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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 H,S 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 H,S 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 integrates DCIP with field-scale reactive transport mod-
elling, utilizing both synthetic modelling 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 data sets 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 injec-
tion 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. Con-
versely, joint DCIP-reactive transport synthetic modelling shows the potential of cross-
hole DCIP for monitoring long-term H,S mineral storage, provided that data noise is low
and sufficient H,S is injected. The reactive transport models also provide insight into the
mechanisms contributing to the polarization response, demonstrating that pyrite mineral-
ization is the primary contributor to the polarization response, with minimal contribution
from other minerals such as smectites and iron oxides. However, existing petrophysical
relationships are simplistic, which adds uncertainty to the interpretation of the DCIP sig-
nal 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 collected in this study to historical vertical elec-
trical sounding data collected prior to geothermal development. Lastly, petrophysical re-
lationships 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 geophysical surveying not only
for monitoring but also for constraining key parameters in reactive transport simulations.

Key words: Induced polarization; Inverse theory; Hydrogeophysics; Hydrothermal sys-
tems.
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1 INTRODUCTION

Geothermal energy is a key component of the Icelandic en-
ergy grid, accounting for 65 per cent of the nation’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
30000 tons of H,S per year (C. Marieni et al. 2018). These gases
are naturally occurring in the high-enthalpy geothermal pro-
duction fluids, where concentrations are generally in the hun-
dreds of parts per million (S. Arndrsson 1995; I.M. Galeczka
etal. 2022). H,S gases are toxic to humans and the environment,
and their emissions are regulated within Iceland (Government
of Iceland 2010).

To reduce H,S emissions from geothermal energy produc-
tion, gas is dissolved into geothermal wastewater and injected
into the subsurface in a mineral storage sequestration approach.
Upon injection, the H,S-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 geo-
chemical sampling indicate that this H,S mineral storage ap-
proach in basalts is an effective method to reduce atmospheric
H,S emissions (A. Stefansson et al. 2011; S.O. Snabjornsdottir
et al. 2017; D.E. Clark et al. 2018, 2020; J. Prikryl et al. 2018;
C. Marieni et al. 2021; S.O. Snabjérnsdottir et al. 2021; I.M.
Galeczka et al. 2022; D.A. Ciraula et al. 2024). However, the H,S
injection system must be monitored to mitigate potential envi-
ronmental impacts, including groundwater acidification, chem-
ical and thermal contamination of fresh surface and water sys-
tems and pore-clogging of the storage reservoir (B. Callow et al.
2018; D.A. Ciraula et al. 2024). Current monitoring approaches
are primarily limited to geochemical approaches with low spa-
tial resolution, such as mass balance calculations based on fluid
sampling of monitoring wells (J.M. Matter et al. 2016; S.O. Snzb-
jornsdottir et al. 2017; I. Gunnarsson et al. 2018; D.E. Clark et al.
2020).

Geophysical surveying, aided by recent advancements in data
acquisition and time-lapse inversion software, has been estab-
lished as a reliable tool to improve the spatial and temporal res-
olution of environmental monitoring efforts (e.g. A. Binley et al.
2015; K. Singha et al. 2015). Electrical geophysical methods have
been particularly beneficial for hydrological and environmen-
tal monitoring due to their sensitivity to relevant hydrogeolog-
ical parameters, such as pore fluid conductivity, pore space ge-
ometry, and electrochemical interactions at the fluid-rock inter-
face (K. 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 trans-
port models, to assist in hydrogeological mapping (S. Uner et al.
2019), hydrological parameter estimation (e.g. T.D. Scheibe &
Y.J. Chien 2003; R. Deiana et al. 2008; A.C. Hinnell et al. 2010;
D. Pollock & O.A. Cirpka 2012; M. Camporese et al. 2015; A.P.
Tran et al. 2016; M. Commer et al. 2020; S.Y. Cheng & Hsu 2021;
M.S. Pleasants et al. 2022) and hydrological monitoring (e.g. A.
Kemna et al. 2002; Y. Rubin & S.S. Hubbard 2005; A. Flores-
Orozco et al. 2011; M.A. Briggs et al. 2013; J. Chen et al. 2013).
Likewise, process-based models can provide information on geo-
physical inversion parameters (e.g. M. Commer et al. 2022) and
the underlying processes controlling the geophysical response

