with the surrounding groundwater.”” We focus on broad
temperature trends over the 25 m borehole intervals and not
localized temperature increases, which may indicate fracture-
dominated flow paths that facilitate rapid fluid migration
outside the near-borehole model domain. Permeabilities were
grouped into high (1 X 107! m?) and low (1 X 107" m?)
categories based on values reported for basalts in the Hengill
area,”’%7*93%* These permeability estimates control the
injection water supply to each layer in the RTM, with larger
permeabilities facilitating more water flow (SI Text S3).

3. RESULTS AND DISCUSSION

3.1. Wireline Results Parametrizing RTMs. Two zones
of high porosity are defined in NN-3 from 250 to 350 m depth
and 450—550 m depth. In these zones, either the average
measured resistivity or neutron response falls into high-
porosity grouping. Drill cuttings from these intervals agree with
the high-porosity assignment as a vesicular, foam-like porous
tuff is observed from 250 to 350 m depth, and secondary
alteration minerals are present at the bottom of NN-3 (i.e.,
clays, zeolites),” indicative of increased water—rock inter-
actions.””> We assign mid porosity in NN-3 from 200 to 225
and 375 to 450 m depths and low porosity from 225 to 250
and 350 to 375 m depths based on the agreement between the
average measured resistivity and neutron responses.

For NN-4, the average measured neutron responses over the
25 m cells are low (<600 API) in the 200—350 m depth range
and moderate (~700 API) in the 350—375 m depth range.
Where neutron responses fall near the 600 API threshold value
(200—275 and 325—350 m), we assign mid porosities given
the moderate resistivities observed throughout the entire well
(30—45 Qm). The neutron response is particularly low from
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Figure 3. (Left to right) Relative porosity and permeability used in the reactive transport model, together with the change in SVF resulting from the
reactive transport modeling along the flow path after 40 days of the H,S injection. The change in the IP-equivalent average SVF over the flow path
takes account of a weighted function describing the dependence of the electric field magnitude on the distance from the borehole.” The measured
change in chargeability (mV/V) after 40 days of H,S injection. Results are included for injection wells NN-3 (a) and NN-4 (b).

275 to 325 m depth (~460 API), so we characterize this
interval as high porosity. Additionally, drill cuttings from this
interval identify a vesicular, foam-like porous tuff similar to the
interval from 250 to 350 m depth in NN-3.*

The NN-3 temperature profile is characterized by temper-
atures close to the injection temperature (<15 °C) down to
450 m. Temperatures start increasing beneath the 450 m
depth, indicating increased water flow into the borehole
(Figure 2). Therefore, low permeabilities were assigned to the
depth range of 200—450 m, and high permeabilities were
assigned to 450—550 m. The NN-4 temperature log shows an
increase in temperature with depth throughout the entire well.
A faster and greater temperature recovery in NN-4 (17—43
°C) compared to NN-3 (13—29 °C) indicates higher water
flow into NN-4 compared to NN-3.°" Based on this, high
permeabilities were assigned in NN-4.

3.2. Pyrite Formation Mechanisms upon H,S In-
jection Revealed by RTMs. The results of the RTM show
that under the current injection conditions, pyrite, which is
supersaturated in the injection water, readily forms in the first
cells (Figure 3). Upon basalt dissolution in the H,S-charged
injection water, the injection-water-sourced S and basalt-
sourced Fe allow pyrite formation, following eq 1:

FeS, + 4H,0 = H" + SO2™ + 4Fe’* + 7HS™ (1)

The solubility of pyrite is low at the modeled temperature
(~70—90 °C) and pH (8.5-9.1) conditions,”® and pyrite
formation is favored over other Fe sulfides. Moreover, pyrite
formation is found to be controlled by the supply of Fe (from
rock leaching) to the system, which agrees with previous
laboratory and modeling studies that found Fe availability to be
a limiting factor of H,S mineralization."” Pyrite formation
occurs prior to Fe oxides and Fe-bearing smectites, suggesting
that pyrite formation is efficient and controlled by the supply
of Fe (Figure S2). Additionally, the modeled pyrite formation
close to the well at the early stages of the water—rock
interaction agrees with field observations of rapid pyrite
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formation from solids recovered from an airlift pump of an
injection well during the Carbfix]1 CO,—H,S injection.16

As the reactive water flows through the model, the S supply
from the H,S-charged water decreases due to pyrite
precipitation (Figure S3). Continuous dissolution of basaltic
glass and accompanied alteration mineral precipitation
ultimately lead to an increase in pH (and decrease in redox
potential) over the flow path and favorable conditions for the
precipitation of Fe-smectites, goethite, and pyrrhotite.
Pyrrhotite, smectite, and goethite formation are most extensive
in low-permeability zones, where the water interacts with larger
amounts of basaltic glass in each time step (i.e., low water—
rock ratios; Figure S2). Zeolite formation is also most extensive
at low water—rock ratios.

3.3. Coupling RTMs and Wireline Responses to
Monitor Subsurface H,S Mineralization. Comparing
trends in the change in sulfide volume fraction observed in
the RTM to the IP results of NN-3 after 40 days of H,S
injection, we observe a general agreement between the two
methods across many intervals of the borehole. The largest
change in SVF IP-equivalent average ~100 cm?®/m®) and the
largest increases in the chargeability response (10—50 mV/V)
are observed at the bottom of NN-3, where permeability was
estimated to be the highest. This suggests that under the
current injection conditions of NN-3, sulfide mineralization is
controlled largely by permeability, with sulfide formation
occurring dominantly in intervals with an increased supply of
injection water. Compared to permeability, porosity exhibits
less control on sulfide formation in the NN-3 RTM.

In NN-4, the measured chargeability increases over the
entire borehole, trending from ~17 mV/V at 200 m depth to
~10 mV/V at 375 m depth. The modeled change in SVF in
the NN-4 RTM also shows an increase in values over the entire
borehole and flow path, supporting the assumption of an
evenly distributed water flow (i.e., uniform RTM permeability)
throughout the NN-4 intervals. The higher injection rate into
NN-4 compared to NN-3 sustains H,S mineralization over the
entire RTM flow path.
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After 40 days of injection, half of the injected H,S into NN-4
is mineralized in the near-borehole model. Lower flow rates
around NN-3 result in the complete mineralization of the
injected H,S near the NN-3 borehole over 40 days of injection.
This increased localization of H,S mineralization around NN-3
relative to NN-4 could help to explain why the largest
measured increase in the IP response in NN-3 is 50 mV/V
compared with 17 mV/V in NN-4. While these estimates on
mineralization efficiency are uncertain due to model
simplifications (e.g., no groundwater mixing, single porosity
medium), comparing their relative values provides insight into
the IP response changes.

The modeled SVF is larger in NN-4 compared to NN-3 due
to the larger fluid supply in NN-4. Additionally, higher
injection water temperatures in NN-4 compared to NN-3 (93
vs 72 °C) result in faster basalt glass dissolution rates in NN-4,
contributing to the higher magnitude changes in SVF near the
borehole (Figure S4). The highest SVF change among the first
cells is 235 cm®/m? in NN-3 (450—475 m), compared to 540
cm®/m? in NN-4 (300—325 m).

While agreement between the change in SVF predicted by
the RTM and changes in chargeability exists in the intervals
detailed above, discrepancies in other intervals illustrate the
necessity to further constrain RTM parameters, particularly the
porosity and permeability values along the boreholes. A
moderate chargeability increase (~10 mV/V) observed from
200 to 225 m in NN-3 could indicate higher permeability in
this zone rather than the low value assigned in the RTM. This
is in accordance with ambient temperature logs of NN-3 that
identify an inflow of warm water at 200 m, attributed to
wastewater disposed of in nearby shallow wells.”" In NN-4, the
change in IP response slightly decreases with depth while the
change in the IP-equivalent average SVF slightly increases with
depth. The RTM trend is partially explained by larger
porosities in the RTM from 275 to 325 m depth, which
increases the reactive surface areas in this interval, leading to
increased basaltic glass dissolution and Fe supply. Additionally,
variations in the basaltic glass composition contribute more
basalt-sourced S and promote faster dissolution rates, resulting
in elevated SVF changes near the bottom of NN-4 (Figure SS).
However, variations in the basaltic glass compositions have
little impact on the H,S mineralization efficiency, particularly
at early stages of basaltic glass alteration (high water—rock
ratios) (Figure S6).

These discrepancies highlight the challenges of using
simplified RTMs to quantitatively model system dynamics.
First, mixing of water with ambient groundwater is not
considered in these RTMs. Mixing could change the water
composition and temperature along the borehole, impacting
secondary minerals’ kinetic rates and saturation. Next, single
porosity advection flow RTMs simplify the hydrologic model
and do not capture complex flow structures (e.g, isolated
fracture networks and variable tortuosity). However, given the
small flow path modeled here and the large fluid flow in
proximity to the injection wells, advection-dispersion models
are found to produce similar results to the advection-only
model (Figure S7). Lastly, reaction rates are challenging to
incorporate into RTMs as kinetic precipitation rates are often
unconstrained and reactive surface areas are often site-specific
values and difficult to determine for field studies.””*® In fact,
RTMs utilizing kinetically controlled pyrite precipitation and a
range of reactive surface areas from literature””” recover
similar distributions of H,S mineralization along the flow path

but a 19% difference in the IP-equivalent average SVF (Figure
S8). However, we find that the IP-equivalent average SVF
change of the equilibrium model used in this study falls
between the range of values recovered in the kinetic models,
suggesting that the equilibrium-driven precipitation of sulfides
is a relevant approximation that adds computational efficiency.

Challenges with linking RTM and IP also arise from
complexities in the IP response, such as variable sulfide grain
size/shape and clay contributions.’”*”*® Influences of metallic
mineral grain connectivity and size/shape distributions on
chargeability is the subject of ongoing research and the
influences are often not considered in the final interpreta-
tion.”””” Smectite clay, a common secondary mineral in
basaltic rocks at temperatures <100 °C,***%'% is predicted to
precipitate in our model (Figure S2) and can also impact the
IP response. Elevated smectite content can decrease the
chargeability response as interfoliar current flow increases
conduction (reducing resistivity) and decreases the material’s
ability to build charge.”””® However, outside of a few isolated
zones in NN-3 (225—-250 m, 350—375 m, and 400—425 m
depths), resistivities remain unchanged since the start of
injection, suggesting the limited influence of smectites on the
bulk electrical properties upon 40 days of H,S injection
(Figure S9). Clays can also decrease the neutron response,’”
and indeed, the average neutron response decreases by 81 API
after 40 days of H,S injection in NN-3 (Figure S9). However, a
similar decrease is not observed in NN-4.

3.4. Parameters Influencing Sulfide Formation.
Physical Parameters and Heterogeneity. Additional RTMs
were constructed to better understand how radial hetero-
geneity in porosity and permeability impact the H,S
mineralization along the flow path and contribute to
discrepancies between the RTM results and the measured IP
response changes (Figure 4). These models are based on the
NN-3 model from 525 to 550 m depths (25% porosity, 1 X

a) 6000 Radial Porosity Variations Averaged ASVF
(cmalms)
m’E‘ 5000 ——Uniform Poro. (25%) | 96.6
'g nE 4000 1 |——0-2 m: Poro. - 15% 64.1
g 53000 2-3.25 m: Poro. - 15% | 61.7
£ —0-; : . % .
5 U>)20°0' | 0-2 m: Poro. +15% | 109.2
O q ——2-3.25 m: Poro. + 15% 125.7
1000 | 1
0
0 1 2 3

Distance from Well (m)

b) 6000 Radial Permeability Variations Averaged ASVE

(cmalms)

° ”E 5000 | ——Uniform Flow Velo. | 96.6
>
;g «E 4000 ——0-2 m: 1/4 Velo. 80.8
g 33000 L 2-3.25 m m: 1/4 Velo. 108.0
S5 L .
o 5’ 2000 ——0-2 m: 4x Velo. 88.4

< 1000 ——2-3.25 m: 4x Velo. 61.5

of .
0 1 2 3

Distance from Well (m)

Figure 4. Effects of (a) porosity and (b) permeability heterogeneity
on the cumulative change in SVF and the IP-equivalent average SVF
change. The porosity and permeability values are adjusted from the
1D reactive transport model of NN-3, 525—550 m depth, which
assumed uniform porosity and permeability along the flow path.
Changes in the matrix permeability are modeled via the flow velocity.
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Figure 5. Row 1 of each figure illustrates changes in SVF predicted in the RTM of NN-3 and NN-4 with input data defined in the legend below the
plots (measured dissolved H,S, pH, and injection water temperature, average basaltic glass composition across the entire borehole, midestimate
porosity, and the well injection rates with even allocation of the injection water to each model layer). The additional rows show the change in SVF
predicted by RTMs with a single parameter varied, as displayed along the y-axis. The chemical parameters are varied by —25% (red) and +25%

(green) of the measured values.

107" m? permeability), and they utilize different porosity or
permeability values assigned from 0 to 2 m and 2 to 3.25 m
along the flow path (for example, porosity = 25% from 0 to 2
m and 10% from 2 to 3.25 m).

Porosity heterogeneity was simulated by increasing or
decreasing the porosity of the uniform model (25% in NN-3,
525—550 m depth) by 15% while maintaining constant flow
velocities. These simulations reveal that the porosity has a
minimal influence on the distribution of H,S along the flow
path (Figure 4). However, larger porosities result in larger
cumulative change in SVF, particularly toward the end of the
flow path as the water residence times are greater further from
the well. The larger SVF changes in the high-porosity system
arises from increased RSAs, thereby increasing the supply of
basalt-sourced Fe in these high porosity zones. Additionally,
larger porosities increase the supply of water-sourced S to the
system, thus increasing the total change in SVF over the flow
path.

The water flow velocity from the NN-3, 525—550 m depth
model (11.7 m/ day at the wellbore) is increased and decreased
by a factor of 4 to simulate radial heterogeneity in the
permeability along the flow path. Due to the short lateral flow
path, smaller lateral permeability variations are used here
compared to the variations assigned to the field model (Section
2.4) to mimic small variations that occur within the
stratigraphic unit. The modeling reveals that permeability
heterogeneity influences both the distribution of H,S
mineralization and the cumulative change in the SVF over
the flow path. In the uniform flow velocity model (NN-3, from
525 to 550 m depth), all the water-sourced S is mineralized
before 2.75 m along the flow path, indicated by the plateau in
the cumulative SVF change at ~4400 cm®/m®. Cumulative
SVF change greater than 4400 cm®/m?, observed when flow
velocity is low at flow distances of 2 to 3.25 m, is due to H,S
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mineralization from basalt-sourced S resulting from longer
water residence times. Decreasing the flow velocity also results
in a more rapid H,S mineralization along the flow path.
Conversely, increasing the water flow velocity at the start of the
flow path (0 to 2 m) limits H,S mineralization in the first 2 m
along the flow path. Large flow velocity from 2 to 3.25 m along
the flow path decreases the cumulative change in SVF to below
3000 cm’/m? as not all the water-sourced S mineralizes over
the 325 m flow path. These results suggest that low-
permeability zones near the borehole are most at risk of
pore clogging due to enhanced secondary mineralization in
these zones.

Permeability heterogeneity also impacts the IP-equivalent
average of the SVF change and thus likely contributes to
discrepancies between the RTM-predicted H,S mineralization
and the measured IP responses (Figure 3). Since ~60% of the
measured IP signal comes from distances 0.5 to 2 m (Text S2),
H,S mineralization at this distance range has the most impact
on the IP-equivalent average SVF change. For example, most
of the H,S mineralization occurs at 1 to 2.25 m in the model
with reduced flow velocities at 2 to 3.25 m, resulting in the
largest IP-equivalent average SVF change of 126 cm’/m’.
Comparatively, the model with reduced flow velocity from 0 to
2 m along the flow path has a lower IP-equivalent average SVF
change due to larger amounts of H,S mineralization at 0 to 0.5
m, where the IP tool is less sensitive to changes. The models
with increased flow rates at 0 to 2 and 2 to 3.25 m also result in
lower IP-equivalent average SVF changes as H,S mineraliza-
tion occurs further into the formation.

Chemical Parameters. To better understand the mecha-
nisms controlling sulfide formation in our RTM, the effects of
water chemical parameters (temperature, H,S concentration,
and pH) on the magnitude and distribution of sulfide
formation were investigated (Figure S). The values are
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compared to baseline model results, consisting of the measured
injection water parameters, 15% porosity (midestimate value),
and well injection rates with injection water evenly distributed
to each model layer. Overall, the IP-equivalent average change
in SVF in NN-3 is less sensitive to parameter changes than that
in NN-4. This is because the fluid supply is less in NN-3
compared to that in NN-4, which limits the influence of the
fluid chemical parameters on the system.

Variations in the basaltic glass chemical compositions have
little influence on the magnitude of the SVF change in NN-3
but influence SVF changes in NN-4 (Figure SS). In NN-4,
faster basaltic glass dissolution rates (primarily from higher
injection water temperatures) and larger water flow than NN-3
increase the water—rock interactions over the entire flow path.
This enhances the influence of basaltic glass composition on
the resulting secondary mineralogy.

Changes in the H,S concentration of the injection water do
not influence sulfide mineralization near the NN-4 borehole
(Figure S). The large flow rates sustain sulfide precipitation
over the entire flow path for every modeled H,S concentration,
suggesting that the basaltic glass dissolution rate (Fe supply) is
the limiting factor in the magnitude of H,S sequestration in
NN-4. In NN-3, increasing the water’s H,S concentration by
25% from the baseline value results in a 29% increase in the IP-
equivalent average SVF change as sulfides form further into the
formation. However, at short flow distances (<1.5 m), the H,S
concentration does not influence the magnitude of sulfide
precipitation. This illustrates that total sulfide mineralization
near the NN-3 borehole is controlled by both the water supply
and the basaltic glass dissolution rates. The H,S itself is found
to have minimal influence on the rate of basaltic glass
dissolution (<2% rate change) (Figure S4).

The basaltic glass dissolution rates strongly depend on the
temperature and pH of the reacting water (Figure $4).”'
Decreasing the temperature by 25% from the measured values
results in slower basaltic glass dissolution and a more limited
Fe supply. This decreases the IP-equivalent average sulfide
mineralization by 2% in NN-3 and 70% in NN-4. Since the
H,S supply is larger in NN-4, the limited Fe supply at lower
temperatures has a larger relative impact on the IP-equivalent
average sulfide mineralization. These model results of
decreased H,S mineralization at lower temperatures are
consistent with lab studies showing more limited H,S
mineralization at temperatures ~100 °C compared to higher
temperatures (200—250 °C).'

The change in the injection water pH from circumneutral to
alkaline results in faster basaltic glass dissolution (Figure S4).
The faster dissolution reflects the pH dependence of the
basaltic glass dissolution rate established in Gislason and
Oelkers (2003), with progressively faster rates as pH increases
and decreases from pH = S at temperatures near 100 °C.
However, the faster basaltic glass dissolution from the
increased pH does not equate to larger changes in SVF for
both boreholes. In NN-3, large pH values of 11.4 (measured
pH + 25%) limit sulfide mineralization at the injection inlet, as
pyrite is more soluble at this high pH value.”® A slightly lower
pH of 10.4 in NN-4 enables sulfide mineralization near the
injection borehole but at quantities lower than those of the
baseline model. This illustrates that the influence of pH
conditions on both the dissolution rate and pyrite solubility
must be considered to achieve the most efficient mineralization
of H,S.

Well Injection Rate. Changes to the injection water supply
greatly control the magnitude of sulfide precipitation along the
flow path for both models. For NN-3, an order of magnitude
increase in the injection water volumetric rate sustains sulfide
precipitation over the entire flow path, thus greatly increasing
the IP-equivalent average SVF change (+132 cm®/m?) from
that of the baseline model. This aligns with the findings of the
NN-3 RTM (Figure 3), where sulfide mineralization is largely
controlled by the water supply (i.e., permeability of each layer
and the well injection rate).

Similar to the impact of the H,S concentration in NN-4,
increasing the injection water supply by an order of magnitude
does not increase the IP-equivalent average SVF change in
NN-4. The increased water flow results in a slight decrease in
the IP-equivalent average SVF change (325 vs 301 cm?®/m?),
attributed to slower basaltic glass dissolution from slightly
lower pH values maintained over the flow path. The reduced
pH results from the fast water flow, which limits the time for
water—rock interactions along the flow path. These results
further suggest that the Fe supply is the limiting factor in the
magnitude of sulfide mineralization when injection rates are

large (hundreds of L/s).

4. IMPLICATIONS FOR IP AND RTM FIELD-SCALE
MONITORING

Validation of RTM-predicted trends by IP trends observed
after 40 days of H,S injection suggests that coupling IP
wireline logging with RTM can advance the monitoring of H,S
mineral storage within basaltic reservoirs in Iceland and
abroad. The RTMs add spatial and temporal dimensions to the
IP survey and provide valuable insight into the parameters
influencing the magnitude and distribution of sulfide
mineralization.

While RTMs help to understand trends in the IP response,
discrepancies between the RTM and geophysical IP responses
and the lack of a quantitative link between the SVF and
chargeability changes highlight challenges in the current
application of this joint monitoring approach. Furthermore,
this study does not address the long-term stability of sulfides
following H,S injection as assessed with subsequent monitor-
ing data presented in Lévy et al. (2024)"°" To strengthen the
joint use of IP and RTM as a monitoring technique and assess
the long-term stability of H,S mineralization, more complex
models are required that incorporate, e.g., measured dissolved
oxygen levels to understand how leakage impacts the system,
interactions with oxidizing microbes,'"*'% and retroaction
between flow parameters and mineral dissolution/precipita-
tion. Additionally, constraining water flow parameters through
direct measurements would reduce uncertainty in the RTM.
Lastly, joint geochemical and geophysical monitoring ap-
proaches would benefit from a data-based link between site-
specific geochemical and geophysical information through
direct measurements of the water composition'”'” and rock
alteration.'”'% These measurements reduce critical RTM
uncertainties and validate the geophysical responses, which can
then be extrapolated over larger areas with expanded RTMs
and geophysical surveying. With these additional constraints,
joint IP and RTM interpretation represents a scalable,
noninvasive, and cost-effective approach for monitoring H,S
mineralization.
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Supporting text (pages S2-S8) providing (Text S1) background on the wastewater produced and
the injection system at Nesjavellir power station; (Text S2) details on the application of the
weighed averaging function derived from the induced polarization logging tool sensitivity
applied to the sulfide volume fraction over the 1-dimensional flow path; (Text S3) the derivation
of the well mobility factor used to determine the volume rate of injection water entering each
model layer; (Text S4) a complete description of the injection fluid and bulk rock chemical
analysis methods.

Tables (pages S9-S13) include data on (Table S1) the NN-3 and NN-4 injection wells; (Table
S2) measured basalt whole rock composition; (Table S3) basaltic glass formulas for the reactive
transport models (RTMs); (Table S4) measured injection water chemistry; (Table S5) and the
chemical compositions of the secondary alteration minerals allowed to precipitate in the RTMs.

Figures (pages S14-S22) displaying (Figure S1) The workflow outlining the joint application of
geophysical methods and reactive transport modeling to study H2S mineralization; (Figure S2)
The volume fraction of all secondary minerals from the NN-3 and NN-4 RTMs; (Figure S3)
relative source of S upon progressive basaltic glass dissolution; (Figure S4) basaltic glass
dissolution rates for the various RTMs; (Figure S5) sulfide formation predicted by RTMs with
homogeneous basalt composition; (Figure S6) percentage of total S mineralized upon basaltic
glass alteration in reaction path models constructed for all measured basalt compositions in NN-3
and NN-4; (Figure S7) impact of advective transport flow schemes compared to advective-
dispersive transport schemes on the change in sulfide volume fraction; (Figure S8) impact of
pyrite kinetic precipitation rates on the expected change in sulfide volume fraction compared to
RTMs that allow pyrite to mineralize to equilibrium; (Figure S9) changes in resistivity, neutron,
and IP wireline response after 40 days of H>S-charged water injection.

References for supporting information (pages S23-S24) (PDF)

Sl

80



Text S1: Nesjavellir Wastewater and Injection System

The Nesjavellir power plant produces three types of wastewater. First is separated
geothermal water (SGW), which is the aqueous phase of the high enthalpy production fluid.
Second is condensate water, which is the steam from the high enthalpy production fluid used to

turn the turbines. Third is cooling water, which is cold groundwater used to condense the steam.

A controlled pressure decrease of the utilized geothermal fluid produces steam and separated
geothermal water (SGW) at 195°C. The operation of all four turbines for electricity generation at
Nesjavellir requires 240 kg/s of steam. To cool the steam, condensers require ~2,000 I/s of cold
groundwater (5-7°C). The condensed steam forms the condensate wastewater, composed of
dilute water with some dissolved gas (primarily CO> and H»S). The cold groundwater leaves the
condensers at around 55°C and is either sent to cooling towers in preparation for disposal or sent
to heat exchanges for further usage. The heat exchangers use the 195°C SGW to heat the
groundwater to 87°C, where it is then pumped 27 km to Reykjavik.

After steam production from the geothermal production fluid, the remaining SGW contains
high concentrations of dissolved solids, posing a considerable risk of both thermal and chemical
pollution of surface waters. For this reason, SGW is diluted with the condensate wastewater and
injected into the subsurface, including the NN-3 and NN-4 injection wells investigated in this
study. Excess SGW and condensate water is discharged at the surface. Much of the SGW is
pumped through a delay tank before injection where the dissolved silica polymerizes limiting
amorphous silica scaling formation within the injection well and the injection reservoir.
However, some amount of untreated SGW is sent to the injection wells, except for NN-3 which

only receives SGW from the delay tank.

HaS and CO; gases are captured from the condensers at the power plant using liquid ring
vacuum pumps. This differs from the CarbFix process, which uses scrubbing towers to dissolve
CO; and HaS. This results in larger concentrations of CO2 and H>S compared to the injection
waters of CO; (1,220 ppm) and Ha2S (481 ppm) compared to this study (CO2 ~10 ppm, HoS ~75
ppm) (Galeczka et al., 2022). Gas-charged water from the CarbFix process is sent to a deeper
injection well at Nesjavellir (NJ-18) (Galeczka et al., 2022). In the shallow reinjection system
studied here, the captured gases are dissolved into the vacuum pump seal water (lasvatn),

composed of heated groundwater or condensate wastewater. Starting in January of 2021, the seal
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water has been mixed with the condensate and SGW, constituting the final, H>S-charged
injection fluid. Prior to January 2021, the injection fluid for NN-3 and NN-4 was composed of

condensate and SGW only, and thus had lower concentrations of dissolved H>S and CO..
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Text S2: Calculations of Sulfide Volume Fraction and the Weighted Average

In the PHREEQC advection model, the user specifies the cell residence time rather than
cell geometry and flow parameters (i.e., permeability). For each simulation, the chemical reactions
are calculated relative to a representative volume (RV) that contains 1 L of water when fully
saturated. PHREEQC returns the moles of secondary minerals mineralized per L of water.
Therefore, since the volume of water in the system is fixed at 1L, changes in the porosity ()
change the representative volume. Additionally, the initial moles of solid reactants are scaled by
the factor of (1-porosity)/porosity to account for porosity variability in the starting model.