(e.g. Y. Wu et al. 2011; B. Ahmmed et al. 2020). Therefore, inte-
grating the two approaches presents a mutual benefit between
the geophysical methods and process-based models (Y. 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. J. Wong 1979; A. Revil et al.
2015). The IP method is sensitive to multiple reactive pro-
cesses, making it a potentially powerful tool for monitoring en-
vironmental applications (e.g. L.D. Slater & D. Lesmes 2002; P.
Kessouri et al. 2019), including secondary mineral precipitation
associated with bioremediation (e.g. D. Ntarlagiannis et al. 2005;
K.H. Williams et al. 2005, 2009; A. Flores-Orozco et al. 2011,
2013), microbially induced calcite precipitation (e.g. Y. Wu et al.
2011; S. Saneiyan et al. 2018, 2019), geothermal alteration (e.g.
A. Revil et al. 2017b; A. Ghorbani et al. 2018; A. Revil & M.
Gresse 2021) and mineral storage approaches (e.g. D.A. Ciraula
et al. 2024; L. 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
P. Kessouri et al. (2019), a growing number of laboratory stud-
ies have integrated IP with reactive models (e.g. reactive experi-
ments and numerical simulations) to help de-couple the under-
lying reactive processes. Critically, these studies have found that
integrating IP with reactive models serves to monitor the rates
of reactive processes (K.H. Williams et al. 2005; S. Saneiyan et al.
2018; A. Mellage et al. 2018b), enhance the conceptual under-
standing of the reactions (Y. Wu et al. 2010; A. Mellage et al.
2018b; F. Rembert 2021), constrain hydrogeologic parameters
essential for numerical modelling (Y. Wu et al. 2014) and de-
convolve the multiple contributions to the measured IP signal
(Y. Wu et al. 2010, 2011; C.G. Hubbard et al. 2013; A. Mellage
et al. 2018a, b; K. Peshtani et al. 2025).

While integrating IP with reaction models has shown utility
in laboratory settings, the integration of IP surveying with re-
active models in the field remains underutilized (P. Kessouri
et al. 2019). For example, K.H. Williams et al. (2009) corrobo-
rated the field IP bioremediation monitoring surveys with lab-
oratory column experiments and analysis of fluids and sedi-
ments to attribute the IP response to iron and sulfate reduc-
tion and identify other IP mechanisms to investigate in future
work. S. Saneiyan et al. (2019) combined geochemical monitor-
ing and laboratory sample analyses with field IP data to moni-
tor microbially induced carbonate precipitation. More recently,
and of particular relevance to the work presented here, D.A.
Ciraula et al. (2024) integrated reactive transport modelling with
the direct current resistivity (DC) and time-domain IP electri-
cal methods, commonly referred to together as DCIP, to eval-
uate pyrite formation in field-scale H,S mineral storage. The
semiconducting properties of pyrite generates a strong IP re-
sponse which can indicate alteration zones and provide a di-
rect measure of H,S mineralization (D.A. Ciraula et al. 2024;
L. Lévy et al. 2024b). Through qualitative integration of wire-
line DCIP with reactive transport modelling, D.A. Ciraula et al.
(2024) identified the key hydrogeological parameters (i.e. poros-
ity, permeability, temperature and injection rate) controlling
the degree of pyrite mineralization and its associated DCIP
response. However, L. Lévy et al. (2024b) brought into ques-
tion the long-term stability of H,S mineral storage at Nesjavel-
lir and highlighted further ambiguities in the interpretation of
the IP changes. Additionally, the wireline DCIP logging survey
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provided limited spatial extent for monitoring H,S mineraliza-
tion.

This study quantitatively integrates time-lapse DCIP geo-
physics with field-scale reactive transport models to better char-
acterize H,S mineralization at the Nesjavellir injection site in
SW Iceland. We utilize a novel time-lapse inversion software
and flexible gridding approach to recover changes in full wave-
form, surface DCIP data collected at Nesjavellir in 2020, prior
to H,S injection, and in 2021 following six months of continu-
ous H,S injection. We compare the time-lapse inversion results
to the expected DCIP changes from reactive transport simula-
tions in a joint approach to constrain interpretations of the H,S
mineral storage. The reactive transport models are also used for
joint geochemical-geophysical synthetic modelling to evaluate
the cross-hole DCIP survey configuration, enhancing the mon-
itoring of H,S mineral storage at the Nesjavellir site. Lastly, re-
active transport models are utilized alongside historical electric
geophysical data to better understand the underlying processes
contributing to the DCIP response associated with H,S mineral
storage. Specifically, there are three main aims of this study:
(1) evaluate the ability of DCIP to monitor H,S mineral stor-
age through field surveying and joint reactive transport-DCIP
synthetic modelling; (2) reduce ambiguity in geophysical DCIP
interpretations by constraining the underlying processes con-
tributing to geophysical responses; (3) explore how time-lapse
DCIP can be used to validate reactive transport model parame-
ters.

2 DCIP GEOPHYSICS BACKGROUND

2.1 DCIP Methodology

The DCIP method expands upon the Ohmic conduction mea-
sured in conventional DC electrical resistivity surveys by consid-
ering induced polarization (IP), a low-frequency capacitive ef-
fect in the subsurface (e.g. W.H. Pelton et al. 1978; J. Wong 1979;
D.P. Lesmes & K.M. Frye 2001). IP describes the ability of a mate-
rial 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.
R.T. Shuey 1975; H.J. Vinegar & Waxman 1984; M. Biicker et al.
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. G. Fiandaca et al. 2015b):

pr=p +ip". @

This study utilizes time-domain IP, where a sequence of di-
rect current pulses of alternating polarity is injected through
two grounded electrodes (A and B) to build up charge in the
subsurface. 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 neighbour-
ing boreholes (cross-hole DCIP). In both the surface and cross-
hole DCIP approaches, the A-B-N-M electrodes make up a sin-
gle quadrapole and represent a single geoelectrical measure-
ment called the complex apparent resistivity (p;) (T. Martin et al.
2021):

2w AV
% ”I* MN

o, =k , (2)
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where AV} is the measured time-varying voltage difference be-
tween the M and N electrodes and I* is the time-varying current
injected. The term k is a geometric factor related to the distances
between the various electrodes (AM, AM, BM, BN), defined
as:

k= 3
R @
The time-varying voltage response between the M and N
electrodes (AVypy) contains the static (DC) voltage response
and an IP voltage response which arises as residual charges,
accumulated during current injection, return to equilibrium
(voltage decay). In this study, we use a 100 per cent duty-
cycle with no off-time between the injection current polarity
switch (P.I. Olsson et al. 2015). The 100 per cent duty-cycle
(+Ion, —Lon) is preferred in this study over the 50 per cent duty-
cycle (+1Ion, I, —Ion, Lor) because data acquisition is twice as
fast and the signal strength is approximately doubled (P.I. Olsson
et al. 2015).

2.2 IP relaxation model

A common relaxation model used to describe the IP voltage re-
sponse curve is the complex resistivity Cole-Cole model (W.H.
Pelton et al. 1978; A. Weller & L. Slater 2022). The Cole-Cole
model describing complex resistivity (RCC) can be defined by
the resistivity (p,), chargeability (m), relaxation time (z,) and
frequency exponent (C):

RCC{po,m, TJ,C}:po |:1—m<1—m>i| . (4)

In this study, we invert the complex resistivity for maxi-
mum phase angle model parameters (MPA) (G. Fiandaca et al.
2018), a re-parametrization of the RCC model. We utilize this
re-parametrization as it has been shown to decrease model
parameter correlation and improve model resolution, particu-
larly in data with low signal-to-noise ratios (G. Fiandaca et al.
2018). In the MPA model, the model domain is re-parametrized
to MPA {0, $max. T4, C}. The relaxation time, 7, is defined in
terms of the Cole-Cole parameters m, 7, and C:

Ty =T, x (1 —m)™V% . (5)

The phase of the Cole-Cole complex resistivity, ¢(w), is max-
imized at an angular frequency of wy = 1/74. Thus, the maxi-
mum phase, ¢may, can be described as:

:0”(1/%))
0'/t) )

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 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 m calculated at the frequency
o= i atwhich the maximum phase is reached. The chargeabil-
ity m and relaxation time 7, are computed iteratively through
these equations using the relation 7, = 7, - (1 — m)~1/%, start-
ing with m = 0 and 7, = 7, and minimizing Am = W
over n iterations. This procedure yields the RCC parameter set,
including the chargeability used in the petrophysical relation-

ship discussed in the following section.

¢max = _tan_l ( (6)
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2.3 Petrophysical IP relationship

It is well established that disseminated metallic minerals, such
as iron sulfides and some iron oxides, have a large impact on the
polarization characteristics of the subsurface (e.g. J. Wong 1979;
G. Gurin et al. 2013, 2015; A. Revil et al. 2015; S. Hupfer et al.
2016; F. Abdulsamad et al. 2017). A. Revil et al. (2015) presents a
polarization model for disseminated metallic particles, based on
the effective medium theory, where the semiconducting prop-
erties of metallic minerals allow for electron mobility within
the minerals themselves, accumulating additional charge at the
mineral-electrolyte interface when an external electric field is
applied. The model from A. Revil et al. (2015) used in this study
follows a similar approach to the models produced in J. Wong
(1979) and G. Gurin et al. (2015), relating the the chargeability
parameter, m, to the sum of the background chargeability (my,)
and the volume fraction of semiconducting metallic particles in
the porous media, Opetanic:

9
m = E X Ometallic + Mp - (7)

Analysis of core samples of altered Icelandic volcanic rocks in
L. Lévy et al. (2019a) 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 ap-
proximation to link H,S mineralization to the expected charge-
ability response.