3
RV = 1,000 cm /@

To recover the volumetric proportion of sulfide minerals in each cell (i.e., sulfide volume
fraction SVF), we divide the volume of sulfides precipitated (pyrite and pyrrhotite) by the cell’s
representative porous-medium volume, which factors in porosity variability. This SVF term is
equal to the change in SVF as we assume there are no sulfides in the host rock.

Vsuifides B moles per L waterg,riges X molar volumesyfiges
RV RV

To best compare the results of the reactive transport model to the IP wireline results, we

SVF =

average the change in sulfide volume fraction over the entire flow path after 40 days to obtain a
single representative value for the given depth interval. We apply a weighted average to account
for varying contributions to the measured IP signal based on the distance of H»S mineralization
away from the borehole. The contribution function is formulated in Roy & Dhar (1971), and
considers electrostatic potentials of individual cylindrical shells of varying radii integrated to
obtain the total contribution to the measured signal. For a normal sonde, as used in this study, the

radial investigation characteristic (R/C) is defined as follows:

oo 3 —
RIC Zg—;dr'fj r3+1rz(z-L) dz

0 (T2+ZZ)3/2[T2+(Z—L)2]3/2 4

where p is the resistivity, [ is the current, dr is the thickness of the circular ground element, 7 is
the average radius of the circular ground element, z is the cell height variable, and L is the electrode
spacing (64”). Using the wireline resistivity and current measurements, we solve for the RIC
relative contribution over 0.5 m bins from 0 to 3.5 m. The RIC values are normalized to 90% of
the total signal, given that 90% of the signal is expected over 3.25 m (2 times the electrode spacing)
(Roy & Dhar, 1971). These contributions are shown in the following figure. For every bin, i,
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ranging from x = a to b away from the borehole center, the SVF for all cells located within that bin
(taking into consideration the radius of the borehole) are totaled and scaled by the relative
contribution of the bin:
ASVF; = RIC; X YX=b ASVF.
Finally, the average change in sulfide volume fraction (X,sy ) is calculated by
multiplying each bin’s SVF change by the volume of each 0.5 m bin, given the bin’s width
(ri2 — 111), relative to the volume of the total flow column away from the borehole (3.25 m + 0.2

m borehole radius). These resulting SVF contributions are summed over the flow path.

= _ 7 Ti,zz—ri,12
Xasvr = Di=1 ASVF; X ez

Radial Investigation Characteristic (RIC)
25 , ‘

]

20+

15+

5,

RIC (%)

0 1 I L
0 1 2 3
Distance from Well Center (m)

The radial investigation characteristic showing the relative contribution to the IP signal as a
function of distance from the center of the borehole (Roy & Dhar, 1971). The signal is grouped
into 0.5 m bins, and the total volume of sulfides that mineralize in the bin is scaled by the RIC of

that bin.
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Text S3: Injection Mobility Factor

The injection mobility factor (n) is the relative proportion of the total injection fluid (Qr)
that enters each RTM layer (i) along the injection wells (Kipp, 1987). It is derived from Darcy’s
Law relating the volumetric fluid flux (Q) to the hydraulic conductivity (K), the cross-sectional
flow area (A), and the hydraulic gradient (0h/dx). We solve for the relative volumetric fluid flux
for n layers as

Given that all layers have equal cell height (h) and assuming the hydraulic gradient is
uniform across all layers, the pressure differences are independent of depth, and the borehole has
the same radius (r) across the entire domain, the relationship above simplifies as follows:

—K; * 2mtrh * % K;
Hi = =3 w
i=1 —K; * 2mrh * % i=1 Ki

Further assuming that injection fluid density and dynamic viscosity are uniform across
the entire well, the hydraulic conductivity ratio becomes equivalent to the ratio of permeability
k),

__Ki _ Kk
M= z:?:11(1' B z:?:1" '
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Text S4: Injection fluid and bulk rock chemical analyses

The chemical composition of the injection fluid and bulk rock from drill cuttings was
analyzed to investigate the chemical heterogeneity of the host rock and injection fluid as well as
other physiochemical parameters (e.g., pH, injection rate, temperature) on the extent of H,S

mineralization upon injection.

Injection fluid samples (n = 2) were sampled at the wellhead of NN-3 and NN-4 injection
wells in November 2022. The temperature and electrical conductivity were measured on-site.
The pH of the fluid samples was analyzed at 21°C using a pH meter and electrode calibrated
with commercial buffer solution (analytical precision +0.1). Fluid samples for major anion and
cation analyses were prepared as described in Arndrsson et al. (2006). Analyses were carried out
at the Institute of Earth Sciences, University of Iceland, using an Inductively Coupled Plasma
Optical Emission Spectroscopy (ICP-OES) instrument (ThermoFisher iCAP 7400 Duo) for
cations and an ion chromatography (IC) instrument (Dionex ICS-2000) for anions. Dissolved
sulfide (H2S) concentrations were measured via mercury acetate titration with dithizone as the
indicator (Arnérsson et al., 2006). Carbon dioxide (COz) concentrations were measured through
modified alkalinity titration (Arnorsson et al., 2006; Jeffery et al., 1989; Stefansson et al., 2007)

as follows,

(mL HClxMolarity HCl-mL NaOH xMolarity NaOH)
mL sample

CO,(ppm) = %X 44,000 — 1.182 x H,S(ppm).

The analytical precision of major elements was based on duplicate analysis of the
samples and was found to be <5% at the 95% confidence level in all cases.

The injection fluids are found to be alkaline (pH > 7) for both NN-3 and NN-4, with the
NN-4 fluid having a slightly higher pH than the NN-3 fluid (9.1 vs. 8.5). The NN-3 and NN-4
injection fluids have similar chemical compositions, particularly in measured H»>S concentration
(NN-3 =74.4 ppm and NN-4 = 76.8 ppm). Compared to meteoric water reported at the nearby
Vellankatla natural spring (Gysi & Stefansson, 2012), the injection fluids are generally dilute but
with elevated HoS (NN-3 = 74.4 ppm and NN-4 = 76.8 ppm), SiO2 (NN-3 =435 ppm and NN-4
=428 ppm) and K (NN-3 =20.3 ppm and NN-4 = 20.3 ppm) concentrations.

Bulk rock compositions from drill cuttings (n = 28) were collected from beneath the
casing at the NN-3 and NN-4 injection wells. All samples were milled to a grain size of <150
um. Total carbon (C) and sulfur (S) analyses of the drill cuttings were conducted using an

ELTRA combustion infrared carbon and sulfur analyzer (www.actlabs.com/geochemistry). The
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data error range was taken from the detection limit of the equipment for all species analyzed
(0.01 wt.%). For major component analyses (SiO2, Al,O3, FeO, MnO, MgO, CaO, Na,O, K-O,
Ti0,) via ICP-OES, a subset of the milled samples (n = 10) was fluxed with LiB> at 1,000°C for
30 min, and subsequently digested in a solution of 5.0 vol% nitric acid (16 molar), 1.3 vol%
hydrochloric acid (12 molar), 1.3 vol% oxalic acid (0.8 molar). Accuracy and precision of the
analyses were ensured by duplicate sample analyses and repeated analyses of the United States
Geological Survey (USGS) standard reference material (BHVO-1 and W-2; Jochum et al., 2016).
We interpolated the major element compositions at every total C and S measurement and

renormalized the wt.% to account for the C and S compositions not measured via ICP-OES.
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Table S1: NN injection well information

Table S1: Details on the Nesjavellir NN injection wells in this study.

Well ID NN-3 NN-4

Coordinates 64°06°38.23” N, 64°06°50.03” N,
21°15°20.27” W 21°15°0.06” W

Measured Depth (m)®< 563 422

Deviation®* 0° 0°

Casing Depth (m)®* 205 201

Feed Zone Depths (m)? 390, 445, 535 280, 300, 330, 388

Flow Rate (kg/s) 12.5 149

2 Gomez-Diaz et al. (2022), ® Hafstad et al. (2015), ¢ Hafstad (2003)
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Table S2: Rock Chemistry

Table S2: Rock compositions measured via ICP-OES and IR-CSA for the NN-3 and NN-4 H>S
injection wells.

Depth(m) SiO, ALO; FeO MnO MgO CaO Na,0 K,0 TiO,  C® St

Well NN-3 (wt.%)
206° 4852 1483 1195 020 746 1220 215 0.9 194 054  0.03
220 4938 1481 1212 020 7.01 11.68 218 028 209 027 <0.01
236 5029 1475 1229 020 648 11.06 221 037 225  0.10 <00l
254 51.04 1461 1243 021 585 1031 224 047 242 041 001
2720 5204 1454 1262 021 525 9.60 228 058 260 024  0.03
290 5236 1444 1261 022 495 919 253 069 261 037 004
310 52.84 1436 1262 023 464 875 281 082 263 026  0.05
332 5326 1425 1260 025 428 825 312 095 265 035  0.05
3480 53.67 1419 1262 026 403 790 334 105 267 022 006
376 5208 1420 1290 025 488 915 305 076 255 015 0.3
400 50.67 1420 13.14 024 561 1021 279 050 245 018 001
4260 49.17 1420 1340 023 640 1136 251 023 234 015 <001
452 48.83 1437 13.05 023 650 11.64 252 028 230 027 <0.0l
480 4847 1456 12.68 023  6.61 1194 252 033 226 041 <0.01
5100 4823 1480 1232 024 674 1230 253 039 222 024 <0.01
540 48.86 1499 11.89 021 722 1218 226 025 187 024  0.03
5620 4934 15.14 11,58 020 7.57 1211 207 014 161 022 0.3

Well NN-4 (wt.%)
206 50.06 1641 1013 0.6 596 1254 234 020 202 0.17 <001
220 4990 1632 10.02 0.16 633 1275 226 018 183 025 <0.01
236 4986 1626 9.92 0.6 678 13.02 217 015 162 005 <0.01
254 49.64 1614 977 0.6 726 1328 206 0.12 137 017 001
2720 4944 1603 9.63 0.7 773 1355 196 009 112 027 <0.01
290 49.18 15.66 1026 0.18 7.39 13.13 209 017 142 047  0.04
310 4921 1535 11.02 020 7.05 1275 226 025 176  0.08 0.6
332 4892 1492 11.79 022 6.63 1224 242 034 213 034  0.05
354b 4881 1454 12,60 024 624 11.79 260 043 250 023 0.2
376 49.11 1451 1222 023 654 12.19 245 036 227 0.12 001
388P 49.17 1446 1199 022 669 1239 236 032 213 025 0.2

2 Measured via IR-CSA.

b Samples measured with ICP-OES. Otherwise, interpolated between measurements and renormalized given IR-
CSA measured C and S wt.%.
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Table S3: Basaltic Glass Phases for RTM

Table S3: Basaltic glass compositions defining the primary phase of the RTMs for wells NN-3
and NN-4.

Depth (m) Basaltic Glass Formula

Well NN-3
200-225 Si1.00Alo.357F€0.2055M10.00343M E0.221Ca0.261N0.0857K 0.00612 T10.031C0.041650.0005803 45
225-250 Si1.00Alo.346F€0.2042M10.00342Mg0.192Ca0.236NA0,0854K0.0094 T10.0336 C0.0099550.00003.32
250-275 Si1.00Alo.333F€0.2038M10.00342M €0.161Ca0.207Na0.085K 0.0131 T10.0366C0.031750.00072403 30
275-300 Si1.00Alo.325F€0.2011M10.00358M g0.141Ca0.188Na0.0936K0.0168 T10.0375C0.035450.0014303 26
300-325 Si1.00Alo32F€0.1996M10.00376Mgo0.131Ca0.177N0.103K0.0197T10.0375C0.024650.0017703.22
325-350 Si1.00Alo.314F€0.1978Mn0.00403Mg0.116Ca0.162Na0.117K0.0239 T10.0374C0.0267S0.0019303.19
350-375 Si1.00Alo.317F€0.2023M10.00400M go.126Ca0.173Na0.117K 0.0218T10.0371C0.017550.0015903.20
375-400 Si1.00Alo.321F€0.2071M10.00407Mg0.14Ca0.188Na0.113K0.0185T10.0368Co.014450.0010803.23
400-425 Si1.00Alo33Fe€0.2173Mno.00404Mg0.165Ca0.216Na0.107K0.0127T10.0363C0.017850.0003703.30
425-450 Si1.00Alo34F€0.2270Mno 004Mg0.194C20.248N20.0991K0.00595 T10.0358C0.0153S0.00003.38
450-475 Si1.00Alo.347F€0.2235M10.00404M g0.198Ca0.255N20,0999K 0.00720 T10.0355C0.027750.00003.42
475-500 Si1.00Alo.354F€0.2189M10.00408M g0.203Ca0.264N0.101K 0.00876 T10.0351C0.042350.00003 47
500-525 Si1.00Alo.362F€0.2132M10.00413M g0.208Ca0.273N0.102K0.0104 T10.0347C0.0249S0.00003 45
525-550 Si1.00Alo.362F€0.2038M10.0037MZ0.22Ca0.267Na0.0898K 0.00648 T10.0288C0.024650.0011503.43

Well NN-4
200-225 Si1.00Alo.386F€0.1692M10.0027M0.184Ca0.271N@0.0892K0.00492 T10.029C0.0211S0.00003.38
225-250 Si1.00Alo.384F€0.1665M10.00275M g0.203Ca0.28Na0.0844K 0.00396 T10.0244C0.0050250.00003.36
250-275 Sit.00Alo.383F€0.1646M10.00283M E0.226Ca0.201NA0.0787K0.00283 T10.0189C0.0222S0.00018903.41
275-300 Si1.00Alo.375F€0.1742Mn0.00313M Z0.224Ca0.286Nao.0825K 0.00434 T10.0217C0.0478S0.0015203.47
300-325 Si1.00Alo368F€0.1874Mn0.00344Mg0.214Ca0.278Na0.089K0.00647T10.027C0.0081350.0022003.39
325-350 Si1.00Alo.350F€0.2012Mno.00378M 20.202Ca0.268Nao.0961K 0.00881 T10.0327C0.0348S0.0019203.44
350-375 Si1.00Alo351F€0.216Mn0.00413Mgo.191Ca0.250Na0.103K 0.0112T10.0386C0.023650.00076803.42
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Table S4: Fluid Chemistry

Table S4: Injection fluid composition measured via ICP-OES and IC analysis. Fluids were
sampled at the injection well heads.

Well no. NN-3 NN-4
Fluid (ppm)

pH 9.10 8.50
Cond. (uS/cm)? 637 678
Temperature (°C)P 64.0 85.0
HoS 74.4 76.8
SO4 8.56 10.4
CO, 13.5 8.36
SiO, 435 428
Na 97.3 97.4
K 20.3 20.3
Ca 0.420 0.420
Mg 0.100 0.0960
Fe 0.0150 0.0100
Al 1.13 1.13
B 1.11 1.12
Cl 88.4 88.1
F 0.760 0.760

2 Measured in the field at the wellhead. Otherwise,
measured in the lab at 21°C.

b Averaged from continuous measurements since
start of H,S injection
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Table S5: Secondary RTM Phases

Table S5: Secondary minerals included in the geochemical RTMs for wells NN-3 and NN-4.

92

Minerals Chemical Composition

Secondary Phases

Analcime Nao_%Alo_%Siz_mOeZleo

Calcite CaCO;

Celadonite KMgAISisO10(OH)»

Dolomite CaMg(COs3),

Goethite FeOOH

Magnesite MgCOs

Pyrite FeS,

Pyrrhotite FeS

Vermiculite-Ca-Mg-Al
Vermiculite-Ca-Mg-Fe
Vermiculite-K-Mg-Al
Vermiculite-K-Mg-Fe
Vermiculite-Mg-Mg-Al
Vermiculite-Mg-Mg-Fe
Vermiculite-Na-Mg-Al
Vermiculite-Na-Mg-Fe
Saponite-Mg-Ca
Saponite-Mg-Na
Siderite

Thomsonite

Cag4Mg2 5Al, 8S12.7010(OH),
Cag.sMga sFeo.sAl13512.7010(OH)2
Ko.sMga 5sAl; §Si2.7010(OH)2
Ko.sMga sFeosAl; 3S12.7010(0OH)2
Mg 9Al, §Si2.7010(OH)2

Mga oFeo.5Al13S12.7010(OH)2
NaosMga 5Al; 8S12.7010(OH)2
Nao.sMga sFeo sAl1 3812.7010(OH)2
Cao.17sMg3Al 35513.65010(OH)2
Nao35sMg3Alo35513.65010(OH)2
FGCO3

CazNaAlssi502026HzO

* Average composition of all measured samples
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Figure S1: Study Workflow

Induced Polarization
(IP) Geophysical Data

Reactive Transport Modeling (RTM)

Joint
Geophysical-Geochemical
Interpretation

Figure S1. The workflow deployed in this study where the IP geophysical responses and reactive
transport models were used to track the magnitude and distribution of H>S mineralization upon

Time-lapse Logging Data Geochemical Parameters Chemical Data
Borehole IP (neutron, electrical (kinetic dissolution rate, (fluid/rock
Chargeability resistivity, caliper, selected mineral phases, composition,
temperature) equilibrium assumptions) temperature)
Response * *
Physical q
Geochemical
Parameters — Nl —
(permeability, porosity) P K
Change in Sulfide 1D Reactive
Volume Fraction Transport Model

injection. Geophysical and geochemical modeling methods are shown in red and blue boxes,
respectively.
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Figure S2: RTM Secondary Mineral Formation
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Figure S2: Magnitude and distribution of volume fraction change in secondary minerals of the
NN-3 (top) and NN-4 (bottom) flow models. The models are parameterized as described in the
main text for the RTM model results shown in Figure 4.
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Figure S3: Source of Sulfur Upon Fluid-Rock Interaction
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Figure S3: The percentage of S sourced from the H>S charged injection fluid compared to the
percentage of S sourced from the basaltic glass upon progressive alteration. At high water-rock
ratios (i.e., low values along the x-axis), the injection fluid is the primary source of S. Upon
alteration of 16 g of basaltic glass in 1 kg of water (0.13 molpc/kgw), basalt sourced S becomes
the dominant source of S. This modeling is done with NN-4 fluids and basaltic glass from 300-
325 to establish an extreme case as this cell has the highest S mole ratio (0.00229 mols/molgc) of
all cells in the reactive transport model.
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Figure S4: Basaltic Glass Dissolution Rates
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Figure §4: Compiled results of the surface area normalized basaltic glass dissolution rates for
models of varying parameters in NN-3 and NN-4. The top row in both left and right figures is the
basaltic glass dissolution rates given the measured fluid parameters (temperature, pH, H>S
concentration). The low parameter and high parameter estimates are -25% and +25% of the
measured values, respectively, mid-estimate porosity, and the true injection rates with even
allocation of the injection fluid to each model layer. All models are run with the average basalt
composition over their respective well, NN-3 and NN-4.
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Figure S5: Sulfide Formation Assuming Homogenous Porosity and Permeability
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Figure S5: Change in sulfide volume fraction per cubic meter of basalt near the borehole after

40 days of injection in NN-3 (a) and NN-4 (b). The left panels show the distribution of change in

sulfide volume fraction (SVF) as fluid flows laterally away from the injection wells. The right

panels display the change in SVF at each depth as a weighted average over the flow path as
described in Text S5. The models assume a homogeneous porosity of 15% and uniform
volumetric flow allocation to each RTM layer, relative to each well’s injection rate. The

measured injection fluid compositions in wells NN-3 and NN-4 are used for each respective well

mode (Table S4). The basaltic glass composition is defined from the measured whole rock
compositions and are detailed in Table S3.
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Figure S6: Sulfur Mineralization Efficiency
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Figure S6: Reaction path models allowing secondary minerals (as listed in Table S5) to
mineralize to equilibrium upon progressive basalt alteration in 1 kg of injection fluid. The
percentage of S mineralized is calculated using the precipitated pyrite, pyrrhotite, and total S in
the solution after each reaction step. A model is constructed for each of the basalt compositions
measured in NN-3 and NN-4 to evaluate how basalt composition impacts S mineralization

efficiency.
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Figure S7: Comparison of Advective Transport to Advective-Dispersive Transport

Advection vs Advection+Dispersion Models
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Figure S7: Change in the cumulative sulfide volume fraction for RTMs of NN-3, 525-550 m

depth with advective transport compared to advective-dispersive transport with diffusion.

Dispersity in each cell was set as 10% of the total flow distance (Appelo & Postma, 2004,

Prikryl et al., 2018), and the diffusion coefficient is 0.3 %107 m*/s, the default value in
PHREEQC (Parkhurst & Appelo, 2013).
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Figure S8: Kinetic vs Equilibrium Precipitation

Equilibrium vs. Kinetic Pyrite Precipitation
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Figure S8: Cumulative change in sulfide volume fraction (SVF) for models where pyrite
precipitation is either equilibrium driven (blue line), or kinetically controlled (vellow and orange
lines). The kinetic rate constant for pyrite is 1.88x10~'8 mol/m’/s (Marty et al., 2010). The pyrite

reactive surface areas represent the highest (1.10 m*/g) and lowest (0.03 m’/g) values compiled

from a literature search of measured pyrite reactive surface areas presented in Beckingham et

al. (2016). By using the extremes values for the range of pyrite reactive surface area, we test the
sensitivity of H>S mineralization to the reactive surface area and evaluate the assumption of

equilibrium precipitation. Pyrite is the only sulfide allowed to mineralize. The results are shown
for the reactive transport model of NN-3, 525-550 m depth.
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Figure S9: Wireline Response Changes upon HzS Injection
Response Changes from 41 Days of st Injection
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Figure S9: Wireline logging response changes after 40 days of H>S injection at NN-3 and NN-4.
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Key Points:

» Over 25 years, 87% of injected HoS mineralizes to pyrite before reaching Lake
Thingvellir, resulting in minimal contamination of the lake

« Pyrite mainly forms in the rock matrix closest to the fractures, where slow,
diffusion-controlled transport enables fluid-rock interactions

 Lithology plays an important role in HyS mineralization, controlling the avail-
ability of iron for pyrite formation
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Abstract

Hydrogen sulfide (H2S) mineral storage in basalts offers an approach to reduce emis-
sions from geothermal energy production. Laboratory-scale geochemical models
indicate that the injected HoS-charged water interacts with basalt to mineralize
iron-sulfides. Understanding the processes controlling HoS mineralization at the
field-scale is essential to optimize industrial-scale mineral storage systems and mit-
igate environmental impacts. Existing models contain simplifying assumptions

that reduce their ability to accurately capture real-world systems. To evaluate the
efficacy of field-scale HoS mineral storage, this study develops a novel, 3D multiple-
porosity reactive transport model of HsS re-injection into fractured basalts at the
Nesjavellir geothermal site (SW Iceland). The multiple-porosity framework simu-
lates fluid-rock interactions within both the advection-dominated fractures and the
diffusion-dominated rock matrix. Overall, HoS mineral storage is effective with 87%
mineralizing as pyrite before reaching the nearby lake over 25 years of injection.
This is consistent with estimates from fluid mass balance calculations of similar
injection systems. However, the model reveals that such fluid mass balance calcu-
lations provide only a limited view of total mineralization. The high-permeability
fracture network, calibrated to values between 10~'2 and 107'° m?, efficiently trans-
ports HoS and results in dispersed pyrite mineralization. Large vertical permeabil-
ities in fault zones and non-isothermal fluid flow drive upward fluid migration, but
H3S concentrations remain below 2.5 pM at Lake Thingvellir. Approximately 90%
of the mineralization occurs within the outer basalt matrix, where fluid-rock inter-
actions are greatest, underscoring the importance of multiple-porosity frameworks in
field-scale reactive transport modeling.

Plain Language Summary

Geochemical models provide a powerful tool to characterize how water in-
teracts with rocks in the subsurface. However, implementing complex fluid-rock
processes in models is challenging, leading to simplified models that lack the ability
to accurately represent real-world subsurface processes. In this study, we develop
a field-scale geochemical model that considers many of these complexities to better
characterize hydrogen sulfide (H2S) mineral storage at a geothermal site in Iceland.
H,S gas is emitted during geothermal power production and is toxic to humans and
the environment. In the mineral storage approach, the HsS is injected into the sub-
surface, where it interacts with the rock and mineralizes, thus sequestering the emis-
sions. Complexities included in the model reveal that HoS mineralization depends on
the rock’s chemical composition and how water and HyS are transported through it.
Water flows quickly through fractures in the rock, and thus, HsS is transported away
before it has a chance to interact with the rock. Deeper within the rock matrix, HoS
transport is controlled by slower processes, which provide time for the HsS to react
with the rock and mineralize. Most mineralization occurs when the rock contains
minerals that readily react with water and are rich in iron. Overall, HoS mineral
storage at Nesjavellir is shown to be effective, as 87% of the HsS injected over 25
years mineralizes before reaching the extent of the nearby lake, and contamination of
the lake is minimal.
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1 Introduction

Geothermal energy production has grown to a combined global capacity of
16,318 MW (Gutiérrez-Negrin, 2024), offering a stable alternative source of energy
to fossil fuels. While geothermal energy generation represents a relatively clean
source of energy, the industry emits an estimated 9.63 Mt of CO5 and 0.13 Mt of
H,S per year (Marieni et al., 2018). These gases originate from the high-enthalpy
geothermal production fluids and are released into the atmosphere upon energy
production.

One approach to reduce these emissions is through mineral storage, where the
gases are captured, dissolved into the geothermal wastewater, and re-injected into
the subsurface (Matter et al., 2016; Gunnarsson et al., 2018). Basaltic rocks are a
common injection target due to their high reactivity and high divalent cation con-
tent of up to 25 wt% Ca, Mg, and Fe (Matter et al., 2016). Laboratory experiments
find that upon interaction with basalt at low temperatures (< 100°C), gases min-
eralize to carbonates (i.e. calcite, siderite, magnesite) and iron sulfides (i.e. pyrite,
pyrrhotite), along with chalcedony, smectites, zeolites, Fe-Al hydroxides, and poten-
tially elemental sulfur (Galeczka et al., 2022; A. Stefdnsson et al., 2011; Pfikryl et
al., 2018; Schaef et al., 2013).

While laboratory studies suggest effective mineral storage in basalts, uncer-
tainty still remains in the industrial-scale implementation of mineral storage ap-
proaches due to complex hydrologic, geologic, and engineering processes in the
field (Liu et al., 2019). Previous studies have used methods such as pump tests
(S. K. White et al., 2020), geophysical wire-line logging (Ciraula et al., 2024; Lévy
et al., 2024), and mass balance calculations from borehole water samples (Clark et
al., 2018, 2020; Gunnarsson et al., 2018) to evaluate field-scale mineral storage. The
mass balance calculations suggest that 60% and 85% of the injected CO2 and HyS
mineralize after 3.5 years, respectively (Clark et al., 2020). However, each of these
methods is an indirect measurement, contains ambiguity in its interpretations, and
its ability to characterize total mineralization across the entire reservoir remains
uncertain.

Geochemical modeling is a powerful tool that complements field sampling
methods by constraining the relevant fluid-rock interactions that govern mineral
storage. Understanding these fluid-rock interactions is essential for optimizing field
injection strategies and mitigating the environmental impacts of re-injection, such
as acidification of the groundwater system, contamination of surface waters, and
pore-clogging of the injection reservoir. This is particularly important in relation to
H5S mineral storage, as a recent study examining time-lapse changes in geophysical
logs recorded in injection wells called into question the permanence of HyS min-
eral storage (Lévy et al., 2024). Reactive transport models couple together complex
hydrological (e.g., non-isothermal flow, fracture vs. matrix flow and transport), geo-
chemical (e.g., variable lithology, heterogeneous porosity and permeability, mineral
reaction kinetics), and engineering (e.g., variable injection rates and temperatures,
injection fluid chemistry) processes that govern mineral storage systems over time
(Steefel & Lasaga, 1994; Steefel et al., 2005; Aradéttir, Sonnenthal, Bjornsson, &
Jénsson, 2012).

Despite their utility, few studies have developed field-scale reactive transport
models for mineral storage systems (Aradéttir, Sonnenthal, Bjérnsson, & Jénsson,
2012; Liu et al., 2019; Bacon et al., 2014; Ciraula et al., 2024; Pfikryl et al., 2018).
Significant technical challenges are faced when integrating complex geochemical and
hydrological processes at the macroscopic, continuum scale (Carrera et al., 2022;
Bager & Chen, 2022). As a result, field-scale models often rely on simplifying as-
sumptions that may reduce their accuracy, particularly over long time-scales. One
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such simplification is the effective porous medium approach, which assumes uniform
flow and transport processes throughout the domain rather than explicitly modeling
distinct processes in fractures and the rock matrix (i.e., multiple-porosity). This is
a substantial limitation for mineral storage simulations, as laboratory-scale mod-

els indicate that contrasting flow and transport in fractures and the rock matrix
strongly influence mineralization, which mainly occurs in diffusion-dominated zones
where the reaction rates are large relative to flow rates (i.e., rock matrix with large
Damkohler numbers) (Giammar et al., 2014; Adeoye et al., 2017; Luhmann et al.,
2017; Xiong et al., 2017). Furthermore, Chen et al. (2024) demonstrated that per-
meability distributions influence the spatial distribution of various carbonate species,
with magnesite forming sharp mineralization fronts while calcite and siderite exhibit
more diffuse mineralization. Field-scale reactive transport simulations of mineral
storage approaches have thus far followed the effective porous medium framework
(i.e., single-porosity), and thus, they are less sensitive to these complex flow pro-
cesses. These field-scale models are also simplified to 1D or 2D isothermal flow and
transport, further limiting their ability to capture the full heterogeneities of real-
world systems. Lastly, reactive transport models, such as those presented in Ciraula
et al. (2024) and Prikryl et al. (2018), are often constructed with simplified mineral-
ogy, potentially overlooking important fluid-rock interactions.

In this study, we develop a field-scale, 3D reactive transport model of the Nes-
javellir HyS mineral storage site. The model uniquely couples non-isothermal fluid
flow and solute transport through a multiple-porosity medium with kinetically-
controlled geochemical reactions to simulate HyS mineral storage under real-world
conditions. The main objectives of this model are to (1) evaluate the long-term
effectiveness of HoS mineral storage, (2) constrain geological controls on HoS miner-
alization, (3) assess the risk of HaS contamination of surface waters, and (4) validate
the ability of fluid mass balance monitoring methods to constrain the total effective-
ness of HyS mineralization. Through the development of this integrated model, we
aim to demonstrate how reactive transport can be used as a powerful tool to assess
complex fluid-rock interactions at the field-scale and evaluate the performance of
mineral storage strategies.

2 Site Description
2.1 Geologic Setting and Model

The Nesjavellir high-temperature geothermal field is located in southwest Ice-
land between the Hengill central volcano and Lake Thingvellir, Iceland’s largest lake
(Figure 1). Lake Thingvellir extends into Thingvellir National Park, a UNESCO
World Heritage Site, and the lake and surrounding water catchment area are pro-
tected by Icelandic legislation (Iceland Ministry of the Environment & Climate,
2005).

The Hengill volcano is situated on a ridge-ridge-transform triple junction be-
tween the Reykjanes Rifting Zone, Southern Seismic Zone, and the Western Volcanic
Zone (Foulger, 1988). The area is composed mainly of late Quaternary and post-
glacial age volcanic rocks, primarily in basalt flows and hyaloclastites (Arnason
et al., 1969; Foulger & Toomey, 1989). A roughly 10 km wide graben structure
transverses the area and is oriented parallel to the hyaloclastite ridges at approxi-
mately N30°E (Arnason et al., 1969; Foulger, 1988). The Nesjavellir power station
sits within an inner, 5 km wide graben that is the focus of much of the faulting and
volcanism (Arnason et al., 1969).

The area of interest modeled in this study is the shallow groundwater sys-
tem above the top of the geothermal clay cap, located at ~500 m depth (Franzson,
1988). The shallow groundwater system is cold water with measured down-borehole
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water temperatures ranging from 10-25°C. Alteration is minimal at depths less than
400 m, underlain by an alteration zone of zeolites and smectites approaching the
clay cap (Ciraula et al., 2024; Helgadéttir, 2021). Intrusions are not present at these
shallow depths (Franzson, 1988).

In total, our geological model considers six lithological units informed from
drill cuttings and well logging reports: (1) Grunnberg composite hyaloclastites, (2)
Nesjahraun lava flow, (3) Hagavikurhraun lava flow, (4) Stangarhélshraun lava flow,
(5) a layer of deep lava flows, and (6) a layer bounding the bottom of the model
near the geothermal clay cap (Franzson, 1988; Ciraula et al., 2024; Weisenberger &
Sneebjornsddttir, 2021; Helgaddttir, 2021; Sigfusson et al., 2011). The Grunnberg
composite hyaloclastites dominate the upper 500 m and are composed of vesicular
hyaloclastite tuff, hyaloclastite breccia, and pillow basalt. Significant amounts of
basaltic glass (>20%) have been identified in drill cuttings from this unit. The layer
of deep lava flows is observed in boreholes at depths of 170-250 m. Grain size is vari-
able in this layer, ranging from very fine- to medium-grained, and there is minimal
basaltic glass present. Three Holocene lava flows are also present at the surface (0-50
m depth) northeast of the injection wells: Nesjahraun (2 ka), Hagavikurhraun (5.5
ka), and Stangarhdlshraun (8 ka) (Sigfusson et al., 2011).

The model also includes three near-vertical, NNE-SSW fault systems, identified
through drilling and field mapping (Franzson, 1988; Hafstad et al., 2007). These
faults are characterized by high horizontal and vertical permeabilities and play a

critical role in fluid transport near the surface and at injection depths (Gémez-Diaz
et al., 2022).
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Figure 1. Map of the Nesjavellir injection site in southwest Iceland and the reactive transport
grid. A simplified geological map of the surface lithology is shown, mapping the extents of the
post-glacial lava flows considered in the reactive transport model. Uncolored areas within the

grid extent are treated as Grunnberg composite hyaloclastites.
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2.2 Geothermal Production, Wastewater Disposal, and Monitoring

The Nesjavellir power plant began operations in 1990 with the drilling of four
boreholes for space heating. Electricity generation started in 1998 with two 30 MWe
turbines, expanded to 90 MWe in 2001 with a third turbine, and reached the current
120 MWe capacity in 2005 with the addition of a fourth turbine. Nesjavellir pro-
duces an additional 300 MWth in the form of heated groundwater used for district
heating in the Reykjavik area ~30 km away (Snaebjornsddttir et al., 2021).

Energy and electricity production at Nesjavellir, detailed in Zarandi and Ivars-
son (2010), is briefly outlined here to provide context for the wastewater injection.
Three main types of wastewater are produced at Nesjavellir; (i) condensate wastew-
ater formed when the steam that drives the turbines is condensed back to water,
(ii) heated groundwater which is used to condense the steam and is sourced from
shallow wells near Lake Thingvellir, and (ii) separated geothermal liquid remaining
after flashing of the high-enthalpy fluid from the production boreholes.

Current operations at Nesjavellir produce roughly 240 kg/s of separated
geothermal wastewater and 240 kg/s of condensate (Ivarsson, 2019). Various meth-
ods are utilized to dispose of the geothermal wastewater (Zarandi & Ivarsson, 2010;
I/vaursson7 2019). Prior to 2004, shallow wells near the power plant and a disappear-
ing stream (Laekjarhvarf) were used for wastewater disposal. Since 2004, injection
wells ("NN wells”) have been used for wastewater injection, in addition to shallow
wells and surface disposal. In 2015, the NN-6, NN-7, and NN-9 wells were drilled
to increase the injection capacity (fvarsson, 2019). The injection wells, which are
the focus of this study, receive most of the separated geothermal fluid and the
condensate water, with excess being disposed of at the surface along with heated
groundwater.

To monitor the Nesjavellir geothermal area, Reykjavik Energy and its sub-
sidiary Orka Nattirunnar, which own and operate the Nesjavellir power plant,
collect samples twice per year in shallow monitoring boreholes in the Holocene
lava flows and at springs at the shore of Lake Thingvellir (see Figure 1 for a few of
these sites) (Zarandi & Ivarsson, 2010). Chemical and thermal pollution related to
geothermal production has been observed in the springs since the start of the power
production in 1990 (Gémez-Diaz et al., 2022; Zarandi & Ivarsson, 2010). Strategies
recently implemented to reduce the chemical and thermal pollution include utilizing
cooling towers, a retention tank to allow for silica polymerization before disposal
(Zarandi & Ivarsson, 2010), hot water injection away from the Nesjavellir site (Mos-
fellsheidi), and utilization of deep injection wells (NJ-18 and NN-10) (Ivarsson, 2019;
Zarandi & Ivarsson, 2010).

In addition to the subsurface pollution from wastewater disposal, geother-
mal energy production also results in atmospheric emissions, notably COy and HaS
gases. These gases can be highly concentrated, with vapor phase concentrations
measured at production well heads averaging around 3,200 ppm CO2 and 800 ppm
H,S (Scott et al., 2014) at the nearby Hellisheidi power plant. At Nesjavellir, the
yearly emissions are estimated to be 15,000-18,600 tons of CO5 and 8,000-11,300
tons of HoS (Marieni et al., 2018; Snaebjornsdéttir et al., 2021). To reduce these
emissions, a process was implemented at Nesjavellir in 2021 in which HsS gas is dis-
solved into a mixture of separated geothermal wastewater and condensate wastewa-
ter using liquid ring vacuum pumps (Galeczka et al., 2022; Ciraula et al., 2024; Lévy
et al., 2024). The HyS-rich wastewater is then continuously injected into the shallow
groundwater system through the NN wells.
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3 Modeling Approach

The model developed in this study couples reactive chemistry to cali-
brated hydrological flow models of the HoS-rich geothermal wastewater injec-
tion into the shallow groundwater system at Nesjavellir. The reactive trans-
port simulations are performed using TOUGHREACT (Xu et al., 2006, 2011,
https://tough.lbl.gov /software /toughreact_v4-13-omp), a numerical simulator
that introduces chemical reactivity to the fluid and heat flow simulator, TOUGH2
(Pruess et al., 1999). The TOUGH suite of codes can incorporate non-isothermal
and multi-component fluid and heat flow, multiple -porosity capabilities, feedback of
porosity-permeability changes on fluid flow, three-dimensional capabilities, and par-
allelized computation (e.g., Araddttir, Sonnenthal, Bjérnsson, and Jénsson (2012);
Ratouis et al. (2022); Xu et al. (2006)).

3.1 Governing Flow and Transport Equations

TOUGHREACT performs the numerical modeling through the integral finite
differences method (IFD), in which the model domain is spatially discretized based
on integral statements of conservation of mass and energy:

i/ Mden:/ Fk-ndAn—&—/ q~dv,
dt Vn, A" V

where M), represents the mass and energy density of component & within volume

Vo, Fx -+ mnis the flow term of flux of component k£ normal to surface A,, and g
represents the contribution of component k& from sources and sinks. By introducing
volume averages over V,, and surface averages over A,,, the conservation of mass and
energy equation can be rewritten for an average mass density, Mj:

OMj,
ot

=—VFk+qk .

This study considers non-isothermal flow of a single water in fully saturated
conditions (TOUGH module EOS1), thus simplifying the number of components &
in Equations 1 and 2. The ¢ term becomes comprised of water sources and sinks
(gw), heat sources and sinks (g, ), and chemical component sources and sinks from
the water (g;.,) and reactions with the solid rock media (g; ). Mass density terms
for water (M,,), heat (M), and chemical components (M;) simplify to:

M, = ¢pw , My = ¢pwa + (1 - ¢)PsUs , Mj = (Z)Cj,w )

where ¢ is porosity, p is density, U is internal energy, C ., is the concentration

of component j in the water, and subscripts w and s denote water and solid rock
components, respectively. Finally, the average mass flux terms (VFy) in the single-
phase, fully saturated system become:

Fw = puwlw , Fn=hyppuw —AVT |, Fj=uwCj ., — (7¢Dy)VCj . ,

where u, is the Darcy’s velocity for the liquid phase, h,, is the specific enthalpy
for the heat convection, A is the thermal conductivity for heat conduction, T is the
temperature, 7 is tortuosity, and D,, is the diffusion coefficient, set here to 6x10~?
m? /s (Ratouis et al., 2022). The Darcy velocity is given as:

kr w
Uy = —k——(VPy, — pug) ,

Haw

comprised of the permeability in each dimension (k), relative permeability (k. .,),
water viscosity (i), fluid pressure field (P, ), and the gravity vector (g).
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TOUGHREACT solves flow, transport, and geochemical reactions using a se-
quential, non-iterative time-stepping scheme. First, the flow equations are solved
using Newton-Raphson iterations at each time step to define the fluid velocity field.
The fluid velocity field and diffusive flux terms are then used to solve chemical
transport for each component, providing concentrations at each grid element. Local
chemical reactions are then solved for each grid block via Newton—Raphson itera-
tions, updating the fluid concentrations, and rock mineralogy. The individual flow,
transport, and geochemical reaction processes are each solved with a fully implicit
time-weighting scheme.

3.2 Fluid Flow and Transport
3.2.1 Grid Structure

We developed the IFD model grid using AMESH (Haukwa, 1998), PyTOUGH
(Croucher, 2011), and TIM (Yeh et al., 2013) software. There are ~72,500 elements
with ~204,000 connections, covering a total area of 60 km? (6x10 km) northeast
of the Nesjavellir geothermal plant. The grid extends from the water table down
to the top of the geothermal clay cap at ~500 m depth and is vertically discretized
into 16 ~50 m-thick layers. We defined the water table using data from Reykjavik
Energy (Gémez-Diaz et al., 2022) alongside a digital elevation model and measured
depth-to-water values in various wells. A Gaussian filter was applied to the water
table surface to smooth large gradients inherited from the high-resolution digital
elevation model. We rotate the grid by 31.5° E of N to orient it parallel to the NNE-
SSW rifting direction and associated normal faults. This orientation allows for the
cross-rift permeability (x-dimension) and along-rift permeability (y-dimension) to be
considered individually (Gémez-Diaz et al., 2022).

The grid is irregularly discretized in the x-y plane to increase the compu-
tational efficiency while preserving resolution in the main areas of interest. Grid
refinement to 50x50 m cells is focused around the HyS wastewater injection wells.
Cells within the transition zone between the coarse and refined regions contain non-
orthogonal connections, which can create mass balance errors in the IFD solution.
To reduce these errors, the geometries of the elements within the transition zones
were optimized via a nonlinear least-squares operation, considering connection angles
and the degree of cell skewness (Croucher, 2011).

3.2.2 Multiple Interacting Continua (MINC)

To capture the complex fluid flow in the fractured basalt media, this model im-
plements a multiple-porosity grid over the entire model extent based on the Multiple
Interacting Continua (MINC) approach (Pruess & Narasimhan, 1985). This frame-
work is built on the principle that changes in reservoir conditions propagate quickly
through the interconnected fractures, while affecting the rock matrix more slowly.
The MINC approach sub-discretizes the grid elements into individual fracture and
matrix elements. Global flow in the model domain occurs exclusively through the
fracture elements, which are modeled as an effective porous continuum representing
the fracture network. The rock matrix is further discretized into nested volume ele-
ments such that the change in the thermodynamic conditions of the matrix block is
controlled by the proximity of the matrix blocks to the nearest fracture. Local, tran-
sient interporosity flow occurs between the connected fracture and matrix elements
and between the nested matrix elements. Overall, the MINC approach captures
complex flow in the fracture domain and allows for distinguishing transport pro-
cesses and chemical reactions occurring in the subsurface fractures and reservoir
matrix.

This model considers a fracture continuum and two nested matrix continua
with volume fractions of 5%, 25%, and 70%, respectively (Ratouis et al., 2022). We
consider three perpendicular fracture sets (x, y, z) with a fracture spacing of 2 m
(DePaolo et al., 2022).
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Table 1. Porosity and calibrated permeability values for all rock types of the MINC model.

Permeability (m?)
Rock Type Porosity ks ky k.

Grunnberg Hyaloclastites

- Fracture Network 0.60 1.01x107'? 9.71x107'' 1.29x107'3

- Outer & Inner Matrix  0.25  1.00x107'* 1.00x107'* 1.00x10~ '
Holocene Lava Flows®

- Fracture Network 0.60 5.06x107'2 1.94x107'2 1.49x10~'2

- Outer & Inner Matrix  0.10  1.00x10™*®* 1.00x107'® 1.00x10'°
Deep Lava Flow Layer

- Fracture Network 0.60 1.46x1071% 1.56x107'! 1.49x107*2

- Outer & Inner Matrix ~ 0.10  1.00x107'® 1.00x107'% 1.00x10~'°
Faulted Zone 1

- Fracture Network® 0.60 3.00x107* 5.00x107!° 5.00x107'3

- Outer & Inner Matrix  0.10  1.00x107'* 1.00x10™* 1.00x10~'*
Faulted Zone 2

- Fracture Network® 0.60  3.00x107'? 5.00x107'' 5.00x1071'3

- Outer & Inner Matrix  0.10  1.00x107'* 1.00x107'* 1.00x10~'*
Faulted Zone 3

- Fracture Network® 0.60 3.00x107'2 5.00x107*2 5.00x107*3
- Outer & Inner Matrix ~ 0.10  1.00x107'* 1.00x107'* 1.00x10~*
Bottom Boundary 0.26  1.00x107* 1.00x10~'* 1.00x107**

@ Nesjahraun, Hagavikurhraun, and Stangarhdlshraun lava flows.

® Fracture permeability calibrated in Gémez-Diaz et al. (2022).

3.2.3 Porosity, Permeability, and Flow Model Calibration

The MINC porosity and permeability values are presented in Table 1. We
assigned the matrix porosity and permeabilities based on typical values observed
in fresh Icelandic basalts as reported in Scott et al. (2023). The hyaloclastite ma-
trix has a porosity of 25% and x-, y-, and z-permeabilities of 1x107!* m?. Lava
flows, which typically have lower porosity and permeability (Scott et al., 2023), are
assigned a porosity of 10% and x-, y-, and z-permeabilities of 1x107® m?. We es-
timate the MINC fracture porosity to be 60% following the method presented in
Ratouis et al. (2022), where the fracture total porosity of the MINC model is the
same as the porosity of a single, effective porous media model:

qbeff:¢>f><6f+qu><0m,

where 6; is the fracture volume fraction (5%), 6,, is the matrix volume fraction
(95%), and ¢ers, @5, and @y, are the effective, fracture, and matrix porosities, re-
spectively. Accounting for matrix porosity differences between hyaloclastites and
lava flows and the relative volumes of hyaloclastites and lava flows within the model
domain, equation 6 becomes:

Gefr =G X O + g X Om. g + Gmp X O,

where the subscripts H and L denote the hyaloclastite and basalt lava lithologies,
respectively. A fracture porosity of 60% results in an effective porous media porosity

114



of 26%, which is in line with values measured in Nesjavellir wells and core samples
(Munoz, 1996; V. Stefdnsson, 1991) and qualitative analysis of rock cuttings from
NN-3 and NN-4 (Helgadéttir, 2021). Porosity and permeability changes are cal-
culated using the abundance and molar volume of individual minerals along with
a simplified Carman-Kozeny relationship (Bear, 1972), but feedback on flow and
transport is not considered.

We utilized PEST software (Doherty & Hunt, 2010) to iteratively calibrate
the fracture permeability values of the major lithological units to temperature data
(n=21) measured from 2001-2013 in the NK-01, NL-10, and NL-12 monitoring
boreholes. The model was fit to temperature measurements at grid cell centers for
NL-12, and to the average temperature measured in the upper 50 m of NK-01 and
NL-10, given the temperature fluctuations over the shallow depths of the NK wells.
To reduce the high computational cost of 3D model calibration within the MINC
domain, calibration was performed on a coarse (200x200x50 m) subset of the full
model surrounding the injection wells. Additionally, the Holocene lavas are cali-
brated as a single anisotropic unit. The deep lava flow identified in the NN boreholes
has the same z-permeability as the Holocene lavas, but the x- and y-permeabilities
are treated as separate parameters. The permeabilities of major fault zones are
adopted from values presented in Gémez-Diaz et al. (2022), who calibrated them
using tracer tests and temperature data.

For all rock types listed in Table 1, the rock grain density is 2650 kgm—2, the
thermal conductivity is set to 1.7 Wm™! °C~!, and the rock grain specific heat is set
to 900 Jkg=! °C~!. We set the matrix and fracture tortuosity factors to 0.1 and 0.8,
respectively. The fracture tortuosity and thermal conductivity are further scaled by
the bulk fracture porosity to account only for fracture intersections.

3.2.4 Sources and Sinks

Sources and sinks within the model domain include various wastewater in-
jection and fresh groundwater production wells. The sources, detailed in Table 2,
include:

1. Surface wastewater disposal at shallow injection wells (SV-3 and NS) near
the power station and Laekjarhvarf (LK), a disappearing stream near the
Holocene lava field. To model infiltration of the surface disposal observed in
NL-12, wastewater is supplied from the shallow injection wells to the upper
100 m of the water column.

2. Wastewater injection into the NN wells (NN-1, NN-2, NN-3, NN-4, NN-5, NN-
6, NN-7, NN-9). Injection rates and temperatures were provided by Reykjavik
Energy.

3. Cold groundwater production wells at the Gramelur pumping station.

3.3 Geochemical System

3.3.1 Fluid and Rock Chemistry

Chemical analyses of Nesjavellir waters presented in Ciraula et al. (2024) and
Sigfusson et al. (2011) constrain the fluid chemistry of the reactive transport model.
The background fluid for the model was sampled in 1991, before contamination from
geothermal wastewater disposal (Sigfusson et al., 2011). Geothermal wastewater dis-
posed of at the surface was measured by Sigfusson et al. (2011) at the Laekjarhvarf
disappearing stream, at the power station outlet, and in the surface stream in 2008.
The HyS-rich injection waters were sampled by Ciraula et al. (2024) at the NN-3,
NN-4, NN-5, and NN-7 boreholes in November 2021. Injection water chemistry of
the NN-1, NN-2, NN-6, and NN-9 boreholes is defined as the average of the NN-

4, NN-5, and NN-7 waters, given that similar water is sent to each of these wells
(fvarsson, 2019). Major cation and anion concentrations were measured using In-
ductively Coupled Plasma Optical Emission Spectroscopy (ICP-OES; ThermoFisher
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Table 2. Reactive transport model source and sink locations, depths, and rates during the HsS

injection period.

Source/Sink Coordinates Source/Sink Measured  Avg. Rate® Avg. Temp.®
Name (ISN-93) Depths®® (m) (kg/s) (°C)
NN-1 389,995; 402,110 295 43.5 88.9
NN-2 390,120; 402,300 415 43.5 88.9
NN-3 390,105; 402,775 390, 445, 535 10.5 68.3
NN-4 390,360; 403,170 280, 300, 330, 388 109.6 85.7
NN-5 390,460; 403,090 220, 320, 520 30.9 88.7
NN-6 390,450; 403,080 246, 280, 325, 425, 510 53.5 84.8
NN-7 390,240; 403,240 200, 220, 255, 280, 400, 440 324 88.6
NN-9 389,980; 402,470 310 43.5 88.9

SV-3 Shallow Well 390,195; 402,475 0-100 200.0° 40.0°

NS Shallow Well 390,055; 402,670 0-100 160.0° 40.0°

Laekjarhvarf (LK) 391,445; 403,750 0-50 200.0° 40.0°
Gramelur Pumping Wells 394,075; 406,445 0-50 -2020.0° -

¢ Rates are allocated evenly over source/sink depths.
b Data estimates from Gémez-Diaz et al. (2022), Zarandi and Ivarsson (2010), fvarsson (2019).
¢ Average rate and temperature from 01/2021-01/2024. Positive rates denote injection.

iCAP 7400 Duo) and Ton Chromatography (Dionex ICS-2000), respectively (Ciraula
et al., 2024). Dissolved sulfide concentrations were determined by mercury acetate
titrations with dithizone as the indicator (Arndrsson et al., 2006). A modified alka-
linity titration was used to determine the dissolved carbon dioxide concentrations
(Arndrsson et al., 2006; Jeffery et al., 1989; Stefdnsson et al., 2007). Table 3 details
the resulting fluid compositions.

Drill cuttings obtained from the NN-3, NN-4, and NN-7 boreholes constrain
the mineralogy of the host rock (Ciraula et al., 2024; Helgadéttir, 2021). The bulk
rock composition was measured using ICP-OES analysis of milled cuttings as pre-
sented in Ciraula et al. (2024). A linear least-squares fit to the average bulk rock
composition, considering the primary minerals listed in Table 4, constrained the
initial mineral abundances in the reactive transport model. Comparisons to field
observations at Nesjavellir validate the resulting primary mineralogy (Vivanco et al.,
2024). We defined the basaltic glass composition stochiometrically from the average
bulk rock composition, and estimated the volume fraction to be 0.25 in the hyalo-
clastites and 0.05 in the lava flows, following observations of drill cuttings from the
NN wells (Helgadéttir, 2021) and typical Icelandic basalts (Scott et al., 2023). The
volume fractions of the other primary minerals are scaled to account for the addition
of the basaltic glass (Table 4).