A. Ghorbani et al. (2018) shows that the background charge-
ability term (m;,) is constant when fluid salinity is low, inde-
pendent of temperature and saturation. Additionally, the metal-
lic minerals are comprised of iron oxides and iron sulfides,
which are expected to have similar influences on the charge-
ability based on derivations of the chargeability from the ef-
fective medium theory (A. Revil et al. 2015). Similarly, labo-
ratory studies of sand-metallic particle mixtures in G. 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 dissolu-
tion:

9
Am = E X (Abiron—sulfides + Abiron—oxides) - (©)

Chargeability in eq. (8) is not anticipated to be influenced by
temperature, as it depends on the ratio of high-frequency con-
ductivity to direct current conductivity, which shares the same
temperature relationship (A. Ghorbani et al. 2018). Fluid con-
ductivity 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 ob-
served at Nesjavellir (~0.01-0.07 Sm™") (G. Gurin et al. 2015;
S. Hupfer et al. 2016; L. Lévy et al. 2019a). Furthermore, ma-
jor 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.

Yyt
esjavellir 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.

3 METHODS
3.1 DCIP field data

3.1.1 Nesjavellir field site

The data set used to test the DCIP monitoring approach de-
veloped 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 (G.R. Foulger 1988). The
area is composed mainly of late Quaternary and post-glacial age
volcanic rocks, primarily in basalt lava flows and hyaloclastites
(B. Arnason et al. 1969; G.R. Foulger & D.R. Toomey 1989).

The power plant produces 120 MWe of electricity and 290
MWth as thermal energy for district heating (E. Gémez-Diaz
et al. 2022). Since 2004, warm geothermal wastewater produced
as a byproduct of energy production has been injected into shal-
low wells (‘NN wells’, 200-500 m deep) or discharged at the sur-
face 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 unal-
tered, comprised of highly porous and permeable hyaloclastites
and basalt lava flows (H.M. Helgadottir 2021; E. Gémez-Diaz
et al. 2022; D.A. Ciraula et al. 2024). The groundwater table is
measured at 50-60 m depth.

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

3.1.2 Time-lapse DCIP data acquisition during H,S 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 elec-
trochemical and current-induced electrode polarization of the
stainless steel electrodes (e.g. T. Dahlin et al. 2002; P.I. Olsson
et al. 2016). However, we utilize the full-waveform drift model
presented in P.I. 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 acqui-
sition. Five of the lines, Lines 1-5, were 1200 m long and ori-
ented 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 transect-
ing the 1200 m lines.

Lines 1-5 consisted of 101 electrodes at 10 m spacing in
the centre of the line (200-1000 m) and 20 m spacing along
the edges (0-200 and 1000-200 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 Electrode 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 configuration has a shorter maximum electrode spac-
ing than the single-line approach with the ES10-64C, the roll-
along configuration increases the data density without signifi-
cantly limiting the depth of investigation recovered by the in-
versions.

Lines 6 and 7 consisted of 81 electrodes with 10 m spacing in
the centre of the line (200-600 m) and 20 m spacing along the
line edges (0-200 and 600-800 m). The ES10-64C or roll-along
approaches were not required to image these shorter, 800 m-long
lines.

3.1.3 Historical vertical electrical sounding field data

Electrical data collected at the Nesjavellir site in 1985 for
geothermal resource characterization provide insight into the
subsurface electrical properties before geothermal development
and wastewater disposal at Nesjavellir (K. Arnason et al. 1986a,
b). The data were collected using the vertical electrical sound-
ing (VES) method with a Schlumberger array configuration and
are detailed in K. Arnason et al. (1986b). 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
1-D sounding of the subsurface resistivity and follows a simi-
lar methodology as the DC method outlined earlier, where cur-
rent is injected through two surface electrodes (A and B) and
the resulting electrical field is determined by measuring the volt-
age between 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
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larger spacing probing deeper into the subsurface. The poten-
tial electrodes also remain centred around the sounding loca-
tion, but the electrode spacing remains small (1-200 m) and is
increased to preserve the signal-to-noise ratio at large AB spac-
ings.

In the 1-D soundings, near-surface heterogeneities can cause
shifts in the apparent resistivity measured at similar AB spac-
ings but with varying MN spacings. Following the method de-
tailed in G.P. Hersir et al. (2022), the apparent resistivity mea-
surements at the various MN spacings are corrected by a mul-
tiplication 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 multipli-
cation factors range from 0.85 to 1.6. To obtain a 1-D resistiv-
ity model, the corrected data were inverted using pyGIMLI soft-
ware using a smoothness-constrained inversion that minimizes
the L2-norm of the data misfit on a logarithmic scale (C. Riicker
etal. 2017).