Secondary minerals are determined based on laboratory observations and re-
sults of previous geochemical models of basalt alteration in HaS-charged fluids (see
Ciraula et al. (2024) and references therein). Table 4 contains the primary and sec-
ondary minerals considered by the reactive transport simulations, and their elemen-
tal compositions are detailed in Table S1. We use the carbfiz.dat thermodynamic
database (Voigt et al., 2018; Hefmanska et al., 2022, 2023), based off the database
described in Aradéttir, Sonnenthal, and Jénsson (2012) and the core10.dat database
(Neveu et al., 2017), with redox conditions determined by the HS~/SO3™ couple.
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Table 4. Initial basalt mineral composition, secondary minerals, and kinetic parameters used

for mineral precipitation and dissolution rates.

Vol. % Surf. Area  Acidic Mechanism  Neutral Mechanism Basic Mechanism
of basalt [cm2g™ 1] log(kas) Eo n(HT) log(k2s)  Eo  log(kzs) Eq n(HT)

Primary Phases:

Plagioclase
Albite® 22.96 0.1 -10.30 58.0 0.3 -11.19 60.0 -13.6  50.0 -0.3
Anorthite® 21.84 0.1 -5.17  58.0 1.22 -11.34 60.0 -13.6  50.0 -0.3
Sanidine® 2.59 0.1 -10.4 51.7 0.5 -12.48 60.0 -20.8  62.0 -0.8
Pyroxenes
Diopside® 9.69 0.1 -9.80 32.7 0.3 -11.00 43.9 - - -
Hedenbergite® 7.84 0.1 -9.80 32.7 0.3 -11.00 43.9 - - —
Enstatite® 1.94 0.1 -8.30 46.1 0.5 -11.90 89.5 - - -
Ferrosilite® 1.29 0.1 -8.30 46.1 0.5 -11.90 89.5 - - —
Olivines
Fayalite® 1.57 0.1 -6.25 704 0.4 - - -7.39  60.9 0.2
Forsterite® 2.22 0.1 -7.16 70.4 0.4 — - -8.33 60.9 0.2
Iron Ozxides
Ilmenite® 1.84 1.0 -8.35 379 0.421 -11.16 37.9 - - -
Magnetite® 1.22 1.0 -8.59 18.6 0.279 -10.78 18.6 - — —
Basaltic Glass® 25.00 0.2 log(kas)=-7.564, E,=25.5, n(HT)=1.00, n(A1>*)=-0.33
Alteration Phases:
Zeolites
Analcime® - 1000.0 -3.3 63.0 1.0 -11.3 58.5 -14.3  58.0 -0.4
Chabazite® - 1000.0 -6.56  33.7 0.82 -11.55 44.2 -12.05 44.2 -0.2
Heulandite® - 1000.0 -7.51 33.7 0.82 -12.6 44.2 -13.2  44.2 -0.2
Thomsonite® - 1000.0 -5.61 33.7 0.82 -10.7 44.2 -11.0 44.2 -0.2
Carbonates
Calcite® - 100.0 -0.30 14.4 1.00 -5.81 23.5 - - -
Dolomite® - 100.0 -3.76  56.7 0.500 -8.60 95.3 -5.37  45.7 0.500
Magnesite® 100.0 -6.38 14.4 1.000 -9.34 23.5 -5.22 62.8 1.000
Siderite? - 100.0 -3.799 45.0 0.9 -8.900 62.76 -15.600 71.0 -0.572
Clays
Celadonite® - 10000.0 -11.68 32.3 0.37 -13.53 37.5 - - -
Montmorillonite® - 10000.0 -11.7  50.8 0.55 -14.3 30.0 -17.2  48.0 -0.3
Nontronite” - 10000.0 -11.7 50.8 0.55 -14.3 30.0 -17.2  48.0 -0.3
Saponite® - 10000.0 -11.7  50.8 0.55 -14.3 30.0 -17.2  48.0 -0.3
Iron Ozxides
Goethite® - 100.0 - - - -7.94 86.5 - - -
Sulfides
Pyrite® - 100.0 -7.52  56.9 -0.50 -4.55 56.9 - - -
Pyrrhotite® - 100.0 -8.04 50.8 -0.597 - — - — -
Sulfates
Anhydrite® - 100.0 - — - -3.19 14.3 - - —
Gypsum® - 100.0 - - - -2.79 0.00 - - -

SiO2 (am)® ¢ - 1000.0 -10.6 41.6 0.3 -12.23 74.5 -14.2 73.0 -0.4
Elemental sulfur’ - — — — - _ _ _

¢ Hefmanska et al. (2022)

b Hefmanska et al. (2023)

¢ Palandri and Kharaka (2004)

4 Knauss et al. (2005)

¢ SiO2(am) precipitation occurs under the free energy rate law from Carrol et al. (1998); log(kas) = -9.29.

f Elemental sulfur precipitation occurs under equilibrium.

9 Matrix continua surface area (Aradéttir, Sonnenthal, Bjornsson, & Jénsson, 2012; Berndsen et al., 2024).
Fracture surface area = Volume Fractionmineral X 2.8x1073 m2/m3‘

Rate of enstatite is used for ferrosilite, diopside for hedenbergite, saponite for nontronite, glauconite for celadonite.
Units: log(kss)=mol m~2 s™!; E,=kJ mol~!
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3.3.2 Mineral Precipitation and Dissolution Kinetics

Kinetic constraints are applied to the precipitation of secondary phases and
the dissolution of the primary and secondary phases. The kinetic rates are modeled
based on transition state theory defined by a rate constant (k), reactive surface area
(A), and the saturation conditions specified by the equilibrium constant (K), the
reaction quotient (@), and two exponential terms (6, 1) which are often assumed to

be 1: 17
Q
1—{ = . 8
(% ®)
The rates are implemented in TOUGHREACT, accounting for additional mecha-
nisms of dissolution and precipitation catalyzed by specific species as:

_E™ (1 1 . _E (1 1 .
— k’ﬂu a - - kl a - - tig .
r= R eXp[ R <T 298.15)} +; 256Xp[ R (T 298.15)}1:[%] ©)

r=kA

For each mineral, the values for the rate constants (k25), the activation energies
(E,), the activity power term (n), and mineral reactive surface areas (A;) are com-
piled from literature values and are reported in Table 4 (Aradéttir, Sonnenthal,
Bjornsson, & Joénsson, 2012; Berndsen et al., 2024; Hefmansk4d et al., 2022, 2023;
Palandri & Kharaka, 2004; Knauss et al., 2005).

The dissolution and precipitation of all minerals are catalyzed by H (acid
mechanism) and OH™ (base mechanism), aside from the basaltic glass. The rate law
for basaltic glass dissolution was established in Gislason and Oelkers (2003) at far
from equilibrium conditions, temperatures from 6-300 °C, and pH ranging from 1-11

as follows: 13
—-FE al Q
o= kA a LEhs 1-=2). 1
o= ko | 7] (72) - (1-%) @)

This rate law is implemented into TOUGHREACT, accounting for the mechanisms
of Al and acid concentrations through the parameters listed in Table 4.

To calculate the equilibrium constants for basaltic glass dissolution, we con-
sider the glass to be a mixture of oxides (Paul, 1977). This method has been shown
to successfully model basaltic glass dissolution under similar temperature condi-
tions (Aradéttir, Sonnenthal, & Jénsson, 2012; Aradéttir, Sonnenthal, Bjornsson,
& Jénsson, 2012; Aradéttir et al., 2013; Techer et al., 2001). In this approach, the
equilibrium constant for the basaltic glass phase is determined by the solubility
products (K;) and mole fractions (x;) of the glass-constituting oxides:

log Kpg = inlog K, + Zwilog z; . (11)

The mole fractions are determined based on the measured oxide weight percents
presented in the basaltic glass in Table S1. The equilibrium constants for the various
oxides and further description of the method can be found in Aradéttir, Sonnenthal,
and Jénsson (2012).

To better capture fluid-rock interactions in the MINC fracture continuum, the
mineral reactive surface areas within each fracture continuum element differ from
those presented in Table 4. Instead, these reactive surface areas are geometrically
derived from the product of the surface area of the fracture-matrix interface for the
grid element (Aipter face) normalized to 1 m?, found to be 2.85 m?-m~3, and the
mineral volume fractions (Vyrac,:):

Ainterface
Ai = * Vfrac,i . (12)
VElem,frac + VElem,matT'iwl + VElem,matri;EQ
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While kinetic rates and mineral reactive surface areas can be constrained
through literature values, these values are uncertain and can often be two to four or-
ders of magnitude lower in the field compared to experimentally-derived values (e.g.,
Aradéttir, Sonnenthal, Bjérnsson, and Jénsson (2012); A. F. White et al. (1996);

A. F. White and Brantley (2003)). To address this uncertainty, we calibrated the
reactive surface areas to match fluid compositions measured in the NL-12 monitor-
ing borehole near the start of HaS injection (Figure S1). Fit to the measured fluid
values was achieved by reducing the reactive surface area of the primary minerals
within the rock matrix by two orders of magnitude (Table 4) from the values re-
ported in Aradéttir, Sonnenthal, Bjornsson, and Jénsson (2012) and Berndsen et al.
(2024). This reduction aligns with findings from reactive transport models produced
at the nearby Hellisheidi power plant (Aradéttir, Sonnenthal, Bjornsson, & Jénsson,
2012). Reactive surface areas within the fracture domain were not reduced.

3.4 Boundary and Initial Conditions

We define the boundary conditions for this model based on the geological and
hydrological settings. Constant temperature-pressure-concentration boundaries are
assigned to the following: (1) the southern and northern model edges to capture
the inflow and outflow along the principal flow direction aligned with rifting in the
region, (2) the top surface to simulate an atmosphere layer and maintain fully-
saturated fluid flow conditions within the model, and (3) shallow model elements
that intersect Lake Thingvellir at the northern extent of the model. No-flow condi-
tions are assigned to the following boundaries: (4) the eastern and western extents
of the grid, as the NNE-SSW trending eruptive fissures act as barriers to east-west
oriented fluid flow, and (5) the bottom layer of the model domain approaching the
clay cap isolating the shallow groundwater from the deeper geothermal system. The
bottom layer’s temperature is fixed throughout the simulation.

We performed a series of simulations to establish the initial conditions for the
HyS-rich wastewater injection model. First, 10,000 years of steady-state flow were
simulated to establish steady-state temperature and pressure conditions. Reactive
transport under steady-state flow conditions was then simulated for 200 years to
achieve a chemical pseudo-steady-state before wastewater injection. Water samples
collected in 1991 (Sigfusson et al., 2011) and the mineralogy presented in Tables
4 and S1 define the initial groundwater chemistry and basalt composition for the
pseudo-steady-state reactive transport model. Next, the steady-state temperature,
pressure, and geochemical conditions were used as initial conditions in a reactive
transport simulation of wastewater disposal and injection at Nesjavellir from 1990 to
2021, prior to the introduction of HsS injection in January 2021. Finally, the result-
ing temperature, pressure, and geochemical conditions were used as initial conditions
for the reactive transport model of HsS injection presented here.

3.5 Mineralization Percent from Mass Balance Calculations

Previous studies have utilized down-hole fluid samples collected from monitor-
ing boreholes and mass balance calculations to determine the fate of injected COso
and HsS into Icelandic basalts (Clark et al., 2020; Gunnarsson et al., 2018; Matter
et al., 2016). As related to HoS mineralization, the method involves co-injecting
HS with a non-reactive tracer and measuring the concentrations of both species
at a monitoring borehole. By comparing the HyS and tracer molar ratios and con-
centrations between the injection and monitoring fluids, HoS mineralization can be
estimated. Additional information on the mass balance calculations and derivation
of the equations can be found in Text S1 and Clark et al. (2020).
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While this method provides a practical estimate, previous studies offer limited
context for interpreting the reported mineralization percentages and the factors that
influence the estimates (e.g., fluid recovery). The 3D reactive transport model pre-
sented here offers a means to evaluate how the fluid mass balance estimates relate
to actual mineralization in a heterogeneous, multiple-porosity reservoir. From the
simulation output, we calculated mineralization percentages using the fluid mass
balance equations at various locations away from the borehole and compared them
to the overall mineralization calculated from total sulfide mineralization. Boric acid
(B(OH)s(aq)) is used as the tracer as it is contained in the injection fluid, but is
non-reactive with the primary and secondary rock phases considered in this model.

4 Results
4.1 Flow Model Calibration

Temperature increases due to the wastewater disposal at Nesjavellir are well
reproduced through the model calibration (Figure 2). Temperatures in NL-12 are
largest in the upper 150 m of the system, but decrease from 25-20 °C from 2006
to 2013 following the installation of wastewater cooling towers and changes to the
wastewater disposal system. The model captures this trend well. Temperatures in
the fresh lava field range from 20-33 °C, reflecting the fluid temperatures measured
in the nearby disappearing stream (Laekjarhvarf). The model generally reproduces
the measured temperatures to within a few degrees. The largest temperature dis-
crepancy (~10°C) occurs in the NK-01 well in October 2001 and April 2003. NK-01
is strongly influenced by wastewater disposal at the disappearing stream, which
varies by 10-20 °C. This variation, along with complex flow channels in the fresh lava
identified in Gémez-Diaz et al. (2022), likely explains the early-time discrepancy in
the NK-01 calibration.

Overall, the calibration recovers highly permeable, fractured basalts in the
shallow subsurface at the Nesjavellir site (Table 1). The largest permeabilities are
perpendicular to the main extensional rifting direction, with fracture permeabili-
ties up to 9.7x10~ ' m? in the hyaloclastites and 1.9x10~'' m? in the lava flows.
Larger hyaloclastite permeabilities agree with trends observed in fresh Icelandic
basalts (Scott et al., 2023). Cross-rift permeability values are roughly 1-2 orders of
magnitude less than those perpendicular to the rifting direction. This trend and the
overall highly permeable shallow groundwater system agree with findings from previ-
ous flow model calibrations done in Gémez-Diaz et al. (2022), and the permeability
values align with the upper limits for matrix permeabilities of fresh Icelandic basalts
(Scott et al., 2023).

4.2 Fluid-Rock Interactions

Near the injection wells, host-rock alteration depends on the rock domain (frac-
ture vs. matrix) and geology (hyaloclastite vs. lava flow). Hyaloclastites are more
reactive than the basalt lava flows, with 21 times more dissolution in the fracture
domain and 5 times more dissolution in the matrix domain (Figure 3). Alteration in
the fractures is primarily attributed to olivine dissolution, followed by basaltic glass,
feldspars, pyroxenes, and then primary iron oxides. Within the rock matrix, disso-
lution of basaltic glass, olivine, and feldspars is the greatest, followed by pyroxenes
and iron oxides.

Alteration of the host rock by the injection fluids results in the formation
of smectite clays, zeolites, carbonates, sulfides, iron oxides, and amorphous silica.
Smectite clays are the most abundant minerals to precipitate, followed by zeolites,
sulfides, carbonates, and iron oxides. No amorphous silica precipitates in the rock
matrix. In the fracture domain, secondary mineralization is dominated by zeolite
formation, followed by sulfides and minor amounts of carbonates, amorphous silica,
iron oxides, and clays.
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Flow Model Calibration to Temperature
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Figure 2. Results of the hyaloclastite and lava flow fracture permeability calibration. The
calibration is fit to data points from NL-12 (a-c), NK-01 (blue line in plot d), and NL10 (red line
in plot d).

Regarding HyS mineral storage at Nesjavellir, all HyS mineralization occurs as
pyrite precipitation, and sulfates do not precipitate within the model domain. Pyrite
mineralization is more extensive in the rock matrix than in the fracture domain.
Within the matrix, hyaloclastites exhibit greater pyrite precipitation (0.0014%) than
lava flows (0.0002%), due to their higher reactivity with enhanced iron supply from
basaltic glass and olivine dissolution. While enhanced fluid-rock interactions in the
matrix drive pyrite precipitation, they also promote clay (e.g., smectite) formation,
which competes with pyrite for available iron. In contrast, reduced fluid-rock in-
teractions in fractures limit clay formation, resulting in less competition for iron
but also less pyrite formation overall. Larger volumes of pyrite mineralization are
also observed in the hyaloclastites compared to lava flows, owing to the increased
reactivity and permeability values (i.e., larger supply of HoS-charged fluid from the
injection well feed zones).

After 25 years of injection, the increase in secondary mineral volume percent is
roughly two times greater than the decrease in primary mineral volume percent in
the rock matrix. However, the absolute difference between mineralization and dis-
solution equates to only 0.016% in the hyaloclastites and 0.0029% in the lava flows.
In the fractures, volume percent changes between the total mineralization and dis-
solution are also small at 0.0005% in lava flows and 0.032% in hyaloclastites. These
small magnitude differences between changes in volume percent of primary and sec-
ondary minerals indicate little change in porosity and permeability throughout the
near-borehole reservoir. Over the 25 year injection duration, the largest porosity and
permeability reductions within 75 m of the injection borehole are observed in the
hyaloclastites, with an average porosity decrease (i.e., ¢ — ¢g) of 0.22%, 0.06%, and
0.002% and an average permeability percent decrease (i.e., k/kg) of 1.1%, 0.75%,
0.03% in the fracture, outer matrix, and inner matrix, respectively.
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Figure 3. Alteration in the fractures (a and c) and the basalt matrix (b and d) within 75 m
of the NN-4 H5S injection well. The top row shows dissolution of the primary minerals, and the
bottom row shows precipitation of secondary minerals. Changes in volume percent within the

lava flows (solid lines) and hyaloclastites (dashed lines) are calculated separately, relative to the

total volume of each respective lithologic unit.

4.3 HsS Mineralization at Nesjavellir

The simulations show that 83% of the injected HoS mineralizes before reaching
the extent of Lake Thingvellir during the first 5 years of injection (Figure 4). HsS
mineralization is sustained throughout the 25 years of injection, remaining constant
at 87%. Most mineralization (89-92%) occurs in the outer matrix, followed by the
inner matrix (4-8%) and the fracture network (3-4%) (Figure 4). Throughout the
25 years of injection, roughly 10% of the total injected HsS is transported out of the
model domain to the northeast.

The depth at which pyrite mineralizes depends mainly on the borehole feed
zones as illustrated in Figure 5(a~c). The profile A-A’ in Figure 5(a) shows limited
pyrite mineralization above the injection zones, and the mineralization occurs pri-
marily in the hyaloclastites beneath the lava flow layer. Conversely, profile B-B’ in
Figure 5b along a major fault zone shows pyrite mineralization at shallower depths
as the HoS-charged fluid migrates vertically along the fault. The profile C-C’ in
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Figure 4. Percentage of the injected H2S that mineralizes within the model domain and the
proportion of HaS mineralization occurring in each MINC domain (fracture, outer matrix, and

inner matrix).

Figure 5(c) shows the sulfide mineralization across the rift valley at injection wells
NN-4, NN-5, NN-6, and NN-7. The lateral extent of pyrite mineralization is limited
across the rifting direction, following the reduced permeabilities normal to the rift
direction (NW-SE) compared to the along-rift permeabilities.

The lateral distribution of pyrite mineralization is further visualized in Fig-
ure 5(d) by summing the total pyrite volume within each vertical column of the
model grid. The pyrite mineralization follows the transport of the HyS-charged fluid
from the injection wells towards the northeast (model y dimension), following the
primary direction of regional groundwater flow towards Lake Thingvellir. Pyrite
mineralization is greatest near the injection boreholes, further supporting the rapid
mineralization of HoS. The pyrite mineralization remains confined to the Nesjavellir
rift valley due to the highly permeable fault zones that bound the valley. These fault
zones efficiently channel the groundwater towards the northeast, following the main
rifting direction. The pyrite mineralization slightly broadens as the HyS-charged
fluid reaches the lake, but remains aligned with the primary SE-NE flow direction.

4.3.1 H,S Concentration

The HsS dissolved in geothermal wastewater is a weak acid, which exists pri-
marily as hydrogen sulfide anion (HS™) at pH values greater than 7 (Steudel, 1996).
Similar to the pyrite formation, the aqueous HS™ remains within the Nesjavellir rift
valley, primarily transported along the fault zone extending northeast from the injec-
tion wells towards Lake Thingvellir (Figure S2). The fault zone, with large vertical
permeability, also contributes to the upwelling of the hot geothermal wastewater as
the water approaches the NK-2 monitoring borehole (Figure S3). After 25 years of
injection, aqueous sulfur remains in its reduced sulfide state, as HyoS oxidation to
sulfate is not observed; the pH remains basic (> 7.5, Figure S4) and sulfate concen-
trations remain minimal (< 0.17 mmol/L, Figure S5).

Since the start of geothermal wastewater disposal at Lake Thingvellir in the
1990s, three surface springs have shown evidence of thermal pollution: Varmagjd,
Markagja, and Eldvik. After 25 years of injection, HS™ concentrations remain min-
imal at these springs, with concentrations of 0.013 pmol/L, 0.0087 pmol/L, and
0.0012 pmol/L at Varmagjé, Markagjd, and Eldvik, respectively (Figure 6). How-
ever, HS™ concentrations increase with depth, particularly at Varmagja, where HS™
concentrations are 2.55 nmol/L at 75 m depth and 234 nmol/L at 250 m depth.

To a lesser extent, HS™ concentrations at Markagja and Eldvik also increase with
depth, reaching 8.54 and 7.30 pmol/L at 250 m depth, respectively.
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Figure 5. (a-c) Profiles of the volume of sulfide mineralized following 25 years of H2S injec-
tion. The red dashed arrows highlight the trends of pyrite mineralization away from the injection
wells, with a larger vertical distribution of pyrite in the fault zone. (d) Sum of the sulfide volume
in each column of the reactive transport grid. Wastewater disposal sites, injection wells, and key
monitoring boreholes are displayed as red dots. The dashed green indicates the locations of the
profiles shown in the left subplots (A-A’, B-B’, and C-C’).

4.4 Mineralization Percent from Mass Balance Monitoring

We perform the mass balance calculations of HoS mineralization on a reac-
tive transport model that considers injection only into well NN-4 to simplify the
calculations. The results obtained using the mass balance Equation S1.3 suggest
effective HoS mineralization, in agreement with the mineralization percentages cal-
culated from sulfide mineralization (Figure 4). At the injection depths beneath Lake
Thingvellir, the calculated mineralization percentage exceeds 95% over the 25 years
of continuous H,S injection.

However, the mineralization percentage of HyS, calculated using a mass bal-
ance approach, is strongly influenced by both the distance from the injection well
and the hydrologic connection between the injection and monitoring locations. This
is particularly the case for sampling locations near the injection well. At the in-
jection depth interval along the primary southwest-northeast oriented flow path
originating from well NN-4, HsS mineralization after five years of injection is esti-
mated to be 28% at 500 m, 51% at 1000 m, 83% at 2000 m, and 97% at 3000 m. In
contrast, along a flow path shifted 100 m southeast of the primary flow path orig-
inating from well NN-4 and at depths 100 m shallower than the injection interval,
mineralization percentages are larger at shorter distances; 68% at 500 m, 83% at
1000 m, 93% at 2000 m, and 97% at 3000 m. These results are plotted in Figure S6.
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Figure 6. HS™ concentrations at three surface springs along the shoreline of Lake Thingvellir

after 1 year (solid lines) and 25 years (dashed lines) of hydrogen sulfide injection.

5 Discussion
5.1 Effectiveness of H>S Mineral Storage

The reactive transport modeling suggests that 87% of the injected HsS min-
eralizes to pyrite before reaching Lake Thingvellir throughout 25 years of injection
at the Nesjavellir site. This mineralization percentage aligns with values suggested
by borehole fluid sampling of a similar HsS injection system in Icelandic basalts
(Clark et al., 2020). Pyrite mineralization is rapid and greatest near the injection
boreholes, which agrees with laboratory flow-through column experiments that
found sulfide mineralization is greatest on the inlet side of the column (Piikryl et
al., 2018; Marieni et al., 2018). In long-term simulations of injection for 25 years,
pyrite mineralization remains stable regardless of the interactions with the shallow
groundwater. While laboratory studies of HoS mineralization suggest that elemental
sulfur may mineralize (Pfikryl et al., 2018), the reactive transport model finds that
sulfides are the only sulfur-bearing alteration phase, suggesting that the groundwater
system is sufficiently reduced to maintain sulfide mineralization.

In this field model, the HoS mineralization percent is limited by the high per-
meability fracture network that transports HoS outside the model domain. This
agrees with previous modeling approaches that found that the permeability distri-
bution plays a key role in determining the spatial distribution of HsS mineraliza-
tion (Ciraula et al., 2024). While the large permeabilities, identified here through
temperature and tracer calibrations in Gémez-Diaz et al. (2022) and through tem-
perature calibrations, enhance the supply of HyS-rich fluid, they also reduce fluid
residence times. As a result, the HyS-basalt interactions within a single reaction
volume over a given time are limited, and pyrite formation becomes more dispersed.

21—
126



Where lateral permeabilities are large relative to vertical permeability, the HoS
disperses laterally but remains near the injection depth. However, non-isothermal
flow and the large vertical permeabilities of the fault zones identified in Gémez-Diaz
et al. (2022) result in upwelling of the HoS-charged wastewater (Figure S3) and shal-
lower pyrite formation (Figure 5b). Vertical migration of the injected wastewater
at Nesjavellir has been previously suggested based on tracer tests and a high tem-
perature anomaly around the NK-2 borehole (Gémez-Diaz et al., 2022; [varsson,
2019). The degree of this vertical transport could result in contamination of Lake
Thingvellir, which extends to depths of 50-60 m at the northeast edge of the model
boundary (Stevenson et al., 2012). However, the model indicates that after 25 years
of injection, the maximum hydrogen sulfide concentration at the lake is only 2.5
pmol/L (Figure 6). Nonetheless, the shallow boreholes and surface springs near the
lake should be consistently sampled to ensure that contamination from vertical mi-
gration of the injected wastewater is minimal. Additionally, injection can be reduced
or stopped in the boreholes nearest the faulted zones (NN-5 and NN-6), and injec-
tion boreholes with deeper casing, such as the recently drilled NN-10 borehole and
the nearby NJ-18 borehole, can be utilized to reduce the risk of injected wastewater
reaching the lake.

In addition to tracking HsS transport, the reactive transport model also
provides insight into the potential oxidation of the injected HsS to sulfuric acid.
Sulfuric acid is a strong acid that can significantly lower the pH of the ground-
water, enhancing basalt dissolution and metal mobility (Sigfusson et al., 2011;

A. Stefdnsson et al., 2011). The simulations find that after 25 years of injection,
the groundwater pH remains basic (Figure S4) and the sulfate concentrations are
minimal (Figure S5), further supporting the effectiveness of HoS mineral storage
in the shallow groundwater system at Nesjavellir. These results agree with find-
ings from A. Stefdnsson et al. (2011) that considerable amounts of HyS need to be
oxidized (~ 40% for 5 mmol/kg S at 100 °C) to reach pH values below 4.