3.2 Synthetic cross-hole DCIP

This study also explores the potential of cross-hole DCIP to mon-
itor 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 implementations include track-
ing CO,; injection systems (C. Schmidt-Hattenberger et al. 2011;
C.R. Carrigan et al. 2013; N. Jia et al. 2024), tracer migration (K.
Singha & S.M. Gorelick 2005; P.B. Wilkinson et al. 2010), and
groundwater remediation (T.S. Bording et al. 2019; A. Nivorlis
et al. 2019; L. Lévy et al. 2022, 2024a).

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 L.
Lévy et al. (2022), the synthetic model is imaged by combin-
ing four different acquisition geometries; (1) individual gra-
dient array down the injection borehole, (2) second individ-
ual gradient array down the monitoring 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 bore-
holes.

The DCIP starting model for the cross-hole study is con-
structed by extracting the MPA parameters along NN-4 from the
inversion of field data collected in 2020. The time-lapse charge-
ability changes due to H,S injection are estimated through re-
active 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 modelling and data inversions are per-
formed utilizing a novel electric and electromagnetic geophysi-
cal software, EEMverter (G. Fiandaca et al. 2023). The data were
manually processed by removing outliers in EEMstudio (N.A.L.
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Figure 2. Schematic of the multimesh inversion approach with decou-
pled forward, constraint and model meshes. The forward meshes are de-
termined based on the electrode locations of the two surveys (spheres).
The identical inversion model meshes (midpoint model meshes) and
corresponding constraint meshes are calculated from the average elec-
trode positions and are displayed between the forward meshes.

Sullivan et al. 2023). Sources of noise can be high contact re-
sistances (~0.7-1.5 k2 in our data), polarization of the stain-
less steel electrodes and capacitive and inductive coupling be-
tween cables and the ground. Cultural noise from nearby infras-
tructure 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 Supporting Information 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 (G. Fiandaca et al. 2012, 2013). The 2-D
DCIP forward response follows the method presented in G. Fian-
daca et al. (2013) and builds off the 1-D response outlined in G.
Fiandaca et al. (2012). The time-lapse inversion scheme, as pre-
sented in L. Xiao et al. (2022), simultaneously inverts two data
sets to obtain the corresponding geophysical models. The time-
lapse inversion is solved iteratively utilizing the Levenberg-
Marquardt adaptive minimization scheme (E. Auken et al. 2015;
W. Menke 2018). The time-lapse models are constrained through
the asymmetric minimum support norm, which penalizes large
time-lapse changes to favour the smallest model changes con-
sistent with the data (G. Fiandaca et al. 2015b). Minimum sup-
port parameter values of « =0.01, 0 =0.1, p; =1.35, p, =
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) (B. Zhang et al. 2021; L. Xiao et al. 2022). In the
multimesh approach, the values on the inversion model mesh
are mapped to the forward mesh utilizing an inverse distance
weighting interpolation (L.M. Madsen et al. 2020). A separate
set of constraint meshes connects the model parameters of in-
dividual models, applying horizontal and vertical smoothness,
and different models against one another through time-lapse

constraints. These constraint meshes share the same geome-
try 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 (G. Fiandaca et al. 2013). Non-uniform elec-
trode spacing along the survey lines (20 m along the survey edges
versus 10 m near the centre) results in mesh cells with variable
widths. To avoid numerical artefacts 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, dif-
ferences in electrode placement between data sets d; and d, re-
sultin misalignment between the meshes. Since the values along
each forward mesh are only compared to their respective data
set (d; or d,), misalignment between the forward meshes does
not pose any issues. However, each of the model and constraint
meshes must be spatially aligned to correctly constrain the dif-
ference between the models m; and m,. This presents a chal-
lenge for time-lapse surveys collected with electrodes that are
subject to movement between data sets or that are not perma-
nently installed, such as the data sets 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 data sets d; and d, are averaged. Each time-lapse inver-
sion model presented in this study is solved on midpoint model
meshes to limit the effects of variable electrode placement be-
tween the baseline and monitoring data sets (d; and d,).

The effectiveness of the midpoint model mesh approach in
managing electrode offset is evaluated 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 re-
sponse is simulated along lines with electrodes that are system-
atically shifted by 2, 4, 6 and 8 m along the line. The resulting
offset data are then inverted alongside the unshifted data set us-
ing 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 data
sets are generated from the same resistivity model and noise is
not added in this synthetic test, time-lapse variability is related
to electrode offset.