5.2 Lithologic Controls on H2S Mineral Storage

Previous laboratory experiments and geochemical models often attribute iron
availability to basaltic glass, and frequently simplify the system to consider basaltic
glass as the only primary rock phase (Ciraula et al., 2024; Pfikryl et al., 2018;

A. Stefdnsson et al., 2011; Galeczka et al., 2022). Our model shows that olivine,

and to a lesser extent pyroxenes, also play an essential role in supplying iron for
H>S mineral storage (Figure 3). In fact, Fe-rich olivine dissolution supplies the most
iron, given its high iron content and fast kinetic rates (Hefmanskd et al., 2022).
However, the relative iron supply depends on the relative proportion in the starting
mineralogy, which is uncertain in this model. The composition of olivine and the
abundance of basaltic glass can be highly variable within Icelandic basalts (see Scott
et al. (2023) and references therein), thus impacting the supply of iron. Nonetheless,
these results suggest that the starting mineralogy is essential to consider for HoS
mineral storage, and that field-scale mineralization can be optimized by targeting
hyaloclastites containing abundant basaltic glass and fresh lava flows containing
abundant Fe-rich olivine.

5.3 Alteration Trends in the Fracture Network and Rock Matrix

In addition to evaluating HyS mineral storage at the Nesjavellir site, this field-
scale, multiple-porosity reactive transport model is also uniquely positioned to
provide insights into the general alteration trends observed within fractured basalts.
During 25 years of HyS injection, fluid-rock interactions are most significant in
the rock matrix, resulting from the prolonged fluid residence times from diffusion-
controlled flow in the lower permeability matrix (Dévila et al., 2016; Cao et al.,
2024; Adeoye et al., 2017). Within the rock matrix, pyrite formation is largest in
the outer matrix closest to the fracture network, reflecting the rapid HoS mineral-
ization upon interaction with the basalt. In the fracture network, HsS is abundant
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but iron is limited, while the inner matrix has abundant iron but limited H5S; both
processes limit pyrite formation. Recent studies have shown a similar mechanism for
CO4 mineral storage in basalts (Adeoye et al., 2017; Xiong et al., 2017, 2018), where
the location of carbonate formation reflects the opposing chemical gradients between
the primary fractures (high COs concentration, low pH, low cation concentration)
and the deeper rock matrix and fracture network (low COq concentration, high pH,
high cation concentrations). These results highlight the importance of interporosity,
diffusion-controlled flow in mineral storage approaches (Adeoye et al., 2017). In fact,
decreasing the diffusion coefficient of aqueous species to 1.23x107% m?/s in the reac-
tive transport model, indicative of hydrogen sulfide diffusion at low temperatures (10
°C) (Halmour & Sandall, 1984; Tamimi et al., 1994; Huang et al., 2022), reduces the
total mineralization efficiency from 87% to 59% (Figure S7). This further illustrates
the importance of multiple-porosity frameworks considering diffusion-limited zones
for accurate field-scale modeling of mineral storage.

While the largest volumes of secondary mineral precipitation occur in the rock
matrix, changes in porosity and permeability are minimal due to protolith disso-
lution. Basalt alteration models presented in Thien et al. (2015) suggest that this
balance of precipitation and dissolution allows for rock alteration to continue, poten-
tially to complete alteration, as fluid circulation is maintained and sufficient water
is available to react with the host rock (i.e., large water-rock ratio). In the basalt
around the NN-4 injection well, where temperatures average to 30°C, secondary
minerals comprise only 0.034% of the hyaloclastite volume after 25 years of HaS
injection. However, extrapolating the alteration to the age of the recent heating
episode in the Nesjavellir system (~5 ka) results in 7% alteration of the protolith by
volume. Extrapolating the alteration further recovers 100% alteration after 73,000
years, which aligns with the age of the oldest episode of the Nesjavellir system (~80
ka). Overall, assessing the alteration rate over geological time-scales provides context
for the minimal alteration observed on the shorter, engineering time-scales of HyS
injection.

In contrast to the large residence times that promote fluid-rock interactions in
the rock matrix, the advection-controlled flow through permeable fractures limits
the water-rock interactions within the fracture network (Luhmann et al., 2017; Deng
& Spycher, 2019; Davila et al., 2016; Singurindy & Berkowitz, 2005; Ciraula et al.,
2024) and efficiently transports the HyS-rich wastewater throughout the domain.
Dissolution is minimal in the fracture domain, and precipitation is dominated by
zeolites and sulfides, which are supersaturated in the injection wastewater. Because
precipitation drives alteration in the fracture domain, decreases in pore and fracture
space are observed following injection. This mechanism is in contrast to findings
of CO4 injection systems, where high COs concentrations decrease pH, promoting
dissolution and limiting precipitation of carbonates and secondary aluminosilicates
near the injection sites and major fracture inlets (Aradéttir, Sonnenthal, Bjornsson,
& Joémsson, 2012; Xiong et al., 2017; Adeoye et al., 2017).

While permeability of the fracture network is expected to decrease at the Nes-
javellir injection system, the model suggests that permeability decreases by only
4.5% after 100 years of injection, estimated by a cubic law relationship between
the permeability and expected porosity changes (Steefel & Lasaga, 1994). These
estimates are, however, highly uncertain as porosity and permeability evolution is
a challenging phenomenon to capture accurately on the continuum scale (Bager &
Chen, 2022; Berre et al., 2019), and macroscopic porosity-permeability relation-
ships have shown variable success in capturing true changes in heterogeneous rocks
(see Sabo and Beckingham (2021) and references therein). Future studies should
incorporate field observations (e.g., step-rate tests, side-wall core, etc.) with finer-
scale reactive transport modeling to investigate field-scale porosity and permeability
evolution for mineral storage in fractured basalts.
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5.4 Validating the Mass Balance Monitoring Method

The reactive transport model developed in this study provides a tool to assess
the ability of the mass balance method, as defined in Gunnarsson et al. (2018) and
Clark et al. (2020), to quantify the success of HyS mineral storage. Effective HyS
mineralization (87-97% after 25 years) recovered by both the mass balance calcu-
lations (Figure S6) and the total pyrite mineralization (Figure 4) suggests that the
method can be used to indicate HyS mineralization. However, the mass balance
method is found to be highly sensitive to the degree of injection fluid recovery in the
monitoring borehole (i.e., the degree of hydrologic connection between the injection
and monitoring locations) (Figure S6). If monitoring wells are near the injection
wells or injection fluid recovery is large, lower estimates of the mineralization per-
centages are obtained from the mass balance calculations. In this case, insufficient
fluid-rock interactions occur over the short flow distances given the elevated supply
of HyS-charged fluids. Likewise, higher estimates of the mineralization percent are
obtained if the monitoring wells are far from the injection well or if injection fluid
recovery is low. In this case, long flow paths and limited HoS-charged fluid supply
provide ample water-rock interactions to mineralize the HoS. This illustrates that
the mass balance method quantifies mineralization along the flow path between the
injection and monitoring locations, but not over the entire reservoir. An accurate as-
sessment of HoS mineral storage requires collecting samples throughout the injection
reservoir, which can be a limiting factor at sites like Nesjavellir, where monitoring
wells are sparse.

5.5 Model Uncertainties

While this model indicates that HoS mineralizes upon injection at Nesjavellir,
the predicted magnitude and distribution of HoS mineralization are subject to uncer-
tainties inherent to reactive transport modeling. These uncertainties are associated
with both under-constrained site-specific parameters and incomplete knowledge of
geochemical reaction rates. Physical model parameters such as permeability, poros-
ity, diffusivity, and lithology are challenging to constrain in all groundwater flow
models (Aradéttir, Sonnenthal, Bjérnsson, & Jénsson, 2012). To reduce these uncer-
tainties in this study, we have integrated geological data from surface mapping and
borehole cuttings (Franzson, 1988; Ciraula et al., 2024; Helgad6ttir, 2021), utilized
Iceland-specific rock property databases (Scott et al., 2023), and incorporated flow
model calibration (Gémez-Diaz et al., 2022). While steps are taken to reduce un-
certainty, field-scale models are never exact. Nevertheless, the model provides useful
information on the dynamics of field-scale HyS mineralization.

Regarding uncertainty in the flow model calibration, the PEST calibration
recovers an acceptable fit to the borehole temperature data, with a weighted root
mean squared error of only 1.3 °C. Additionally, the recovered permeabilities agree
with expected values of Icelandic hyaloclastites (Scott et al., 2023) and previous
model calibration results (Gémez-Diaz et al., 2022). However, the permeability of
fresh Icelandic basalts can vary by up to six orders of magnitude (Scott et al., 2023).
The best constrained unit from the PEST calibration (hyaloclastites along the pri-
mary flow direction) reflects this variability, recovering a 95% confidence interval of
1.3x1071 — 7.9 x 1071% m?). Constraints on this lithology is critical for the accu-
racy of this model as the hyaloclastites receive the majority of the injected HoS-rich
water. The other permeabilities are less constrained in the PEST simulation and
do not have meaningful confidence intervals, which may be due to limitations in the
linearity assumptions applied to logarithmically scaled permeability parameters with
large uncertainties. Manual calibration in Gémez-Diaz et al. (2022) revealed complex
permeability distribution and channelized groundwater flow within the basalt lava
flows at Nesjavellir. The coarse grid required for this model calibration to reduce the
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computational cost of each 3D simulation on the MINC grid reduces the resolution
of the calibrated values in these heterogeneous basalts and introduces uncertainty.
Additional uncertainties arise from a limited number of calibration temperature data
points collected from the limited monitoring boreholes. The monitoring boreholes
are shallow and do not extend through the entire model depth, reducing certainty in
the z-axis permeability. The monitoring boreholes are also primarily located along

a single flow direction from the injection wells (y-axis), reducing the constraints on
the x-axis permeabilities. Future modeling efforts of the Nesjavellir system should
continue to improve upon the calibration presented here and in Gémez-Diaz et al.
(2022) by incorporating additional temperature data, constructing more detailed
geologic models, and utilizing borehole logging to constrain local parameters.

Regarding uncertainty in geochemical reactions, kinetic parameters are also
a significant source of uncertainty in reactive transport modeling (Carrera et al.,
2022). These parameters are typically derived from laboratory experiments on end-
member species, and translating them to the field-scale introduces challenges. In
particular, reactive surface areas in the field are often orders of magnitude lower
than those in laboratory experiments and exhibit considerable spatial and temporal
variability (Beckingham et al., 2017). Moreover, most rates are developed for disso-
lution mechanisms, and further work is required to constrain precipitation mechan-
ics. Biogeochemical processes can further complicate kinetic rate laws (Carrera et
al., 2022) and potentially impact the stability of pyrite formation (Lévy et al., 2024;
Mielke et al., 2003; Percak-Dennett et al., 2017). In the model presented here, some
of the uncertainty associated with kinetic parameters is mitigated by using thermo-
dynamic databases (Voigt et al., 2018; Araddttir, Sonnenthal, & Jénsson, 2012) and
rate laws (Gislason & Oelkers, 2003) tailored to Icelandic fluid-rock interactions, and
by calibrating the reactive surface areas to match observed fluid compositions.

6 Conclusions

A fully coupled, field-scale reactive transport model was developed in this
study to evaluate the effectiveness of the HoS mineral storage approach at the Nes-
javellir geothermal site. The fluid flow parameters of the model were calibrated
against down-hole temperature measurements in nearby monitoring boreholes, re-
vealing very high fracture permeabilities ranging from 1.01x10712 to 9.71x10~ ' m
in the shallow basalt units. The chemical reaction rates were calibrated to historical
groundwater data and samples collected near the start of HyS injection.

2

The results indicate that HoS mineral storage is an effective long-term strat-
egy to reduce HyS at the Nesjavellir injection site, with 87% of the injected HsS
mineralizing to pyrite before reaching the extent of Lake Thingvellir over 25 years
of injection. Hyaloclastites with abundant basaltic glass and lava flows with abun-
dant Fe-rich olivine offer a suitable reservoir for HyS mineral storage. No sulfates
or elemental sulfur precipitates throughout the 25 years of injection, indicating that
the redox conditions remain favorable for pyrite formation throughout the reservoir.
The alteration assemblage agrees with trends observed in low-temperature alteration
of Icelandic basalts. Smectite clays are the most abundant alteration mineral and
compete with pyrite for iron availability.

The multiple-porosity framework is found to be an essential consideration for
field-scale modeling of HyS mineral storage, enabling rapid transport through basalt
fractures and diffusion-aided reaction with the rock matrix. Diffusive transport
between the fracture network and the rock matrix is essential for HoS mineraliza-
tion, as most of the pyrite mineralizes in the rock matrix near the fracture network.
Within the rock matrix, longer residence times increase the fluid-rock interactions
that control iron availability. Conversely, advective-controlled transport in the highly
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permeable fracture network limits fluid-rock interactions necessary for pyrite for-
mation and transports HoS away from the injection wells. Within the fractures,
alteration is dominated by mineral precipitation from injection-fluid supersatura-
tion, which decreases permeability near the injection wells by 4.5% over 100 years of
injection.

The model predicts that the injected HoS at Nesjavellir does not oxidize to
sulfuric acid, and therefore the injection is not expected to acidify the shallow
groundwater system. Additionally, minimal contamination of Lake Thingvellir af-
ter 25 years of injection, with HS™ concentrations remaining below 2.5 pmol/L.
However, the model also illustrates the risk of contamination when injection occurs
in faulted zones with high vertical permeabilities, such as around wells NN-5 and
NN-6. Therefore, continued groundwater sampling should be carried out near the
fracture systems and at the lake’s natural springs. Mass balance calculations on fluid
samples are also effective for monitoring the performance of mineral storage. How-
ever, the method does not reflect total mineralization within the host reservoir and
only quantifies the mineralization along the fluid flow path between the injection and
sampling sites.

Open Research Section

Rock composition data for this research are included in this paper (and its
supplementary information files): Ciraula, D. A., Kleine-Marshall, B. I., Galeczka,
I. M., Lévy, L. (2024). Advanced monitoring of HsS injection through the coupling
of reactive transport models and geophysical responses. Environmental Science and
Technology. https://doi.org/10.1021/acs.est.3¢10139. Fluid composition and injec-
tion data are provided in the text (Table 3). Borehole temperature data is available
for download from the Icelandic National Energy Authority’s (Orkustofnun) map
resource (https://www.map.is/os/).

TOUGHREACT software (Xu et al., 2011) supporting this research (ver-
sion 4.13) is available with the appropriate licensing agreement upon pur-
chase, and it is not openly accessible to the public or research community.
TOUGHREACT software is available for purchase at the Berkeley Lab Mar-
ketplace (https://tough.lbl.gov/licensing-download /toughreact-licensing-
download/). The reactive transport model grid was developed using AMESH
software version 1.0 (Haukwa, 1998), which is openly accessible to the public
(https://tough.lbl.gov /licensing-download /free-software-download /). PyTOUGH
software version 1.6.5 (Croucher, 2011) was used to modify the grid, perform data
analysis, and visualize simulation output. All code and functions can be downloaded
from GitHub (https://github.com/acroucher/PyTOUGH.git) and from the PyPI
repository (https://pypi.org/project/PyTOUGH/) under the LGPL-3.0 license.
PEST software version 18 (Doherty & Hunt, 2010) was used to calibrate flow model
parameters and is accessible for download (https://pesthomepage.org/programs).
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Text S1. Mass Balance Calculations to Estimate Mineralization Percent

Gunnarsson et al. (2018) and Clark et al. (2020) present a method to estimate the
mineralization percent via fluid sampling with the injected species at concentration
Chzs,inj.and a non-reactive tracer at concentration Ciacer,inj.- Following injection, the
concentration of both species is measured at a monitoring borehole (Ciy2s meas. and
Ctracer,meas.)-

Using the measured tracer concentration in the monitoring borehole, the
concentration of the tracer and H,S in the background water (Cyacer,bkg. @and Chizs,big.), @nd
the molar ratio between the H,S and the tracer in the injection fluid (4), the
concentration of H,S if no H,S mineralization occurred can be predicted as follows:

C _ CHZS,bkg.'(Ctracer,inj._Ctracer,meas.)+A'Ctracer,inj.'(Ctracer,meas._Ctracer,bkg.)
H2S,pred. — ' (51 .1)

Ctracer,inj. - Ctracer,bkg.

CH2S,inj.
A = —222A.

Ctracer,inj. ' (51 2)

The H,S concentration predicted by the mass balance calculations can then be
compared to the measured H,S concentration to determine the mineralization percent:

H2S,pred.” CHZS,meas.
L x 100

. . . C
H,S Mineralization % =
CHZS,pred._CHZS,bkg.

(51.3)
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Steady-State Chemical Calibration: RSApimary X 0.01, RSAsecondary X 1
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Figure S1. Simulations of “pseudo” steady-state chemistry were performed to calibrate
the reactive surface area parameters. The resulting concentrations largely fall within
measured values from groundwater samples collected in 1991 (green line; Sigfusson et
al. (2011)) and 2021 (red line; NL-12), when the primary mineral reactive surface areas are
reduced by two orders of magnitude relative to the values reported by Aradéttir,
Sonnenthal, Bjérnsson, and Jonsson (2012) and Berndsen et al. (2024).
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Average HS™ Concentration Across Grid Columns: 1 Year
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Figure S2. Average HS™ concentration across the grid columns after 1 year (a-c) and 25

years (d-f) of injection.
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Figure S3. HS™ concentration along the fault zone extending to Lake Thingvellir from the
NN-5 and NN-6 injection wells after 25 years of injection.
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Figure S4. Groundwater pH after 25 years of H,S injection. The profile is shown from A-
A’ in Figure 5(d) in the main text.
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Figure S5. Aqueous sulfate concentration after 25 years of H.S injection. The profile is
shown from A-A' in Figure 5(d) in the main text.
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H,S Mineralization from Mass Balance: 5 years
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Figure S6. Percentage of the injected H.S that mineralizes after 5 years of continuous
injection as a function of distance from injection well NN-4. The calculations follow the
mass balance approach described Text S1 from Gunnarsson et al. (2018) and Clark et al.
(2020). The solid line indicates sampling locations along the primary flow path
originating from NN-4 at the injection depth. The dashed lines indicate sampling
locations with less hydrologic connection to the NN-4 injection well, taken along a flow
path parallel to the primary flow path but shifted 100 m southeast and at depths 100 m
shallower than the injection interval.
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Figure S7. HS™ concentration along the fault zone extending to Lake Thingvellir from the
NN-5 and NN-6 injection wells after 25 years of injection.
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Mineral

Composition

Primary Phases:
Basaltic Glass

Plagioclase
Albite
Anorthite
Sanidine
Pyrozenes
Diopside
Hedenbergite
Enstatite
Ferrosilite
Olivines
Fayalite
Forsterite
Iron Oxides
Ilmenite
Magnetite

Alteration Phases:

SiOz(am)
Elemental Sulfur
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Chabazite-Ca
Chabazite-Na
Heulandite-Ca
Heulandite-Na
Thomsonite
Carbonates
Calcite
Dolomite
Magnesite
Siderite
Clays
Celadonite
Montmorillonite-Ca
Montmorillonite-K
Montmorillonite-Mg
Montmorillonite-Na
Nontronite-Ca
Nontronite-K
Nontronite-Mg
Nontronite-Na
Saponite-Fe-Ca
Saponite-Fe-Na
Saponite-Mg-Ca
Saponite-Mg-Na
Iron Oxides
Goethite
Sulfides
Pyrite
Pyrrhotite
Sulfates
Anhydrite
Gypsum

5102 Alg.355 Fe(I)o. 182Fe(I11)0.0203Mno 00361
Mgo.180Cag.243Na9.0934K0.0117 Tio.0332

NaAlSizOg
CaAlz(SiO4)2
KAISizOg

CaMgSisOg
Ca.FegiOg)z
MgSiOs
FeSiO3

FeqSiOy
Mg2SiOy

FeTiO4
Fez04

SiOg
S

Nag.96Alp.96512.0406:1H20
Ca.f\lg Si4012 :GHQO

Nag AlpSiyO012:6H20
CaAlySiz015:6H50

Nag AlsSiz015:0H20
CasNaAlsSizO20:6H20

CaCO0O3
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KMgAlSisO10(OH)2
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Mgg.525Al1 55514 019(OH)2
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Mgg.175Fe2 Al 355i3,65 H2O12
Nag.35FeaAlg 355i3.65H2012
Cag.175Fesz Alg 35513.65010(OH)2
Nag.35Fe3Alo.35513.65010(OH)2
Cag.175 Mgz Alp 358i3.65010(OH);
Nag.35 Mgz Alp.355i3.65010(O0H)2

FeOOH

FESQ
FeS

CaSO4
63804:2}120

Table S1. Elemental composition of the primary and secondary phases considered in the
reactive transport model. Compositions are based on the carbfix.dat database (Voigt et

al,, 2018).
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SUMMARY

Geothermal energy production emits significant amounts of hydrogen sulfide (H>S). A strategy
to mitigate the emissions is to reinject the HyS into basaltic formations, where it reacts with the
rock to form pyrite. Due to the polarization properties of pyrite, the direct current resistivity
(DC) and induced polarization (IP) geophysical method (i.e., DCIP) has shown the potential for
monitoring HoS mineral storage. However, field applications of DCIP monitoring have been
limited by the low spatial coverage of wireline logging and by the ambiguity in interpreting IP
signals due to multiple processes that contribute to the polarization response. This study inte-
grates DCIP with field-scale reactive transport modeling, utilizing both synthetic modeling and
field investigations, to assess the ability of surface and cross-hole DCIP to monitor H,S mineral
storage at the Nesjavellir study site in Iceland. Two surface DCIP datasets were collected at
Nesjavellir, with six months of continuous H,S injection between them. Time-lapse inversions,
performed using a novel gridding scheme that accounts for electrode misplacement between
the two DCIP surveys, recover no significant IP changes beyond data noise. Interpreting these
results alongside the reactive transport results finds that pyrite mineralization during the six-
month injection period is too small and too deep to be resolved by surface DCIP time-lapse

surveying, highlighting the benefit of a joint geophysical-geochemical interpretation approach.
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Conversely, joint DCIP-reactive transport synthetic modeling shows the potential of cross-hole
DCIP for monitoring long-term H,S mineral storage, provided that data noise is low and suffi-
cient HsS is injected. The reactive transport models also provide insight into the mechanisms
contributing to the polarization response, demonstrating that pyrite mineralization is the pri-
mary contributor to the polarization response, with minimal contribution from other minerals
such as smectites and iron oxides. However, existing petrophysical relationships are simplis-
tic, which adds uncertainty to the interpretation of the DCIP signal and the quantification of
pyrite mineralization. Additionally, smectite formation has been shown to decrease both the
polarization signals and the quality of the IP data due to its electrically conductive properties.
At Nesjavellir, a decrease in the DC resistivity from 1925 to 325 Qm is observed, attributed to
the disposal of warm wastewater. This decrease is identified by comparing resistivity data col-
lected in this study to historical vertical electrical sounding data collected prior to geothermal
development. Lastly, petrophysical relationships linking DC resistivity, smectite content, and
permeability suggest a high basalt fracture permeability of 7.9 x 1072 m?, which agrees with
values recovered through flow model calibrations. This result demonstrates the value of geo-
physical surveying not only for monitoring but also for constraining key parameters in reactive

transport simulations.

Key words: Induced polarization, Hydrogeophysics, Inverse theory, Hydrothermal systems

INTRODUCTION

Geothermal energy is a key component of the Icelandic energy grid, accounting for 65% of the na-

tion’s electricity and heating production (Government of Iceland 2016). While geothermal energy

provides a stable and clean source of energy, the flash steam geothermal production in Iceland

emits roughly 30,000 tons of HyS per year (Marieni et al. 2018). These gases are naturally oc-

curring in the high-enthalpy geothermal production fluids, where concentrations are generally in

the hundreds of parts per million (Arnérsson 1995; Galeczka et al. 2022). HoS gases are toxic to

humans and the environment, and their emissions are regulated within Iceland (Government of

Iceland 2010).
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To reduce H,S emissions from geothermal energy production, gas is dissolved into geothermal
wastewater and injected into the subsurface in a mineral storage sequestration approach. Upon
injection, the HsS-charged wastewater interacts with the basaltic host reservoir, binding fluid-
sourced sulfide with iron released upon basalt alteration to mineralize iron sulfides (e.g., pyrite).
Geochemical models, laboratory experiments, and field geochemical sampling indicate that
this HoS mineral storage approach in basalts is an effective method to reduce atmospheric HsS
emissions (Ciraula et al. 2024; Clark et al. 2018; Clark et al. 2020; Galeczka et al. 2022; Marieni
etal. 2021; Prikryl et al. 2018; Snabjornsdéttir et al. 2017; Snaebjornsdéttir et al. 2021; Stefansson
et al. 2011). However, the HsS injection system must be monitored to mitigate potential environ-
mental impacts, including groundwater acidification, chemical and thermal contamination of fresh
surface and water systems, and pore-clogging of the storage reservoir (Callow et al. 2018; Ciraula
et al. 2024). Current monitoring approaches are primarily limited to geochemical approaches with
low spatial resolution, such as mass balance calculations based on fluid sampling of monitoring
wells (Clark et al. 2020; Gunnarsson et al. 2018; Matter et al. 2016; Snabjornsdéttir et al. 2017).
Geophysical surveying, aided by recent advancements in data acquisition and time-lapse inver-
sion software, has been established as a reliable tool to improve the spatial and temporal resolution
of environmental monitoring efforts (e.g., Singha et al. 2015; Binley et al. 2015). Electrical geo-
physical methods have been particularly beneficial for hydrological and environmental monitoring
due to their sensitivity to relevant hydrogeological parameters, such as pore fluid conductivity, pore
space geometry, and electrochemical interactions at the fluid-rock interface (Singha et al. 2015).
By constraining these parameters, electrical geophysical data can be integrated with process-based
models, such as flow and transport models and reactive transport models, to assist in hydrogeo-
logical mapping (Uner, Agacgozgii, and Dogan 2019), hydrological parameter estimation (e.g.,
Pleasants et al. 2022; Camporese et al. 2015; Commer et al. 2020; Hinnell et al. 2010; Pollock and
Cirpka 2012; Deiana et al. 2008; Scheibe and Chien 2003; Tran et al. 2016; Cheng and Hsu 2021),
and hydrological monitoring (e.g., Briggs et al. 2013; Kemna, Kulessa, and Vereecken 2002; Ru-
bin and Hubbard 2005; Chen, Hubbard, and Williams 2013; Flores-Orozco et al. 2011). Likewise,

process-based models can provide information on geophysical inversion parameters (e.g., Com-
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mer, Gasperikova, and Doughty 2022) and the underlying processes controlling the geophysical
response (e.g., Ahmmed et al. 2020; Wu et al. 2011). Therefore, integrating the two approaches
presents a mutual benefit between the geophysical methods and process-based models (Wu et al.
2014).