The depth of investigation (DOI) is determined using a cumu-
lated approximate analysis approach (G. Fiandaca et al. 2015a;
P.K. Maurya et al. 2018). In this method, the sensitivities at each
model layer, defined by the Jacobian matrix elements and covari-
ance matrix, are summed upwards for each column of the model
matrix. This provides a sensitivity value for each layer, express-
ing the cumulative sensitivity of the inversion from that layer to
the deepest layer. A threshold sensitivity value, selected here as
5.0 (G. Fiandaca et al. 2015a; P.X. 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 parametrized with geochem-
ical data collected from groundwater, injection water and basalt
cuttings sampled at the Nesjavellir site. Groundwater samples
were collected throughout the area in 1991, 2007 and 2008 (B.
Sigfusson et al. 2011), and at the NL-12 borehole in November
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2021 (D.A. Ciraula et al. 2024). Injection water samples were col-
lected at the injection boreholes in November 2021 (D.A. Ciraula
et al. 2024). The groundwater and injection water compositions
were constrained through Ion Chromatography (IC) and induc-
tively coupled plasma optical emission spectroscopy (ICP-OES)
analysis (D.A. Ciraula et al. 2024). Additionally, H,S concentra-
tions were measured via mercury acetate titration (S. Arnoérs-
son et al. 2006), and CO, concentrations were measured through
modified alkalinity titration using 0.1 M HCl and 0.1 M NaOH
(G.H. Jeffery et al. 1989; A. Stefansson et al. 2007).

The rock composition was determined from borehole cut-
tings from injection wells NN-3, NN-4 and NN-7, and whole-
rock composition of the basalt was constrained through ICP-
OES analysis (D.A. Ciraula et al. 2024). The primary minerals
in the basaltic host rock were estimated using a linear regres-
sion approach, which determined the relative mineral propor-
tions based on the mineral compositions and the measured oxide
weight percentages of the whole rock (D.A. Ciraula 2025; D.A.
Ciraula et al., in preparation). Further details on the chemical
methods and the fluid and rock composition utilized in the reac-
tive transport models can be found in D.A. Ciraula et al. (2024).

3.5 Integrating DCIP with reactive transport modelling

3.5.1 Principles of reactive transport

Reactive transport simulators couple chemical reactions with
fluid and heat transport (C.I. Steefel & A.C. Lasaga 1994; C.I.
Steefel et al. 2005; S. Molins & P. 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 (molecu-
lar diffusion and mechanical dispersion), fluid sources and sinks
and chemical reactions (e.g. J. Carrera et al. 2022). Through this
coupled simulation, reactive transport predicts how geochem-
ical and hydrological systems evolve over space and time, en-
abling a better understanding of the subsurface processes that
control these changes. The reactive transport simulation out-
puts of particular relevance in this study are the mineral abun-
dances. Further details on reactive transport modelling are be-
yond the scope of this paper; readers are referred to C.I. Steefel
etal. (2005) and J. Carrera et al. (2022) for additional background
on the methodology, and to E.S. Aradéttir et al. (2012) and D.A.
Ciraula (2025) for reactive transport modelling of mineral stor-
age approaches in Iceland.

3.5.2 3-D Reactive transport integration with surface DCIP

In this study, reactive transport models predict the degree of H,S
mineralization to (1) guide interpretation of the geophysical in-
version models, (2) evaluate the sensitivity of the DCIP monitor-
ing to H,S mineralization and (3) constrain the underlying pro-
cesses controlling H,S mineralization and impacting the IP re-
sponse. A full description of the reactive transport model is pre-
sented in D.A. Ciraula (2025) and D.A. Ciraula et al. (in prepa-
ration), but a brief description is included here to provide con-
text for the integration with DCIP. The reactive transport models
are constructed in TOUGHREACT (T. Xu et al. 2011) using cali-
brated flow and chemical parameters based on borehole temper-
ature, tracer and water chemistry measurements prior to inte-
gration with the DCIP geophysical surveying. The development
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and calibration of the reactive transport model are done inde-
pendently of geophysical field data to ensure that the simula-
tions serve as an independent method for interpreting the geo-
physical responses. The model is constructed using a 3-D, mul-
tiple interacting continua (MINC) framework (K. Pruess & T.N.
Narasimhan 1985), considering non-isothermal fluid flow.

The reactive transport model simulates surface disposal of the
geothermal wastewater, pumping of shallow freshwater wells
and the injection of H,S-rich water into the shallow groundwa-
ter system. The Nesjavellir operator, Reykjavik Energy, provided
the injection rates and water temperature. Shallow well pump-
ing rates, surface wastewater disposal rates and wastewater tem-
peratures are estimated from values in E. Gémez-Diaz et al.
(2022). The geological model considers variable host rock geol-
ogy, featuring a sequence of hyaloclastite and lava flow lithologic
units. The geology builds on the model presented in E. Gémez-
Diaz et al. (2022), and was constructed using surface geological
maps, borehole cuttings (H.M. Helgadéttir 2021; D.A. Ciraula
et al. 2024) and borehole data from internal reports of the Nes-
javellir operator, Reykjavik Energy (Supporting Information Fig.
S2). The hyaloclastites are characterized by larger porosity and
permeability values than the lava flows (Supporting Information
Table S1), and contain more abundant basaltic glass, as observed
in typical Icelandic basalts (e.g. S.W. Scott et al. 2023).