Induced polarization (IP) is an electrical geophysical method that measures the transfer and
reversible accumulation of charges in a porous medium (e.g. Wong 1979; Revil, Florsch, and Mao
2015). The IP method is sensitive to multiple reactive processes, making it a potentially pow-
erful tool for monitoring environmental applications (e.g., Slater and Lesmes 2002; Kessouri et
al. 2019), including secondary mineral precipitation associated with bioremediation (e.g., Ntarla-
giannis et al. 2005; Williams et al. 2005; Williams et al. 2009; Flores-Orozco et al. 2011; Flores-
Orozco, Williams, and Kemna 2013), microbially induced calcite precipitation (e.g., Wu et al.
2011; Saneiyan et al. 2018; Saneiyan et al. 2019), geothermal alteration (e.g., Revil et al. 2017a;
Revil and Gresse 2021; Ghorbani et al. 2018), and mineral storage approaches (e.g., Ciraula et al.
2024; Lévy et al. 2024b). However, the IP signature is often a result of confounding processes,
leading to ambiguity in the interpretation of the complex IP response. As detailed in Kessouri
et al. (2019), a growing number of laboratory studies have integrated IP with reactive models
(e.g., reactive experiments and numerical simulations) to help de-couple the underlying reactive
processes. Critically, these studies have found that integrating IP with reactive models serves to
monitor the rates of reactive processes (Williams et al. 2005; Mellage et al. 2018a; Saneiyan et
al. 2018), enhance the conceptual understanding of the reactions (Wu et al. 2010; Mellage et al.
2018a; Rembert 2021), constrain hydrogeologic parameters essential for numerical modeling (Wu
et al. 2014), and de-convolve the multiple contributions to the measured IP signal (Wu et al. 2010;
Wau et al. 2011; Hubbard et al. 2013; Mellage et al. 2018a; Mellage et al. 2018b; Peshtani et al.
2025).

While integrating IP with reaction models has shown utility in laboratory settings, the inte-
gration of IP surveying with reactive models in the field remains underutilized (Kessouri et al.
2019). For example, Williams et al. (2009) corroborated the field IP bioremediation monitoring

surveys with laboratory column experiments and analysis of fluids and sediments to attribute the
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IP response to iron and sulfate reduction and identify other IP mechanisms that should be inves-
tigated in future work. Saneiyan et al. (2019) combined geochemical monitoring and laboratory
sample analyses with field IP data to monitor microbially induced carbonate precipitation. More
recently and of particular relevance to the work presented here, Ciraula et al. (2024) integrated
reactive transport modeling with the direct current resistivity (DC) and time-domain IP electrical
methods, commonly referred to together as DCIP, to evaluate pyrite formation in field-scale HoS
mineral storage. The semiconducting properties of pyrite generates a strong IP response which
can indicate alteration zones and provide a direct measure of HoS mineralization (Ciraula et al.
2024; Lévy et al. 2024b). Through qualitative integration of wireline DCIP with reactive trans-
port modeling, Ciraula et al. (2024) identified the key hydrogeological parameters (i.e., porosity,
permeability, temperature, and injection rate) controlling the degree of pyrite mineralization and
its associated DCIP response. However, Lévy et al. (2024b) brought into question the long-term
stability of HoS mineral storage at Nesjavellir and highlighted further ambiguities in the interpre-
tation of the IP changes. Additionally, the wireline DCIP logging survey provided limited spatial
extent for monitoring HoS mineralization.

This study quantitatively integrates time-lapse DCIP geophysics with field-scale reactive trans-
port models to better characterize HoS mineralization at the Nesjavellir injection site in SW Ice-
land. We utilize a novel time-lapse inversion software and flexible gridding approach to recover
changes in full waveform, surface DCIP data collected at Nesjavellir in 2020, prior to H,S injec-
tion, and in 2021 following six months of continuous H»S injection. We compare the time-lapse
inversion results to the expected DCIP changes from reactive transport simulations in a joint ap-
proach to constrain interpretations of the HoS mineral storage. The reactive transport models are
also used for joint geochemical-geophysical synthetic modeling to evaluate the cross-hole DCIP
survey configuration, enhancing the monitoring of HoS mineral storage at the Nesjavellir site.
Lastly, reactive transport models are utilized alongside historical electric geophysical data to bet-
ter understand the underlying processes contributing to the DCIP response associated with HyS
mineral storage. Specifically, there are three main aims of this study: (1) evaluate the ability of

DCIP to monitor HoS mineral storage through field surveying and joint reactive transport-DCIP
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synthetic modeling; (2) reduce ambiguity in geophysical DCIP interpretations by constraining the
underlying processes contributing to geophysical responses; (3) explore how time-lapse DCIP can

be used to validate reactive transport model parameters.

2 DCIP GEOPHYSICS BACKGROUND
2.1 DCIP Methodology

The DCIP method expands upon the Ohmic conduction measured in conventional DC electrical
resistivity surveys by considering induced polarization (IP), a low-frequency capacitive effect in
the subsurface (e.g., Pelton et al. 1978; Wong 1979; Lesmes and Frye 2001). IP describes the abil-
ity of a material to store electrical charges, and the response is largely driven by the reorganization
of charges of the electrical double layer at the pore fluid-rock interface during the current injection
(e.g., Shuey 1975; Vinegar and Waxman 1984; Biicker, Flores-Orozco, and Kemna 2018). The IP
effect is frequency-dependent; thus, IP considers a complex resistivity that is the sum of the real

(p') and imaginary (p") parts of resistivity (e.g., Fiandaca et al. 2015):
pt=p +ip". (D
This study utilizes time-domain IP, where a sequence of direct current pulses of alternating
polarity is injected through two grounded electrodes (A and B) to build up charge in the subsur-
face. The build-up of charges creates a time-dependent voltage that is measured at two additional
electrodes (M and N). The current and voltage electrodes are commonly placed along lines at the
surface (surface DCIP) or down neighboring boreholes (cross-hole DCIP). In both the surface and

cross-hole DCIP approaches, the A-B-N-M electrodes make up a single quadrapole and represent a

single geoelectrical measurement called the complex apparent resistivity (p;;) (Martin et al. 2021):

=k x 2r AV N

: T @)

where AV} is the measured time-varying voltage difference between the M and N electrodes and

I* is the time-varying current injected. The term k is a geometric factor related to the distances

151



DCIP monitoring of HyS mineral storage 7
between the various electrodes (AM, AM, BM, BN), defined as:

1
k:

i ] 3)

T~ AN ~ B T BN

The time-varying voltage response between the M and N electrodes (AV};,) contains the
static (DC) voltage response and an IP voltage response which arises as residual charges, accu-
mulated during current injection, return to equilibrium (voltage decay). In this study, we use a
100% duty-cycle with no off-time between the injection current polarity switch (Olsson et al.
2015). The 100% duty-cycle (+1,,, —I,,) is preferred in this study over the the 50% duty-cycle

(+Lons Log s, —Ion, Iosr) because data acquisition is twice as fast and the signal strength is approx-

imately doubled (Olsson et al. 2015).

2.2 1P Relaxation Model

A common relaxation model used to describe the IP voltage response curve is the complex resistiv-
ity Cole-Cole model (Pelton et al. 1978; Weller and Slater 2022). The Cole-Cole model describing
complex resistivity (RCC) can be defined by the resistivity (pg), chargeability (m), relaxation time

(1), and frequency exponent (C):

1
RCO{p07m7707C}:PO [1—771(1—1_'_(2&%)0)] . (4)

In this study, we invert the complex resistivity for maximum phase angle model parameters
(MPA) (Fiandaca, Madsen, and Maurya 2018), a re-parameterization of the RCC model. We utilize
this re-parameterization as it has been shown to decrease model parameter correlation and improve
model resolution, particularly in data with low signal-to-noise ratios (Fiandaca, Madsen, and Mau-
rya 2018). In the MPA model, the model domain is re-parameterized to M PA {po, pmaz, 7o, C'}.

The relaxation time, 7, is defined in terms of the Cole-Cole parameters m, 75, and C":
To=Ts x (1—m)1/2¢. 5)

The phase of the Cole-Cole complex resistivity, ¢(w), is maximized at an angular frequency

of wy = 1/7, . Thus, the maximum phase, ¢,,4,, can be described as:

Pmaz = —tan”™! <Z/'I((11//:j:))) : (6)

152



8  Ciraula et al.
After the inversion, we calculate the RCC parameters from the MPA parameters following

the iterative approach outlined in Appendix A of Fiandaca et al. (2018). The routine calculates the

tan(7¢maz)
(1—a)-tan(—¢maz)+b’

chargeability m by matching the phase reponse of the MPA and RCC models; m =

where a and b are the real and imaginary part of =, calculated at the frequency w = % at

1
1+ (twTp)
which the maximum phase is reached. The chargeability m and relaxation time 7, are computed

—-1/2C

iteratively through these equations using the relation 7, = 7, - (1 —m) , starting with m = 0

_ [m(n)=m(n-1)|

and 7, = 7, and minimizing Am )

over n iterations. This procedure yields the
RCC parameter set, including the chargeability used in the petrophysical relationship discussed in

the following section.

2.3 Petrophysical IP Relationship

It is well established that disseminated metallic minerals, such as iron sulfides and some iron ox-
ides, have a large impact on the polarization characteristics of the subsurface (e.g., Wong 1979; Ab-
dulsamad, Florsch, and Camerlynck 2017; Gurin et al. 2013; Gurin et al. 2015; Hupfer et al. 2016;
Revil, Florsch, and Mao 2015). Revil, Florsch, and Mao (2015) presents a polarization model for
disseminated metallic particles, based on the effective medium theory, where the semiconducting
properties of metallic minerals allow for electron mobility within the minerals themselves, ac-
cumulating additional charge at the mineral-electrolyte interface when an external electric field
is applied. The model from Revil, Florsch, and Mao (2015) used in this study follows a similar
approach to the models produced in Wong (1979) and Gurin et al. (2015), relating the the charge-
ability parameter, m, to the sum of the background chargeability (m;) and the volume fraction of

semiconducting metallic particles in the porous media, €,,c¢a11c:
9
m = 5 X emetallic +my . (7)

Analysis of core samples of altered Icelandic volcanic rocks in Lévy et al. (2019b) confirmed the
linear relationship between the IP response and the volume content of metallic particles, thereby
supporting the use of eq. 7 to serve as a first-order approximation to link H,S mineralization to the

expected chargeability response.
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Ghorbani et al. 2018 shows that the background chargeability term (m;) is constant when fluid
salinity is low, independent of temperature and saturation. Additionally, the metallic minerals are
comprised of iron oxides and iron sulfides, which are expected to have similar influences on the
chargeability based on derivations of the chargeability from the effective medium theory (Revil,
Florsch, and Mao 2015). Similarly, laboratory studies of sand-metallic particle mixtures in Gurin
et al. (2015) found that the mineral composition has minimal impact on chargeability. Therefore,
the chargeability change simplifies to reflect only the change in volume fraction of iron sulfides
(pyrite and pyrrhotite) from precipitation and primary iron oxides (magnetite and ilmenite) from

dissolution:

9
Am - 5 X (Aei'ron—sulfides + Aeiron—omides) . (8)

Chargeability in eq. 8 is not anticipated to be influenced by temperature, as it depends on the
ratio of high-frequency conductivity to direct current conductivity, which shares the same temper-
ature relationship (Ghorbani et al. 2018). Fluid conductivity effects are also not considered in eq.
8 as previous studies have shown that chargeability is independent of the pore fluid conductivity
over a similar range of values as observed at Nesjavellir (~0.01-0.07 S/m) (Gurin et al. 2015;
Hupfer et al. 2016; Lévy et al. 2019b). Furthermore, major temperature and fluid conductivity
changes between the time-lapse measurements are not expected as hot wastewater injection began

at Nesjavellir two decades before introducing H,S.

3 METHODS
3.1 DCIP Field Data
3.1.1 Nesjavellir Field Site

The dataset used to test the DCIP monitoring approach developed in this paper was collected at the
Nesjavellir high-temperature geothermal field. Nesjavellir is located north of the Hengill central
volcano in southwest Iceland, situated on a ridge-ridge-transform triple junction (Foulger 1988).
The area is composed mainly of late Quaternary and post-glacial age volcanic rocks, primarily in

basalt lava flows and hyaloclastites (Arnason et al. 1969; Foulger and Toomey 1989).
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The power plant produces 120 MWe of electricity and 290 MWth as thermal energy for dis-
trict heating (Gémez-Diaz et al. 2022). Since 2004, warm geothermal wastewater produced as a
byproduct of energy production has been injected into shallow wells ("NN wells”, 200-500 m
deep) or discharged at the surface into ~25 m deep wells near the power plant and into a nearby
disappearing stream. At the NN well injection depths, the groundwater system is cold (10 °C) and
the basalt is unaltered, comprised of highly porous and permeable hyaloclastites and basalt lava
flows (Helgadéttir 2021; Gémez-Diaz et al. 2022; Ciraula et al. 2024). The groundwater table is
measured at 50-60 m depth.

Starting January 29, 2021, HoS from the geothermal production fluid is dissolved into the
geothermal wastewater and injected into the NN wells located 250-750 m northeast of the Nes-
javellir power station (Fig. 1). The injection water temperature ranges from 60-90 °C and H,S
concentrations are ~75 ppm. Injection is continuous at each well at rates ranging from 15-150
L/s. Additional information on the Nesjavellir geothermal site can be found in Lévy et al. (2024b)

and Ciraula et al. (2024).

3.1.2  Time-lapse DCIP Data Acquisition During HyS Injection

Time-domain, full waveform surface DCIP data were acquired at the Nesjavellir field site in July
2020 and 2021 (Fig. 1) using the ABEM Terrameter LS2 with a maximum injection current of 500
mA at 600 V. In the field, injection currents averaged ~350 mA. Stainless steel electrodes were
used in this survey, which can introduce background drift to the data due to the electrochemical and
current-induced electrode polarization of the stainless steel electrodes (e.g., Dahlin, Leroux, and
Nissen 2002; Olsson et al. 2016). However, we utilize the full-waveform drift model presented
in Olsson et al. (2016), which has been shown to effectively remove the background drift from
data collected with stainless steel electrodes. Data were collected along seven survey lines in both
years with a multiple gradient array acquisition. Five of the lines, Lines 1-5, were 1200 m long
and oriented at roughly 33°E of N, parallel to the Nesjavellir rift valley and along the principal
direction of groundwater flow. The other lines, Lines 6 and 7, were 800 m long and were collected

transecting the 1200 m lines.
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& B ) y
‘fNesjaveI!ir Power Station®

Figure 1. Map of the Nesjavellir geothermal field site. The H»S injection wells are shown as red circles. The
approximate electrode locations along the DCIP survey lines are displayed as black dots, and the locations
of the vertical electrical soundings collected in 1985 are shown as yellow triangles. Red lines indicate buried
power lines, the pink square is the location of a residential building, and the blue lines indicate hot water
and steam pipes.

Lines 1-5 consisted of 101 electrodes at 10 m spacing in the center of the line (200-1000
m) and 20 m spacing along the edges (0-200 m and 1000-1200 m). Surveys were collected us-
ing two line configurations: (1) a roll-along approach where 1200 m long lines are composed of
three, 800 m overlapping lines, and (2) a single line approach that utilized the ES10-64C Elec-
trode Selector to increase the electrode capacity and collect along the entire 1200 m line. When
available, we use data collected using the roll-along approach. Although this survey configura-
tion has a shorter maximum electrode spacing than the single-line approach with the ES10-64C,
the roll-along configuration increases the data density without significantly limiting the depth of
investigation recovered by the inversions.

Lines 6 and 7 consisted of 81 electrodes with 10 m spacing in the center of the line (200-600
m) and 20 m spacing along the line edges (0-200 m and 600-800 m). The ES10-64C or roll-along

approaches were not required to image these shorter, 800 meter-long lines.
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3.1.3 Historical Vertical Electrical Sounding Field Data

Electrical data collected at the Nesjavellir site in 1985 for geothermal resource characteriza-
tion provide insight into the subsurface electrical properties before geothermal development and
wastewater disposal at Nesjavellir (Arnason et al. 1986). The data were collected using the vertical
electrical sounding (VES) method with a Schlumberger array configuration. Four sounding loca-
tions were collected within the area of this study, HE-106, HE-109, HE-122, and HE-123 (Fig.
1). The VES method provides a 1D sounding of the subsurface resistivity and follows a similar
methodology as the DC method outlined earlier, where current is injected through two surface
electrodes (A and B) and the resulting electrical field is determined by measuring the voltage be-
tween another pair of electrodes (M and N). The current electrodes remained fixed around the
central sounding location, and the spacing was gradually increased from 4 to 3560 m, with larger
spacing probing deeper into the subsurface. The potential electrodes also remain centered around
the sounding location, but the electrode spacing remains small (1-200 m) and is increased to pre-
serve the signal-to-noise ratio at large AB spacings.

In the 1D soundings, near-surface heterogeneities can cause shifts in the apparent resistivity
measured at similar AB spacings but with varying MN spacings. Following the method detailed in
Hersir, Gudnason, and Flévenz (2022), the apparent resistivity measurements at the various MN
spacings are corrected by a multiplication factor to minimize misfit to the apparent resistivities
measured by the largest MN electrode spacing. The largest MN electrode spacing remains fixed
because it is assumed to be least impacted by local heterogeneities. For this data, the multiplication
factors range from 0.85 to 1.6. To obtain a 1D resistivity model, the corrected data were inverted
using pyGIMLIi software using a smoothness-constrained inversion that minimizes the L2-norm

of the data misfit on a logarithmic scale (Riicker, Giinther, and Wagner 2017).

3.2 Synthetic Cross-hole DCIP

This study also explores the potential of cross-hole DCIP to monitor H»S mineralization through
synthetic experiments. Cross-hole electrical surveying can be advantageous for monitoring deep

subsurface processes, improving the spatial resolution of wireline surveying. Monitoring imple-
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mentations include tracking CO, injection systems (Carrigan et al. 2013; Jia et al. 2024; Schmidt-
Hattenberger et al. 2011), tracer migration (Singha and Gorelick 2005; Wilkinson et al. 2010), and
groundwater remediation (Lévy et al. 2022; Lévy et al. 2024a; Bording et al. 2019; Nivorlis et al.
2019).

The survey design utilizes two boreholes spaced 100 m apart. Each borehole has 31 electrodes,
spaced 10 m apart from 150 to 450 m depth. Following a similar approach as Lévy et al. (2022),
the synthetic model is imaged by combining four different aquisition geometries; (1) individual
gradient array down the injection borehole, (2) second individual gradient array down the moni-
toring borehole, (3) AB-MN array configuration with the current dipole (A and B) in the injection
borehole and potential dipole (M and N) in the monitoring borehole, and (4) AM-BN configuration
with the current and potential dipoles split across the two boreholes.

The DCIP starting model for the cross-hole study is constructed by extracting the MPA pa-
rameters along NN-4 from the inversion of field data collected in 2020. The time-lapse chargeabil-
ity changes due to H,S injection are estimated through reactive transport simulations, where the
change in the volume fraction of metallic particles (iron sulfides and iron oxides) is converted to a

synthetic chargeability response through eq. 8 (further discussed in Section 3.5).

3.3 Time-Lapse DCIP Data Processing and Inversion

The DCIP geophysical modeling and data inversions are performed utilizing a novel electric and
electromagnetic geophysical software, EEMverter (Fiandaca et al. 2023). The data were manually
processed by removing outliers in EEMstudio (Sullivan, Viezzoli, and Fiandaca 2023). Sources
of noise can be high contact resistances (~0.7-1.5 k{2 in our data), polarization of the stainless
steel electrodes, and capacitive and inductive coupling between cables and the ground. Cultural
noise from nearby infrastructure is also a consideration at this field site due to a buried power line
and a residential building located within the survey area (Fig. 1). The impact of the surrounding
infrastructure on data noise can be observed in the standard deviations mapped in SI Fig. S1.
EEMverter models the full voltage decay, accounting for the effects of the current waveform

and receiver transfer function in the IP forward response (Fiandaca et al. 2012; Fiandaca et al.
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2013). The 2D DCIP forward response follows the method presented in Fiandaca et al. (2013) and
builds off the 1D response outlined in Fiandaca et al. (2012). The time-lapse inversion scheme,
as presented in Xiao et al. (2022), simultaneously inverts two datasets to obtain the correspond-
ing geophysical models. The time-lapse inversion is solved iteratively utilizing the Levenberg-
Marquardt adaptive minimization scheme (Auken et al. 2015; Menke 2018). The time-lapse mod-
els are constrained through the asymmetric minimum support norm, which penalizes large time-
lapse changes to favor the smallest model changes consistent with the data (Fiandaca et al. 2015).
Minimum support parameter values of « = 0.01, 0 = 0.1, p; = 1.35, po = 2.0 were found
to minimize both the data and time-lapse model misfits and are used in the inversion of the field
DCIP data. Additional details on the forward response time-lapse inversion scheme are included
in Supporting Information.

The inversion utilizes a multimesh approach where the model meshes are decoupled from the
forward and constraint meshes (Fig. 2) (Xiao et al. 2022; Zhang et al. 2021). In the multimesh
approach, the values on the inversion model mesh are mapped to the forward mesh utilizing an
inverse distance weighting interpolation (Madsen, Fiandaca, and Auken 2020). A separate set
of constraint meshes connects the model parameters of individual models, applying horizontal
and vertical smoothness, and different models against one another through time-lapse constraints.
These constraint meshes share the same geometry as the model mesh and are vertically discretized
with a log-increasing spacing. The horizontal discretization of the forward meshes is derived from
the electrode placement (X, y, and z). It is further subdivided horizontally into four cells to improve
the resolution of the forward response without increasing the size of the model space (Fiandaca
et al. 2013). Nonuniform electrode spacing along the survey lines (20 m along the survey edges
vs 10 m near the center) results in mesh cells with variable widths. To avoid numerical artifacts
resulting from uneven cell widths, the larger mesh cells (20 m width) were subdivided into two
cells of equal widths (10 m).

As the forward meshes are defined by electrode locations, differences in electrode placement
between datasets d; and d, result in misalignment between the meshes. Since the values along

each forward mesh are only compared to their respective dataset (d; or ds), misalignment between
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Forward Mesh #1

Figure 2. Schematic of the multimesh inversion approach with decoupled forward, constraint, and model
meshes. The forward meshes (red and blue grid) are determined based on the electrode locations of the
two surveys (red and blue spheres). The identical inversion model meshes (midpoint model meshes) and
corresponding constraint meshes are calculated from the average electrode positions and displayed as a
black grid with grey-filled cells.

the forward meshes does not pose any issues. However, each of the model and constraint meshes
must be spatially aligned to correctly constrain the difference between the models m; and ms. This
presents a challenge for time-lapse surveys collected with electrodes that are subject to movement
between datasets or that are not permanently installed, such as the datasets collected in this study.
To construct two spatially identical model meshes, referred to here as midpoint model meshes,
the electrode positions (x, y, and z) of datasets d; and ds are averaged. Each time-lapse inversion
model presented in this study is solved on midpoint model meshes to limit the effects of variable
electrode placement between the baseline and monitoring datasets (d; and d,).

The effectiveness of the midpoint model mesh approach in managing electrode offset is evalu-
ated through a synthetic test using the resistivity model recovered from the inversion of 2020 field
data along Line 4. In this test, the resistivity forward response is simulated along lines with elec-
trodes that are systematically shifted by 2, 4, 6, and 8 m along the line. The resulting offset data
are then inverted alongside the unshifted dataset using two different inversion approaches: (1) two
model meshes that are offset based on the electrode placement of each line and (2) two identical
midpoint model meshes (Fig. 2). Since the datasets are generated from the same resistivity model

and noise is not added in this synthetic test, time-lapse variability is related to electrode offset.
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The depth of investigation (DOI) is determined using a cumulated approximate analysis ap-
proach (Fiandaca, Christiansen, and Auken 2015; Maurya et al. 2018). In this method, the sensi-
tivities at each model layer, defined by the Jacobian matrix elements and covariance matrix, are
summed upwards for each column of the model matrix. This provides a sensitivity value for each
layer, expressing the cumulative sensitivity of the inversion from that layer to the deepest layer. A
threshold sensitivity value, selected here as 5.0 (Fiandaca, Christiansen, and Auken 2015; Maurya
et al. 2018), defines the DOI, below which each of the recovered model parameters is no longer

data-driven.

3.4 Geochemical Analysis

The reactive transport models are parameterized with geochemical data collected from groundwa-
ter, injection water, and basalt cuttings sampled at the Nesjavellir site. Groundwater samples were
collected throughout the area in 1991, 2007, and 2008 (Sigfusson, Gislason, and Meharg 2011),
and at the NL-12 borehole in November 2021 (Ciraula et al. 2024). Injection water samples were
collected at the injection boreholes in November 2021 (Ciraula et al. 2024). The groundwater and
injection water compositions were constrained through Ion Chromatography (IC) and inductively
coupled plasma optical emission spectroscopy (ICP-OES) analysis (Ciraula et al. 2024). Addition-
ally, HoS concentrations were measured via mercury acetate titration (Arndrsson et al. 2006), and
CO,, concentrations were measured through modified alkalinity titration using 0.1 M HCl and 0.1
M NaOH (Jeffery et al. 1989; Stefansson, Gunnarsson, and Giroud 2007).

The rock composition was determined from borehole cuttings from injection wells NN-3, NN-
4, and NN-7, and whole-rock composition of the basalt was constrained through ICP-OES analysis
(Ciraula et al. 2024). The primary minerals in the basaltic host rock were estimated using a lin-
ear regression approach, which determined the relative mineral proportions based on the mineral
compositions and the measured oxide weight percentages of the whole rock (Ciraula et al. 2025).
Further details on the chemical methods and the fluid and rock composition utilized in the reactive

transport models can be found in Ciraula et al. (2024).
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3.5 Integrating DCIP with Reactive Transport Modeling
3.5.1 Principles of Reactive Transport

Reactive transport simulators couple chemical reactions with fluid and heat transport (Steefel and
Lasaga 1994; Steefel, DePaolo, and Lichtner 2005; Molins and Knabner 2019). Simulations solve
the advection-dispersion equation, a partial differential equation that satisfies the conservation of
mass and momentum, considering advective fluid flow, dispersion processes (molecular diffusion
and mechanical dispersion), fluid sources and sinks, and chemical reactions (e.g., Carrera et al.
2022). Through this coupled simulation, reactive transport predicts how geochemical and hydro-
logical systems evolve over space and time, enabling a better understanding of the subsurface
processes that control these changes. The reactive transport simulation outputs of particular rele-
vance in this study are the mineral abundances. Further details on reactive transport modeling are
beyond the scope of this paper; readers are referred to Steefel, DePaolo, and Lichtner (2005) and
Carrera et al. (2022) for additional background on the methodology, and to Aradéttir et al. (2012)

and Ciraula et al. (2025) for reactive transport modeling of mineral storage approaches in Iceland.