The primary minerals considered in the study consist of
plagioclase, pyroxenes, olivine, iron oxides (magnetite and il-
menite) and basaltic glass. Alteration minerals available to pre-
cipitate include zeolites, carbonates, smectite clays, iron oxide
(goethite), iron sulfides (pyrite and pyrrhotite), amorphous sil-
ica and elemental sulfur. Dissolution and precipitation of pri-
mary and alteration minerals are kinetically controlled. They
are modelled based on transition state theory, which considers
the phase’s rate constant, reactive surface area, saturation condi-
tions considering the thermodynamic conditions and additional
acid- and base-catalysed mechanisms (e.g. J.L. Palandri & Y.K.
Kharaka 2004; T. Xu et al. 2011). A complete list of the primary
and alteration minerals, along with their kinetic rate parame-
ters, is included in Supporting Information Tables S2 and S3.
The thermodynamic constants are provided in the carbfix.dat
thermodynamic data base (M. Voigt et al. 2018) with redox con-
ditions determined by the HS~/SOZ~ couple. The reactive sur-
face areas of each mineral, a value often uncertain in reactive
transport models, were calibrated by simulating 250 yr of am-
bient groundwater reactive transport and ensuring a match to
groundwater fluid compositions.

To integrate the reactive transport model with the DCIP inver-
sion results, we calculate IP chargeability changes from the sim-
ulated 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 data and 25 yr to evaluate
the long-term changes in the geophysical response. The charge-
ability changes are then added to the 2020 baseline DCIP models
to construct predicted 2021 models along the survey lines.

3.5.3 2-D Radial reactive transport integration with cross-hole
DCIP

Reactive transport modelling also produces synthetic geophys-
ical responses to evaluate cross-hole DCIP as a monitoring
method for H,S mineral storage. For the cross-hole synthetic
modelling, a 2-D radial reactive transport model is developed
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in TOUGHREACT (T. Xu et al. 2011) with the same geochem-
ical parameterization as the 3-D model. The 2-D model has cells
refined to 5x5 m around the injection borehole (Supporting
Information 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 trans-
port near the injection boreholes while ensuring computational
efficiency. Two separate long-term (25 yr) simulations of H,S
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 (I.M. Galeczka et al.
2022). We simulate both scenarios to gain insight into the imple-
mentation of cross-hole monitoring of deep H,S injection. The
NJ-18 injection well receives wastewater from the ‘Carbfix’ emis-
sion reduction method, which uses scrubbing towers to increase
the concentration of H,S and CO, dissolved into the injection
water. At Nesjavellir, these higher concentration fluids are desig-
nated for deeper injection, where the risk for surface water con-
tamination is reduced. For an overview of the Carbfix method
and its implementation at Nesjavellir, readers are referred to
the work by J.M. Matter et al. (2016) and I.M. Galeczka et al.
(2022).

Similar to the integration of the 3-D reactive transport model
and surface DCIP, the change in volume fraction of metallic par-
ticles (iron sulfides and iron oxides) calculated through the 2-D
radial reactive transport simulations is used in eq. (8) to gener-
ate synthetic chargeability response changes. Random Gaussian
noise is added to the synthetic DC voltages and the polarization
curves with a standard deviation of 2 per cent of the data values
to better represent field conditions.

4 RESULTS

4.1 Reactive transport modelling

The results of the reactive transport model are first detailed
to provide relevant context for the interpretation of the geo-
physics and the joint geochemical-geophysical integration. Rel-
evant 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. H,S min-
eralization is effective, with roughly 70 per cent of the injected
H,S anticipated to mineralize as pyrite within the first year of
injection, and 87 per cent over 25 yr of continuous injection.
Based on the injection fluid compositions, the average injec-
tion rates and a mineralization rate of 87 per cent, 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 H,S-rich fluid from the injec-
tion wells, leading to pyrite mineralization distributed through-
out the subsurface. This distribution, along with the limited total
mass of injected H,S, yields minute pyrite volume fractions ob-
served after the first six months of injection (< 1 x 10™* per cent
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 mi-
nor Fe(IIT)-oxides. These alteration products are consistent with
the mineralogical changes expected during the alteration of
Icelandic basalts in warm water (e.g. S.W. Scott et al. 2023).

Within the basalt (hyaloclastite) rock matrix, zeolites and smec-
tite clays comprise the majority of the alteration minerals af-
ter six months of injection, approaching ~ 5 x 10™* per cent
and ~ 1 x 107 per cent of total volume within 75 m of the
injection well, respectively. Given the small volumes of al-
teration products, absolute changes in the rock porosity and
permeability over long-term injection (25 yr) are low (¢s —
¢o = —0.06 per cent, ks5/ko = 0.75 per cent). Additional reac-
tive transport model results that extend beyond the scope of this
paper can be found in D.A. Ciraula (2025) and D.A. Ciraula et al.
(in preparation).