3.5.2 3D Reactive Transport Integration with Surface DCIP

In this study, reactive transport models predict the degree of H,S mineralization to (1) guide inter-
pretation of the geophysical inversion models, (2) evaluate the sensitivity of the DCIP monitoring
to HoS mineralization, and (3) constrain the underlying processes controlling H>S mineralization
and impacting the IP response. A full description of the reactive transport model is presented in
Ciraula et al. (2025), but a brief description is included here to provide context for the integration
with DCIP. The reactive transport models are constructed in TOUGHREACT (Xu et al. 2011)
using calibrated flow and chemical parameters based on borehole temperature, tracer, and water
chemistry measurements prior to integration with the DCIP geophysical surveying. The develop-
ment and calibration of the reactive transport model are done independently of geophysical field
data to ensure that the simulations serve as an independent method for interpreting the geophysical
responses. The model is constructed using a 3D, multiple interacting continua (MINC) framework

(Pruess and Narasimhan 1985), considering non-isothermal fluid flow.
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The reactive transport model simulates surface disposal of the geothermal wastewater, pump-
ing of shallow freshwater wells, and the injection of HyS-rich water into the shallow groundwater
system. The Nesjavellir operator, Reykjavik Energy, provided the injection rates and water temper-
ature. Shallow well pumping rates, surface wastewater disposal rates, and wastewater temperatures
are estimated from values in Gémez-Diaz et al. (2022). The geological model considers variable
host rock geology, featuring a sequence of hyaloclastite and lava flow lithologic units. The geol-
ogy builds on the model presented in Gémez-Diaz et al. (2022), and was constructed using surface
geological maps, borehole cuttings (Helgadéttir 2021; Ciraula et al. 2024), and borehole data from
internal reports of the Nesjavellir operator, Reykjavik Energy (SI Fig. S2). The hyaloclastites are
characterized by larger porosity and permeability values than the lava flows (Supporting Informa-
tion Table 1), and contain more abundant basaltic glass, as observed in typical Icelandic basalts
(e.g., Scott et al. 2023).

The primary minerals considered in the study consist of plagioclase, pyroxenes, olivine, iron
oxides (magnetite and ilmenite), and basaltic glass. Alteration minerals available to precipitate in-
clude zeolites, carbonates, smectite clays, iron oxide (goethite), iron sulfides (pyrite and pyrrhotite),
amorphous silica, and elemental sulfur. Dissolution and precipitation of primary and alteration
minerals are kinetically controlled. They are modeled based on transition state theory, which con-
siders the phase’s rate constant, reactive surface area, saturation conditions considering the ther-
modynamic conditions, and additional acid- and base-catalyzed mechanisms (e.g., Palandri and
Kharaka 2004; Xu et al. 2011). A complete list of the primary and alteration minerals, along with
their kinetic rate parameters, is included in Supporting Information Tables 2 and 3. The thermody-
namic constants are provided in the carbfix.dat thermodynamic database (Voigt et al. 2018) with
redox conditions determined by the S(-2)/S(6) couple. The reactive surface areas of each mineral,
a value often uncertain in reactive transport models, were calibrated by simulating 250 years of
ambient groundwater reactive transport and ensuring a match to groundwater fluid compositions.

To integrate the reactive transport model with the DCIP inversion results, we calculate IP
chargeability changes from the simulated iron sulfide precipitation and iron oxide dissolution using

eq. 8. We simulate H,S injection for two durations: 6 months to compare with the field geophysical
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data, and 25 years to evaluate the long-term changes in the geophysical response. The chargeability
changes are then added to the 2020 baseline DCIP models to construct predicted 2021 models

along the survey lines.

3.5.3 2D Radial Reactive Transport integration with Cross-hole DCIP

Reactive transport modeling also produces synthetic geophysical responses to evaluate cross-hole
DCIP as a monitoring method for HoS mineral storage. For the cross-hole synthetic modeling, a
2D radial reactive transport model is developed in TOUGHREACT (Xu et al. 2011) with the same
geochemical parameterization as the 3D model. The 2D model has cells refined to 5x5 m around
the injection borehole (SI Fig. S3) to enhance the simulation’s resolution of the near-borehole
processes that the cross-hole DCIP seeks to image. The refined radial geometry captures the flow
and transport near the injection boreholes while ensuring computational efficiency. Two separate
long-term (25 year) simulations of HS injection are performed using different injection fluids: (1)
the H,S-rich water measured at the NN-4 wellhead and (2) a higher-concentration H,S-rich water
that is injected into the deeper NJ-18 borehole (2136 m deep) at Nesjavellir (Galeczka et al. 2022).
We simulate both scenarios to gain insight into the implementation of cross-hole monitoring of
deep HsS injection. The NJ-18 injection well receives wastewater from the ”Carbfix” emission
reduction method, which uses scrubbing towers to increase the concentration of HoS and CO,
dissolved into the injection water. At Nesjavellir, these higher-concentration fluids are designated
for deeper injection, where the risk for surface water contamination is reduced. For an overview
of the Carbfix method and its implementation at Nesjavellir, readers are referred to the work by
Matter et al. (2016) and Galeczka et al. (2022).

Similar to the integration of the 3D reactive transport model and surface DCIP, the change
in volume fraction of metallic particles (iron sulfides and iron oxides) calculated through the 2D
radial reactive transport simulations is used in eq. 8 to generate synthetic chargeability response
changes. Random Gaussian noise is added to the synthetic DC voltages and the polarization curves

with a standard deviation of 2% of the data values to better represent field conditions.
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4 RESULTS
4.1 Reactive Transport Modeling

The results of the reactive transport model are first detailed to provide relevant context for the
interpretation of the geophysics and the joint geochemical-geophysical integration. Relevant to
the IP response in this study, the model indicates that iron released upon the alteration, primarily
from basaltic glass and iron-bearing olivine, results in pyrite formation. HoS mineralization is
effective, with roughly 70% of the injected H,S anticipated to mineralize as pyrite within the first
year of injection, and 87% over 25 years of continuous injection. Based on the injection fluid
compositions, the average injection rates, and a mineralization rate of 87%, we estimate that 284
m? of pyrite forms each year. However, the reactive transport simulations show that the high-
permeability fractured basalt effectively transports the HoS-rich fluid from the injection wells,
leading to pyrite mineralization distributed throughout the subsurface. This distribution, along
with the limited total mass of injected HsS, yields minute pyrite volume fractions observed after
the first six months of injection (< 1 x 107%% of the porous media volume within 75 m of the
injection well).

In addition to pyrite formation, alteration minerals include zeolites, smectite clays, carbonates,
amorphous silica, and minor Fe(Ill)-oxides. These alteration products are consistent with the min-
eralogical changes expected during the alteration of Icelandic basalts in warm water (e.g., Scott
et al. 2023). Within the basalt (hyaloclastite) rock matrix, zeolites and smectite clays comprise the
majority of the alteration minerals after six months of injection, approaching ~ 5 x 107*% and
~ 1 x 1073% of total volume within 75 m of the injection well, respectively. Given the small vol-
umes of alteration products, absolute changes in the rock porosity and permeability over long-term
injection (25 years) are low (¢a5 — g = —0.06%, ko5/ko = 0.75%). Additional reactive transport

model results that extend beyond the scope of this paper can be found in Ciraula et al. (2025).
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Figure 3. Time-lapse inversion results obtained using model meshes offset from one another (left column)
and identical, midpoint model meshes (right column). The magnitude of the electrode misplacement (shift)

is shown from a range of 2-8 m.
4.2 Validating Midpoint Model Mesh

The time-lapse inversions utilizing the shared midpoint model mesh are found to reduce erroneous
time-lapse changes due to electrode misplacement in synthetic data as compared to inversions
where the individual model meshes are offset (Fig. 3). This is essential for this study as the field
campaigns were carried out a year apart, and the HsS injection site did not offer the opportunity to
install electrodes permanently. Given a 4 m shift in the electrode placement, the midpoint model
mesh approach recovers an average absolute change (i.e., T = % S % x 100() of 0.1%
compared to 2.1% for the offset mesh approach. The midpoint model mesh approach also recovers
better inversion misfit than the offset model mesh approach: time-lapse misfit norm = 0.3 vs 2.1,
first dataset L2 norm misfit = 1.2 vs 3.6, second dataset L2 norm misfit = 1.4 vs 3.9. Similar misfits

are observed for the other offsets.
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4.3 Integrating Surface DCIP and Reactive Transport Modeling
4.3.1 1985 vs 2020 Resistivity to Validate Reactive Transport Parameters

Changes between the resistivity model from 2020 DCIP lines and the 1985 VES model are com-
pared to subsurface changes predicted by the reactive transport modeling. Between 1985 and 2020,
resistivities decreased in the shallow groundwater system, as can be seen at the location of sound-
ings HE-109 and HE-123, in the elevation range 0-100 meters above sea level (m.a.s.l.) (Fig. 4).
Within this depth interval, the 2020 model recovers an average resistivity of ~325 (dm compared
to an average resistivity of 1925 Q0m in the 1985 model. These soundings are located northeast of
the injection boreholes, along the primary direction of groundwater flow. Soundings HE-122 and
HE-106, located southeast of the injection wells away from the main groundwater flow direction,
do not exhibit the same resistivity decreases and capture similar resistivity trends as the 2020 mod-
els. Here, we utilize the reactive transport model to provide a comprehensive understanding of the
factors contributing to the resistivity decrease.

Variations in the total resistivity reflect changes happening in three parallel conduction path-
ways: electrolytic conduction, surface conduction in the electrical-double layer at the fluid-grain
interface, and intra-solid conduction paths within the smectite clay sheets (e.g., Wyllie and South-
wick 1954; McKelvey et al. 1955; Waxman and Smits 1968; Lévy et al. 2018). This is expressed
by eq. 9 (Lévy et al. 2018),

1 Ow a7
=0t = — + 05+ FO- ) (9)
Ptot F 1 + F/Xiw

smectOsmect

where o, is the fluid conductivity (Sm™1), o, is the surface conductivity pathway (Sm~1), F
is the formation factor from Archie’s Law (Archie 1942) that depends on the porosity (¢) and
the cementation factor (m) of the rock (F' = ¢~™), F” is the formation factor of the intra-solid
conduction pathway, X e 1S the volume fraction of smectite in the bulk rock, and og,eq; 1S the
intrinsic conduction of the solid smectite (Sm™1).

The measured resistivity in 1985 is expected to be controlled by electrolytic and surface con-
duction because smectite clays are not identified in the shallow unaltered basalts at these depths

prior to geothermal wastewater injection (Ciraula et al. 2024; Helgadéttir 2021). The reactive trans-
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Figure 4. Results of the VES inversions of the 1985 data (HE-106, HE-109, HE-122, HE-123) plotted over
the 2020 DC resistivity model for Lines 1, 3, and 5. The distance from the sounding to the line is included
with the sounding labels. The black lines indicate the location of the NN injection wells, with the solid and
dashed segments representing the cased and open intervals, respectively.

port model considers changes to the fluid chemistry and temperature (McCleskey et al. 2012) and
predicts a fluid conductivity increase from 0.009 to 0.034 Sm~" in 2020 near the 1985 sounding
locations. These fluid conductivities align with field measurements of fresh groundwater (6 x 103
Sm~1) and groundwater mixed with geothermal wastewater (0.037-0.046 Sm ') observed in NL-
12 between 2001 and 2021. To determine the impact of the warm, conductive geothermal wastew-
ater on the total resistivity, we first solve for the surface conductivity term using the field resistivity
measured in 1985 (pficia 1085 = 1925 Qm), 0 freshwater = 6 x 1073 Sm™! (Zarandi and Ivarsson
2010; Tvarsson 2019), ¢ = 25% (Muiioz 1996; Stefansson 1991), and m = 2.06, indicative of
minimally altered basalts (alteration < 10 wt.%) from Lévy et al. (2018) and similar to values

1

observed in Revil et al. (2017b). We identify a surface conductivity of 2 x 10™* Sm~!, similar to

laboratory values recovered for minimally altered basalts in Lévy et al. (2018). Substituting the
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fresh water conductivity with the more conductive 2020 fluids (4 x 1072 Sm~1) in eq. 9, we find
the total resistivity decreases from 1925 to 400 Q2m, constituting most of the measured resistivity
change.

While the majority of the resistivity decrease from 1985 to 2020 can be attributed to the pres-
ence of warm, conductive geothermal wastewater in the shallow groundwater system, smectite
clay mineralization upon basalt alteration may also contribute to decreasing the resistivity (e.g.,
Lévy et al. 2018). The reactive transport model predicts the precipitation of smectite, with final
volume fractions in the range 0.02-0.15% in the region of the field resistivity decrease. Using av-
erage values from basalt samples containing smectite measured in Lévy et al. (2018), we assign
F' = 29.1 and 04pee; = 0.65 Sm~! in the intra-solid conduction term contained in eq. 9. This
range of predicted smectite abundance further decreases the estimated 2020 resistivity from 400
m to 330-385 Q2m. These values are similar to the resistivities observed in 2020 (p 14,2020 = 325
m), and provide a process-based explanation for the field changes measured using geophysics.

To further explore how the resistivity measurements can validate the reactive transport model,
we utilize a relationship established in Lévy et al. (2020) between the electrical conductivity,
smectite volume fraction (0,,,cric), and permeability (k) at low (< 0.5 Sm™1), uniform fluid

conductivity, following:

1 B Hsmectite
Z — g — Ismechie 10
p o oy (10)

In this empirical relationship, the denominator defines a formation factor (i.e., how much the rock
matrix impedes electrical current, Archie (1942)) and the constants have values a=14.4, B=8.4
S/m, and $=0.25. This relationship does not inform changes observed in the field resistivity from
1985 to 2020, but provides a means to assess the permeability values used in the reactive transport
model using the average smectite abundance predicted by the reactive transport model in 2020
(0.06%) and the resistivity values measured in 2020 (325 Qm). We find that a high permeability
value of 7.9 x107'2 m? is required to capture the resistivity decrease observed in this alteration
zone. This permeability is consistent with the x- and y-permeabilities assigned to the fractured
hyaloclastite in the reactive transport model (1.0 x1072 m? and 9.7 x 10~ m?, respectively),

which were calibrated to temperature logs in nearby monitoring boreholes (Ciraula et al. 2025).
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Furthermore, these values align with values expected for permeable basalts (Freeze and Cherry
1979), and with the upper limit of values observed in unaltered, Icelandic hyaloclastites (Scott
et al. 2023).

Overall, this integration establishes a framework in which electrical resistivity geophysical
surveys can validate field-scale reactive transport models. While the integration presented here
serves only to support for the general fluid conductivity changes, smectite mineralization, and
high permeabilities of the present model, future studies with better resolution of the time-lapse
geophysics could utilize these relationships between resistivity, fluid conductivity, smectite con-
tent, and permeability, alongside field samples quantifying fluid chemistry, smectite abundance,
and permeability, to explore high-resolution calibration of reactive transport parameters (chemical

and physical) to resistivity data.

4.3.2  Synthetic IP from Reactive Transport

The expected change in chargeability due to HyS injection between the baseline and monitoring
DCIP surveys is predicted by the reactive transport model along each of the DCIP survey lines and
is shown in Fig. 5. The chargeability changes extend beyond the injection wells to larger distances
along the lines, reflecting the regional groundwater flow direction towards Lake Thingvellir (from
southwest to northeast). The changes are expected to be very small, at less than 0.02 mV/V during
the six months of injection. Additionally, the changes are limited to depths greater than 280 m
(elevation = -120 m.a.s.l.) due to the 200 m of borehole casing. The largest increase in volume
fraction of metallic particles and chargeability values is closest to the NN-4 injection borehole
along Line 4, as NN-4 had one of the highest injection rates of HyS charged water over the survey
period at 105 kg/s (total) compared to 11-43 kg/s at the other injection wells. Along Line 4, deep
chargeability changes are observed as a result of injection into NN-3. However, injection rates av-
erage only 15 kg/s into NN-3, resulting in chargeability changes with smaller magnitudes (0.005
mV/V) at depths greater than 360 m (elevation = -200 m.a.s.l.). Injection into NN-4 also produces
chargeability changes along Line 3, but the changes occur further along the line as the fluid lat-

erally migrates from the NN-4 feed zones. Changes along Line 5 result from fluid injection near
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Figure 5. Results of the reactive transport model extracted along the field DCIP survey lines showing the
minute expected change in metallic particles (Afj; p= iron sulfides and iron oxides) and the corresponding
chargeability change (Am) following six months of HsS injection. The NN-3, NN-4, and NN-7 injection
wells that intersect the survey lines are displayed as black lines (solid = casing, dashed = open interval).
the power plant, with small contributions at a distance of 400 m along the line from HsS injection
through the NN-5 and NN-6 boreholes, located 80 m southeast of the line. Minimal changes are
seen along Lines 1 and 2, as the nearby NN-7 injection borehole is deviated away from these lines.
The expected chargeability changes are also calculated for long-term injection (25 years) of
H,S at Nesjavellir (SI Fig. S4). After 25 years of injection, the expected chargeability anomaly

remains small, at less than 0.5 mV/V along Line 4.

4.4 Time-Lapse Inversions of 2020-2021 Field Data

The time-lapse inversions recovered a sufficient fit to the data, with an average DC L2-norm
misfit (ddpc) of ddpc 2020 =3.4, ddpc 2021 =3.6, and an average IP L2-norm misfit (dd;p) of
ddrpao20 =2.0, ddrpaoo1 =1.5. The largest data misfits are observed near infrastructure, such as
the buried power line, the house, and the injection boreholes/hot water pipes.

The results of the time-lapse IP inversions are shown in Fig. 6 as the change in the chargeability
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and the equivalent change in volume fraction of metallic particles (iron sulfides and iron oxides).
The results are trimmed to the DOI and at the water table (elevation = 110 m.a.s.l.) to focus on
changes occurring within the fully saturated subsurface. The DC inversion resolves down to 200-
250 m depth (elevation = ~0 to -100 m.a.s.l.). However, the center of Line 3, which is next to the
house, only images to ~100 m depth. The IP DOI reaches 100 m depth (elevation = ~50 m.a.s.l.)
along the southern extent of the survey and 150 m depth (elevation = ~0 m.a.s.l.) towards the
northern extent of the survey. Similar to the decreased DC DOI at the center of Line 3, the IP DOI
at the center of Lines 2-5 near the house and injection infrastructure falls above the water table,
limiting the IP data within 100 m of the house. Overall, the DOI values are roughly 50 m deeper
along the northern extent of the line (away from the injection wells) compared to the southern
extent (near the injection wells) for both the DC and IP inversions.

The time-lapse inversions reveal little change between the 2020 and 2021 DC and IP models.
Aside from a few isolated nodes, changes in the chargeability and resistivity are negligible (Fig.
6, SI Fig. S5). The large range of chargeability magnitude plotted on the colorscale of Fig. 6 com-
pared to the chargeability change expected from the reactive transport model (Fig. 5) highlights
the magnitude of the noise in the surface DCIP field data relative to the predicted signal. This
resolution limitation is further discussed Section 5.2.2. The large (>450 mV/V) isolated charge-
ability change at the southern extent of Line 4 aligns with the intersection of the buried power
line. Similarly, the large changes observed along Line 3, beyond the residential building, align
with areas of large data misfit and are near the DOI. Most DC resistivity changes are also isolated
near infrastructure, aside from a broad increase in the DC resistivity along Line 5 near the NN-5
injection borehole (SI Fig. S5). However, the 2021 Line 5 data is notably noisy (SI Fig. S1) and
the inversion misfit is large compared to the other lines (6.1 vs. 3-4), suggesting that this increase
could be due to noise, such as coupling. Interestingly, the average injection rate of warm wastew-
ater into NN-5 in the six months leading up to the 2020 survey was 62 L/s, compared to 38 L/s
preceding the 2021 survey, which could also contribute to the increase in resistivity. Overall, the
time-lapse inversions show agreement with the results of the reactive transport models and do not

indicate systematic increases or decreases in chargeability or resistivity due to HsS injection.
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Figure 6. Results of the time-lapse IP inversion recovering changes in chargeability (m) and volume fraction
of metallic particles (#,,) following six months of HsS injection. The casings of the NN injection wells
(~200 m depth) are displayed as black lines and indicate the minimum depth that HyS-charged water enters
the subsurface. Beneath the casing, the wells are open and extend another 200-350 m. The results are
trimmed to the water table at ~110 m depth and to the depth of investigation. Infrastructure in the survey
area is displayed along the ground surface (yellow outline = house, blue line = hot water/steam pipes, red

line = buried power line).
4.5 Integrating Cross-hole DCIP and Reactive Transport Modeling

Similar to the integration with surface DCIP, reactive transport modeling is integrated with cross-
hole DCIP to evaluate the method’s sensitivity to expected response changes. In the 5 X 5 m
cells within the near-borehole environment, the radial reactive transport model predicts minor
chargeability increases of 0.6 mV/V and 1.9 mV/V after 25 years of injection of the NN-4 and NJ-
18 HyS-charged waters, respectively (Fig. 7(a)/(c)). These chargeability increases coincide with
the NN-4 feed zones at -120, -140, -170, and -228 m above sea level.

The time-lapse inversion results for the synthetic datasets from 25 years of HsS injection with
2% Gaussian noise added are shown in Fig. 7(b) and 7(d). For the NN-4 injection fluid, chargeabil-
ity increases at the depth intervals are partially recovered within 25 m of the boreholes. However,
the spatial resolution is severely impacted by the background noise. Moreover, chargeability de-
creases of equivalent magnitude to the predicted increase (i.e., -0.5 mV/V) are introduced due to
the background noise, making the interpretation of pyrite mineralization highly uncertain. Com-

pared to NN-4, the larger predicted anomaly from the injection of NJ-18 fluids is better recovered.
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Figure 7. Results of the synthetic cross-hole modeling showing expected chargeability (m) change and the
corresponding change in volume fraction of metallic particles (f5;p) following 25 years of injection into
NN-4 (top row) and NJ-18 (bottom row). The NN-4 and NJ-18 injection fluids have H2S concentrations
of 77 ppm (Ciraula et al. 2024) and 481 ppm (Galeczka et al. 2022), respectively. The right plots show
the time-lapse inversion results of the predicted synthetic data with 2% Gaussian noise added to the IP
decays and the DC voltages. Solid black lines indicate borehole casing, dashed black lines indicate the open
boreholes, and yellow dots indicate the electrode locations.
The inversion reconstructs the magnitude and spatial extent of the changes within 25-75 m from
the boreholes, and extends the full 100 m between the boreholes near the feed zones. Beyond 75
m from the boreholes, the inversion resolution diminishes, and the background noise dominates
the response changes.

The ability of cross-hole DCIP to resolve chargeability changes from shorter injection dura-
tions is also tested through time-lapse inversions of synthetic data from five years of H,S injection

(SI Fig. S6). The inversion does not recover the minimal expected chargeability changes (0.15

mV/V) from the injection of NN-4 fluids. The chargeability changes from five years of HsS injec-
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tion into NJ-18 (0.5 mV/V) are slightly better resolved compared to NN-4 due to larger anomalies
from the highly concentrated H,S injection fluids. However, the changes are limited to 10-20 me-

ters from the boreholes, and the data noise reduces the vertical resolution down the borehole.

5 DISCUSSION
5.1 Reducing Artifacts from Variable Electrode Placement

The synthetic modeling of the flexible inversion grid approach presented here improves the reso-
lution of time-lapse inversions. The midpoint model mesh approach, constructed considering the
average location among the electrodes, represents a simple yet effective approach to minimize arti-
facts introduced by variable electrode placement between time-lapse electrical surveys. Ultimately,
this promotes higher resolution time-lapse imaging and allows for more flexible field implemen-
tation of time-lapse electrical surveys. Furthermore, this method could be applied alongside other
approaches that further decrease artifacts, such as implementing array configurations that are less
sensitive to variable electrode placement (Zhou and Dahlin 2003), correcting electrode location
based on changes in apparent resistivity (Wilkinson et al. 2010; Wilkinson et al. 2015), and si-
multaneously inverting for electrode displacement and geoelectrical parameters (Loke et al. 2017;

Kim et al. 2014).

5.2 DCIP Monitoring of H,S Mineral Storage at Nesjavellir
5.2.1 Joint Interpretation of Reactive Transport and Field DCIP

In agreement with previous laboratory (Prikryl et al. 2018; Marieni et al. 2018) and field studies
(Clark et al. 2020; Gunnarsson et al. 2018), the reactive transport model recovers effective H,S
mineralization with 70% of the total injected HyS mineralizing during the first year of HyS in-
jection. However, the expected geophysical response from the HoS mineralization resulting from
the current injection system at Nesjavellir is minimal, suggesting that it cannot be detected with
surface DCIP. The results of the time-lapse IP collected at the Nesjavellir injection site confirm

these findings, as the method does not recover changes indicative of HoS mineralization follow-
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ing six months of HsS injection. The few observed changes are large and isolated, with metallic
particle volume fractions > 10%, far greater than the maximum volume changes of iron sulfides
and iron oxides predicted by the reactive transport model. Thanks to the joint interpretation of the
time-lapse IP changes with the reactive transport model, the infrastructure effects on the data can
be distinguished from the mineralogical changes.

In this study, the reactive transport is used a-poseriori to interpret the results of field data.
Such integrated approaches could be used a-priori in future studies to optimize survey design and
evaluate the method’s sensitivity to the subsurface processes of interest. This idea is explored

further in the integration with cross-hole DCIP monitoring, discussed in the following section.

5.2.2  Surface DCIP Detection Limit Analysis

To assess the resolution of the surface DCIP survey to HoS mineralization in a more quantita-
tive manner, we calculate signal-to-noise ratios (SNR) resulting from various degrees of pyrite
mineralization at different depths throughout the model. The signal-to-noise ratios are calculated
utilizing the inversion sensitivity (Jacobian) matrix (.J; ;), the data standard deviation o;, the inver-
sion model chargeability (1), and chargeability changes (Am;) in eq. 11.

o; m; g;

where the Jacobian is computed in the logarithmic parameter space (i.e., J;; = #‘(ﬁﬁj)) and
Ad;(am;) is the data variation due to the model variation. The SNR vector is defined for each
time gate of the IP decay curve, and the root mean square is calculated across the individual
decay curves to provide a single amplitude value for each quadrapole. SNR values greater than
one indicate that the chargeability signal, which is attributed only to pyrite mineralization in this
analysis, is greater than the noise.

The analysis shows a clear decrease in the SNR with decreasing pyrite volume and increasing
pyrite depth. The surface DCIP lacks resolution for bodies of pyrite with volume percentages

< 1% at depths greater than 100 m. Smaller anomalies comprising 0.1 vol.% pyrite does not

produce a surface DCIP signal magnitude greater than the noise at any depth. For larger anomalies
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Figure 8. Signal-to-noise ratios of the surface DCIP data to pyrite mineralization at variable depth and
abundance. Each column represents the resolution of shallow (a-d), mid-depth (e-h), and deep (i-1) HaS
mineralization, as indicated by the yellow anomaly extent in the top row. The second, third, and fourth rows
are pseudo-sections of the signal-to-noise ratios for chargeability anomalies resulting from 10%, 1%, and
0.1% pyrite by volume, respectively. The signal-to-noise ratio is calculated as the root mean square (RMS)
of the data variation (Ad;) across the full IP decay due to the model variation (Am;), relative to the data
standard deviation (o).
comprising 10 vol.% pyrite, the SNR slightly exceeds one for the mid-depth anomaly from 100-
200 m depth (elevation -50-50 m.a.s.1.) and greatly exceeds one for shallow anomaly depths from
50-150 m depth (elevation 25-125 m.a.s.l.). The surface DCIP data struggles to resolve signals
greater than the noise for all pyrite anomalies at the deep injection depth (> 200 m depth, elevation
< -50 m.a.s.l.).

These results quantitatively demonstrate the surface DCIP method’s lack of resolution of the
minute pyrite abundances (< 4 x 1074%) predicted by the reactive transport model over the six

months of H>S injection. The analysis supports the interpretation that the lack of change in the

time-lapse DCIP survey does not directly indicate unsuccessful HoS mineralization, but rather
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could indicate insignificant signal change, as suggested by the reactive transport model. Based
on the resolution of the surface DCIP from the detection limit analysis and the rate of pyrite
mineralization at the Nesjavellir injection site from the reactive transport simulations, monitoring

long-term injection with surface DCIP remains unfeasible.

5.2.3 Cross-hole DCIP Monitoring

The synthetic 2D reactive transport models presented in Fig. 7 suggest that cross-hole monitor-
ing could be implemented to monitor long-term H,S mineralization of highly-concentrated HsS-
charged fluids like those injected using the Carbfix method. The downhole electrode configuration
in cross-hole surveying enables the imaging of deeper HyoS mineralization that is below the imag-
ing depth of the surface DCIP monitoring. Thus, the method could be applied to enhance the spatial
coverage of surface and down-borehole monitoring efforts for HoS mineral storage (Ciraula et al.
2024; Lévy et al. 2024b), particularly between the injection and monitoring boreholes.

However, challenges associated with the cross-hole method limit the practicality of cross-hole
monitoring for HoS mineral storage. First, background noise limits the method’s ability to quan-
titatively capture the expected response change at distances greater than 25-50 meters from the
borehole. While low noise levels (2%) are modeled in this idealized synthetic study, cross-hole
surveys can be impacted by complex noise sources that mask the polarization signal, such as ge-
ologic noise (Zhao, Rijo, and Ward 1986), electrode geometric errors (Wilkinson et al. 2008),
electromagnetic coupling (Gruszka and Wait 1989; Zhao et al. 2015), and cylindrical borehole and
casing effects (Schenkel and Morrison 1994; Singer and Strack 1998; Osiensky, Nimmer, and Bin-
ley 2004). In the case of injection fluid into NN-4 with lower HyS concentrations, relative to the
NIJ-18 Carbfix injection, smaller magnitude anomalies make interpretation unreliable and further
limit the spatial resolution of the cross-borehole imaging (< 25 m). Second, implementing cross-
hole surveying can be impractical in the field as it requires nearby boreholes, and the injection
infrastructure at the wellhead can impede the ability to place down-hole electrodes. Third, shorter
time-scales, such as monitoring 5 years of injection (SI Fig. S6), do not produce a large enough

magnitude response change to be resolved by the geophysical inversions, limiting the temporal res-
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olution of cross-hole DCIP monitoring of HyS mineralization. Lastly, factors other than the pyrite
volumetric fraction can potentially impact the field IP response. While many studies show that the
chargeability is primarily a function of the metallic particle content (e.g., Pelton et al. 1978; Gurin
et al. 2013; Gurin et al. 2015; Revil, Florsch, and Mao 2015; Hupfer et al. 2016), recent studies
have shown varying dependencies of the polarization response of metallic particles on the size
of the mineral grains (Martin and Weller 2023), geometry and orientation of the mineral grains
(Izumoto 2023), and state of mineral surfaces (Gurin, Titov, and Ilyin 2019). These dependencies
may impact the polarization response in the field, as laboratory experiments of HoS mineraliza-
tion in basalts recovered various manners of pyrite mineralization (e.g., surface coatings, discrete
nodules, intergrowths within other secondary minerals, and in fractures within the basaltic glass)
(Schaef et al. 2013). Moreover, Lévy et al. (2024b) observed polarization decreases following an
initial increase in wireline DCIP response upon continuous HsS injection over 540 days at the
Nesjavellir site. The author’s speculated that this decrease could be caused by a variety of factors,
including passivation of the pyrite minerals due to the formation of other secondary minerals (e.g.,
Gurin, Titov, and Ilyin 2019), corrosion of the pyrite surfaces (e.g., Placencia-Gémez et al. 2013),
or connectivity of pyrite grains. Ultimately, these contributions are poorly constrained in the field,
and by not considering their potential degradation to the DCIP response, the synthetic cross-hole
modeling represents an idealized field scenario. Further processes contributing to the IP response

are discussed in the following section.

5.3 Underlying Processes Contributing to the DCIP Response

The results of the DC resistivity and reactive transport modeling can be used to better understand
the IP response by detangling the underlying processes that contribute to the IP response in this
field setting. The IP resolution is controlled by the signal strength, which depends on the measured
subsurface voltages relative to background noise and the magnitude of the chargeability response
change. In terms of the IP signal, the reactive transport model and DC resistivity data reveal key

factors contributing to weak IP chargeability responses associated with HoS mineral storage in
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fractured basalts; (1) the depth at which the mineralization occurs, (2) the widespread distribution

of H,S mineralization, and (3) the geological changes occurring alongside H,S mineralization.

5.3.1 IP Noise Sources

Since data quality is a function of the signal-to-noise ratio, characterizing data noise is essential to
evaluating IP as a monitoring method. The noise distribution is assessed by mapping the average
measurement standard deviation along the survey lines, as shown in SI Fig. S1. The average stan-
dard deviations are largest near the infrastructure noise sources, including the buried power line,
injection pipes and wells, and buildings. The DOI of the DCIP inversions also provides an indi-
rect assessment of data noise, as shallow DOI values indicate data removal and lower parameter
sensitivity relative to the noise. As shown in Fig. 6, the DOI values are severely impacted by the
infrastructure at the field site. Since this infrastructure is associated with geothermal energy pro-
duction and HsS injection, these inherent noise sources potentially limit the broad use of surface

DCIP for monitoring H,S mineral storage at geothermal sites.

5.3.2  HsS Mineralization Depth

The depth at which most H>S mineralization occurs falls well below the DOI recovered in the
field data inversions. The induced electrical field is weaker at greater depths, resulting in less
current flow and smaller voltage responses. Additionally, the sensitivity to deep structures and the
total number of deep data points are limited by the survey line length, requiring large electrode
dipole spacings. Large injection currents and long survey lines can be difficult and impractical to
implement in the field. This ultimately limits the applicability of surface DCIP as a monitoring
tool for HyS mineralization at Icelandic geothermal reinjection sites, as injection occurs at similar

or greater depths than the Nesjavellir wells studied here.

5.3.3 Distribution of HyS mineralization

The reactive transport model suggests that most of the injected H2S mineralizes and that miner-

alization is widespread throughout the injection reservoir. The highly permeable fractured basalt
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host rock, identified through model calibrations (Gémez-Diaz et al. 2022; Ciraula et al. 2024) and
validated by changes in resistivity observed from 1985 to 2020, is responsible for the widespread
distribution of sulfide formation. Since the chargeability is proportional to the volume fraction of
metallic minerals (eq. 8), more dilute pyrite mineralization over large total volumes limits the mag-
nitude of the chargeability signal and is one of the largest challenges to using IP as a monitoring

tool at Nesjavellir.

5.3.4 Non-Sulfide Mineral Influences on the IP Response

Since the petrophysical relationship in this study relates the chargeability change to the change
in metallic particles (iron sulfides and iron oxides), the dissolution of primary iron oxides could
mask the chargeability increase from HyS mineralization. However, the magnetite and ilmenite
dissolution is minimal, decreasing the chargeability by less than 0.01 mV/V over 25 years (SI Fig.
S4). This suggests that these processes are unlikely to influence the measured signal and thus help
clarify the geophysical monitoring in terms of reactive processes.

The reactive transport model also suggests that smectite clays precipitate upon basalt alteration.
However, the impact of smectite clays on the chargeability response of volcanic rocks is an active
area of research (e.g., Lévy et al. 2018; Lévy et al. 2019b; Lévy et al. 2019a; Lévy, Weller, and
Gibert 2019; Ghorbani et al. 2018; Revil et al. 2017a; Revil, Florsch, and Mao 2015; Revil et al.
2018). One polarization model presented by Ghorbani et al. (2018) suggests that smectite clays
contribute to the background chargeability (m;) in eq. 7 by:

D, x A x CEC
(¢ X 04) + (Dy x Bx CEC)’

my =

12)

where D, denotes the grain density (2900 kg/m?), ¢ is the porosity, o,, is the fluid conductiv-
ity (measured injection fluid conductivity = 0.07 S/m at 25 °C), and B and A denotes two ef-
fective ionic mobilities for conduction and polarization (B(Na+, 25°C) = 3.1x 107 m?/s/V and
A(Na+, 25°C) = 3.0x107!% m?/s/V) (Ghorbani et al. 2018; Revil and Gresse 2021). Lévy et al.
(2018) provides a relationship between the weight fraction of smectites and the CEC measured of

CEC =90.6 x Wt.Fract.gmee.. Using this relationship in eq. 12, the change in smectite content
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is transformed to an expected chargeability response following 0.5 and 25 years of HsS injection.
The results find little contribution to the chargeability response from the CEC of smectite clays
(SI Fig. S4), as anticipated for a system with low-salinity pore fluids and minor smectite content
(Ghorbani et al. 2018).

Alternative polarization models suggest that smectite reduces the IP response due to an in-
crease in electrical conduction through interfoliar current paths in the smectite crystals, reducing
the polarization at the fluid-mineral interface (Lévy et al. 2019b; Lévy, Weller, and Gibert 2019).
This model is supported by laboratory measurements on geothermally-altered Icelandic volcanic
rocks, which found that for a given pyrite content, the polarization response (MPA) decreased
with increasing smectite content (Lévy et al. 2019b). Additionally, field DCIP surveys in Lévy
et al. (2019a) found that lower overall resistivities due to smectite clays reduce the measured volt-
age signals, thereby lowering the signal-to-noise ratio and impeding the collection of quality IP
data. At Nesjavellir, decreased resistivity values due to warm wastewater injection and subsequent
smectite precipitation are apparent between the 1985 and 2020 resistivity datasets. This presents
further challenges to resolving HyS mineralization due to the low signal-to-noise ratios of the sur-
face DCIP survey and the higher temperatures (90°C) and increased alteration near the injection

wells for cross-hole DCIP surveying.

5.4 Petrophysical Relationships: Uncertainties and Assumptions

Integrating process-based models with geophysical methods, such as the reactive transport mod-
els presented here, relies on the validity of petrophysical relationships. As such, uncertainty in
these relationships presents a key challenge to the effective integration of these approaches. For
resistivity, future research should focus on refining the relationship between the smectite con-
tent, permeability, and electrical conductivity (i.e., eq. 10). Laboratory studies on samples with a
broader range of permeabilities and degrees of alteration are needed to validate this relationship,
particularly for its extrapolation to low smectite contents and high permeabilities, as observed in

this study.
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For the IP method, numerous studies have demonstrated near-linear relationships, similar to eq.
8, that effectively captures the influence of the concentration of metallic particles on the charge-
ability (Pelton et al. 1978; Gurin et al. 2013; Gurin et al. 2015; Revil, Florsch, and Mao 2015; Lévy
et al. 2019b; Nordsiek and Weller 2008; Hupfer et al. 2016). However, as discussed previously re-
garding challenges implementing and interpreting cross-hole DCIP monitoring (see the discussion
in Section 5.2.3), studies have also suggested a dependency of chargeability on other factors such
as the grain size of the metallic particles, mineral type, and surface characteristics (e.g., Martin and
Weller 2023; Lévy et al. 2019b; Gurin, Titov, and Ilyin 2019). These additional factors impacting
the polarization response, along with uncertainties surrounding the influence of smectite on the
polarization response, underscore the need to better constrain the petrophysical relationships as-
sociated with the IP geophysical method. Strengthening these relationships and working towards
a unified theory of the polarization mechanisms (e.g., Biicker, Flores-Orozco, and Kemna 2018)
will enhance the coupling between the IP responses at the field-scale and the subsurface processes

driving them.

6 CONCLUSIONS

This study investigated how field-scale reactive transport modeling can be integrated with electri-
cal geophysics to better understand the process of HoS mineral storage with both synthetic mod-
eling and a specific application case at the Nesjavellir study site. Through the integration, we
assessed, in particular, the ability of time-lapse DCIP to monitor HoS mineral storage. Time-lapse
surface DCIP, collected over 6 months of continuous HsS injection, did not recover chargeability
changes that would indicate H,S mineralization. The joint interpretation with the reactive transport
modeling and the detection limit analysis of the surface DCIP resolution provides insights into the
lack of observable chargeability change and reveals that the absence of chargeability change does
not necessarily indicate unsuccessful HoS mineralization at Nesjavellir. Factors contributing to the
inability of surface DCIP to monitor H,S mineralization include total pyrite volume fractions that
are too small to produce detectable IP responses, pyrite mineralization occurring too deep (> 200

m) for the surface DCIP survey to resolve changes, decreased IP resolution from low resistivi-

183



DCIP monitoring of HyS mineral storage 39
ties caused by the warm injection water and smectite formation, and high fracture permeability
leading to dispersed pyrite formation. While the surface DCIP method cannot monitor HyS min-
eralization at the Nesjavellir site, joint reactive transport-DCIP synthetic modeling suggests that
cross-borehole DCIP surveying is sensitive to HoS mineralization at the field-scale. However, the
synthetic cross-hole DCIP modeling presented here represents an idealized case (i.e., low data
noise, polarization controlled entirely by metallic particle volume content, and no degradation of
the polarization response from smectite mineralization, pyrite grain geometry, or mineral surface
passivation), and field implementation of cross-hole DCIP monitoring would require highly con-
centrated HyS-rich injection waters (i.e., Carbfix fluids) and long injection durations.

This study also demonstrates how reactive transport modeling can improve the geophysical
characterization of the subsurface by constraining the processes underlying the geophysical re-
sponse. In the low-salinity system at Nesjavellir, the reactive transport model suggests that the
polarization response is primarily driven by pyrite mineralization, and the impact of other min-
eralogical changes associated with basalt alteration, such as iron oxide dissolution and smectite
precipitation, is secondary. However, the ability to accurately quantify the impact of smectite for-
mation on the chargeability is limited by uncertainty in the underlying petrophysical relationships.
Future studies should prioritize further constraining these relationships and the underlying po-
larization mechanisms in order to improve the integration of process-based models with IP geo-
physics.

Since the start of geothermal wastewater disposal at the Nesjavellir site, resistivity decreases
from 1925 Qm to 325 (2m have been identified in the vicinity of the injection wells. These larger
conductivities have the potential to further reduce the ability to resolve chargeable structures, such
as pyrite mineralization, due to decreased voltage build-up and decreased current density.

Lastly, the observed decrease in resistivity due to warm wastewater disposal was utilized in a
petrophysical relationship alongside smectite formation predicted by the reactive transport model
to validate the high fracture permeability of 7.9x 10~!2 m? in the shallow basaltic reservoir. This
integration demonstrates the value that time-lapse geophysics can add to validating reactive trans-

port parameters.
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1 Text: DCIP Forward Response Additional Details

The DCIP forward response follows the approach presented in Fiandaca et al. (2013) where the complex
resistivities are calculated for each cell in the finite element mesh for a set of frequencies and the corresponding
forward responses are transformed to the time domain through a sine transformation. In particular, the time
domain switch-off step response, Vsrpp, is computed as follows:

Vsrep(m,t,qapun) =

Z(o(m,w=0),qaBMN) , 1 <0 (1)
Z(o(m,w=0),qapun) — K ,t>0 "~

™ 1w

K= 2 /000 Im <_Z*(U*(m’,w)7qABMN)> sin(wt) dw . (2)

where Z*(o*(m,w), gapmn)/iw represents the transfer function for a specific quadruple gagarn. The integral
of the frequency domain transfer function in eq. 2 is computed using a fast Hankel transform for fixed, log-
spaced t values, and cubic spline interpolation is used to obtain the necessary sampling frequency required
by the fast Hankel transform.

2 Text: Time-lapse Inversion Scheme Additional Details

The time-lapse inversion scheme utilized in this study simultaneously inverts two datasets, solved iteratively
to minimize the objective function:

¢ = &4(dd) + Crr(dm) + PRy (r) . (3)

The data difference measure (®4) is a function of the difference between the forward response and the observed
data (0d = d — dops). The Pg,, regularization term is a measure of the model roughness (r = —R,,,m).
The measure of the time-lapse model differences (dm = mg — m;) contributes to the overall inversion
objective function through the regularization term ®7y. While datasets d; and dy can have variable sizes,
the models m; and my have identical sizes to obtain the model difference dm. The &7 term is defined by
the asymmetric minimum support norm presented in Fiandaca et al. (2015); Xiao et al. (2022), whereas @,
and ®g,, are L2-norm based. The asymmetric minimum support norm penalizes the number of components
0m; where my ; varies significantly from my ;, thus, favoring compact time-lapse changes.

203



3 Nesjavellir Porosity and Permeability Values

Table 1: Porosity and calibrated permeability values utilized in the reactive transport model presented in
presented in Ciraula et al. (2025). Values are provided for fracture and matrix domains of the MINC model.
Permeability (m?)

Rock Type Porosity ks k, k,
Hyaloclastites

- Fracture Network 0.60 1.01x10712  9.71x1071! 1.29x10~13

- Outer & Inner Matrix 0.25 1.00x10~ 1.00x10~ 1.00x10~14
Shallow Lava Flows®

- Fracture Network 0.60 5.06x10712  1.94x10~12 1.49x10~12

- Outer & Inner Matrix 0.10 1.00x1071  1.00x1071° 1.00x10~1
Deep Lava Flows

- Fracture Network 0.60 1.46x10713  1.56x1071! 1.49x10~ 12

- Outer & Inner Matrix 0.10 1.00x10~1  1.00x10715 1.00x10715
Faulted Zone 1

- Fracture Network® 0.60 3.00x10~ 1 5.00x10710 5.00x1013

- Outer & Inner Matrix 0.10 1.00x107  1.00x10714 1.00x10~
Faulted Zone 2

- Fracture Network® 0.60 3.00x10712  5.00x10~1! 5.00x10~13

- Outer & Inner Matrix 0.10 1.00x107 % 1.00x10714 1.00x10~14
Faulted Zone 3

- Fracture Network® 0.60 3.00x10~12 5.00x10~12 5.00x10~13

- Outer & Inner Matrix 0.10 1.00x10~ ™ 1.00x10~ 4 1.00x10~14
Model Bottom Boundary 0.26 1.00x107'%  1.00x10714 1.00x10~14

@ Nesjahraun, Hagavikurhraun, and Stangarhélshraun lava flows (Sigfusson et al., 2011).
b Fracture permeability calibrated in Gémez-Diaz et al. (2022).
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4 Table: Primary Mineral Kinetic Parameters

Table 2: Initial basalt mineral composition, secondary minerals, and kinetic parameters used for mineral
precipitation and dissolution rates.

Vol. % Surf. Area Acidic Mechanism Neutral Mechanism Basic Mechanism

of basalt [cm?g™']? log(kys) E, n(H') log(kas) E, log(kss) B, n(HT)

Albite® 22.96 0.1 -10.30 58.0 0.3 -11.19 60.0 -13.6  50.0 -0.3
Anorthite® 21.84 0.1 -5.17 58.0 1.22 -11.34 60.0 -13.6  50.0 -0.3
Sanidine® 2.59 0.1 -104 51.7 0.5 -12.48 60.0 -20.8 62.0 -0.8
Diopside® 9.69 0.1 -9.80 32.7 0.3 -11.00 43.9 — - —
Hedenbergite® 7.84 0.1 -9.80 32.7 0.3 -11.00 43.9 - - -
Enstatite® 1.94 0.1 -8.30 46.1 0.5 -11.90 89.5 - - -
Ferrosilite® 1.29 0.1 -8.30 46.1 0.5 -11.90 89.5 - - —
Fayalite® 1.57 0.1 -6.25 704 04 - - -7.39  60.9 0.2
Forsterite® 2.22 0.1 -7.16 704 04 — - -8.33 60.9 0.2
Ilmenite© 1.84 1.0 -8.35 379 0.421 -11.16 37.9 - - -
Magnetite© 1.22 1.0 -8.59 18.6 0.279 -10.78 18.6 - - -

Basaltic Glass®  25.00 0.2 log(kgs)=-7.564, E,=25.5, n(H")=1.00, n(Al*+)=-0.33

@ Hefmanskd et al. (2022)

b Heimansk4 et al. (2023)

¢ Palandri and Kharaka (2004)

4 Matrix continua surface area Aradéttir et al. (2012); Berndsen et al. (2024).
Fracture surface area = Volume Fractionminera; X 2.8x1073 m?/m3.

Rate of enstatite is used for ferrosilite, diopside for hedenbergite

Units: log(kas)=mol m~2 s~1; E,=kJ mol~*
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5 Table: Secondary Mineral Kinetic Parameters

Table 3: Alteration minerals and their kinetic precipitation and dissolution parameters.

Surf. Area Acidic Mechanism Neutral Mechanism Basic Mechanism

Mineral [cm?g~1]9 log(kos) E. n(HT) log(kos) E, log(kos) E, n(HT)
Analcime® 1000.0 3.3 63.0 1.0 -11.3 58.5 -14.3  58.0 -0.4
Chabazite? 1000.0 -6.56 33.7 0.82 -11.55 44.2 -12.05 44.2 -0.2
Heulandite® 1000.0 -7.51 33.7 0.82 -12.6 44.2 -13.2  44.2 -0.2

Thomsonite? 1000.0 -5.61 33.7 0.82 -10.7 44.2 -11.0 44.2 -0.2

Calcite® 100.0 -0.30 14.4 1.00 -5.81 23.5 - — —
Dolomite® 100.0 -3.76 56.7 0.500 -8.60 95.3 -5.37 45.7  0.500
Magnesite® 100.0 -6.38 14.4 1.000 -9.34 23.5 -5.22  62.8 1.000

Siderite? 100.0 -3.799 45.0 0.9 -8.900 62.76 -15.600 71.0 -0.572
Celadonite® 10000.0 -11.68 32.3 0.37 -13.53 37.5 - - —

Montmorillonite® 10000.0 -11.7  50.8 0.55 -14.3 30.0 -17.2  48.0 -0.3
Nontronite® 10000.0 -11.7  50.8 0.55 -14.3 30.0 -17.2  48.0 -0.3

Saponiteb 10000.0 -11.7 50.8 0.55 -14.3 30.0 -17.2  48.0 -0.3

Goethite® 100.0 - — — -7.94 86.5 — - -
Pyrite® 100.0 -7.52 56.9 -0.50 -4.55 56.9 - — —
Pyrrhotite® 100.0 -8.04 50.8 -0.597 - - — - -
Anhydrite® 100.0 — - - -3.19 14.3 - — -
Gypsum® 100.0 - - - -2.79 0.00 - - -
Si02(am)®* 1000.0 -106 416 0.3 -12.23 74.5 -14.2  73.0 -0.4

Elemental sulfurf

@ Hefmanskd et al. (2022)
b Hefmansk4 et al. (2023)

¢ Palandri and Kharaka (2004)

4 Knauss et al. (2005)

¢ SiOy(am) precipitation dictated by the free energy rate law from Carrol et al. (1998); log(k25) = -9.29.
I Elemental sulfur precipitation occurs under equilibrium.

9 Matrix continua surface area Aradottir et al. (2012); Berndsen et al. (2024).

Fracture surface area = Volume Fractioninera; X 2.8x1073 m?/m3.

Rate of saponite is used for nontronite, glauconite for celadonite.

Units: log(kas)=mol m~2 s~1; E,=kJ mol~*
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6 Figure: Field DCIP Data Standard Deviation
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Figure S1: Average time-domain IP standard deviations as a function of location along the survey lines for
data collected in 2020 (left) and 2021 (right). Each average value considers standard deviations grouped into
20 m bins along the line distance (x-y plane) from all pseudodepths (z-dimension). Red lines indicate power
lines, blue lines indicate hot water/steam pipes, and the pink polygon near the center of the survey area is
a residential building.
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7 Figure: Nesjavellir Surface Geological Map and 3D Reactive
Transport Grid
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Figure S2: Map of the 3D reactive transport model grid (taken from Ciraula et al. (2025)).
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8 Figure: 2D Reactive Transport Grid
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Figure S3: 3D representation of the radial grid (a) and 2D profile of the radial grid (b) used for simulating
2D radial flow from injection through NN-4 (red line). The solid red line indicates casing of NN-4 and the

dashed red line indicates the open interval. The grid extends another 2 km, not shown here, to limit edge
effects.
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9 Figure: Expected Contributions to DCIP Response

Chargeability Change, 25.0 Years of Injection
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Figure S4: Expected chargeability changes from sulfide mineralization, iron-oxide dissolution, and smecite
mineralization predicted by reactive transport simulations of 25 years of continuous HsS injection.
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10 Figure: Time-lapse DC Resistivity Results
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Figure S5: Time-lapse DCIP inversion results showing the change in the DC resistivity following six months
of HsS injection.
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11 Figure: Cross-hole DCIP Response for 5 years of HyS Injection

NN-4 Injection: 77 ppm H,S for 5 yrs
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Figure S6: Results of the synthetic cross-hole modeling showing expected chargeability (m) change and the
corresponding change in volume fraction of metallic particles (6, p) following 5 years of injection into NN-4
(top row) and NJ-18 (bottom row). The NN-4 and NJ-18 injection fluids have HyS concentrations of 77 ppm
and 481 ppm, respectively. The right plots show the time-lapse inversion results of the predicted synthetic
data with 2% Gaussian noise added to the IP decays and the DC voltages. Solid black lines indicate borehole
casing, dashed black lines indicate the open boreholes, and yellow dots indicate the electrode locations.
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