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 inver-
sions 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 H,S injection site did not offer the oppor-
tunity to install electrodes permanently. Given a 4 m shift in the
electrode placement, the midpoint model mesh approach recov-

ers an average absolute change (i.e. X = ; DI, | 75— x 100|)
of 0.1 per cent compared to 2.1 per cent for the offset mesh ap-
proach. The midpoint model mesh approach also recovers bet-
ter inversion misfit than the offset model mesh approach: time-
lapse misfit norm = 0.3 versus 2.1, first data set L2 norm misfit
= 1.2 versus 3.6, second data set L2 norm misfit = 1.4 versus 3.9.
Similar misfits are observed for the other offsets.

4.3 Integrating surface DCIP and reactive transport
modelling

4.3.1 1985 versus 2020 resistivity to validate reactive transport
parameters

Changes between the resistivity model from 2020 DCIP lines and
the 1985 VES model are compared to subsurface changes pre-
dicted by the reactive transport modelling. Between 1985 and
2020, resistivities decreased in the shallow groundwater system,
as can be seen at the location of soundings HE-109 and HE-
123, in the elevation range 0-100 m above sea level (m.a.s.l.)
(Fig. 4). Within this depth interval, the 2020 model recovers an
average resistivity of ~325 Q@m compared to an average resistiv-
ity of 1925 Qm 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 groundwa-
ter flow direction, do not exhibit the same resistivity decreases
and capture similar resistivity trends as the 2020 models. Here,
we utilize the reactive transport model to provide a comprehen-
sive understanding of the factors contributing to the resistivity
decrease.

Variations in the total resistivity reflect changes happening in
three parallel conduction pathways: electrolytic conduction, sur-
face conduction in the electrical-double layer at the fluid-grain
interface and intra-solid conduction paths within the smectite
clay sheets (e.g. M. Wyllie & P. Southwick 1954; J.G. McKelvey
etal. 1955; M.H. Waxman & L.J. Smits 1968; L. Lévy et al. 2018).
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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.

This is expressed by eq. (9) (L. Lévy et al. 2018),
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where o,, is the fluid conductivity (Sm™), oy is the surface
conductivity pathway (Sm™!), F is the formation factor from
Archie’s Law (G.E. Archie 1942) that depends on the poros-
ity (¢) and the cementation factor (m) of the rock (F = ¢™™),
F’ is the formation factor of the intrasolid conduction path-
way, Xsmeet 18 the volume fraction of smectite in the bulk rock
and ogpneee 18 the intrinsic conduction of the solid smectite
(Sm™).

The measured resistivity in 1985 is expected to be controlled
by electrolytic and surface conduction because smectite clays
are not identified in the shallow unaltered basalts at these
depths prior to geothermal wastewater injection (H.M. Hel-
gadottir 2021; D.A. Ciraula et al. 2024). The reactive transport
model considers changes to the fluid chemistry and temperature
(R.B. McCleskey et al. 2012) and predicts a fluid conductivity in-
crease from 0.009 to 0.034 Sm™! in 2020 near the 1985 sound-
ing locations. These fluid conductivities align with field mea-
surements of fresh groundwater (6 x 10~>Sm™) and ground-
water mixed with geothermal wastewater (0.037-0.046 Sm™!)
observed in NL-12 between 2001 and 2021. To determine the im-
pact of the warm, conductive geothermal wastewater on the to-
tal resistivity, we first solve for the surface conductivity term us-
ing the field resistivity measured in 1985 (pfieid. 1085 = 1925 Qm),

Ofreshwater = 6 X 1073Sm™! (S. Zarandi & G. Ivarsson 2010; G.
Ivarsson 2019), ¢ = 25 per cent (V. Stefansson 1991; A.Q.M. noz
1996), and m = 2.06, indicative of minimally altered basalts (al-
teration < 10 wt. per cent) from L. Lévy et al. (2018) and similar
to values observed in A. Revil et al. (2017a). We identify a sur-
face conductivity of 2 x 10™*Sm™1, similar to laboratory values
recovered for minimally altered basalts in L. Lévy et al. (2018).
Substituting the fresh water conductivity with the more conduc-
tive 2020 fluids (4 x 1072Sm™1) in eq. (9), we find the total re-
sistivity decreases from 1925 to 400 Qm, constituting most of the
measured resistivity change.

While the majority of the resistivity decrease from 1985 to 2020
can be attributed to the presence of warm, conductive geother-
mal wastewater in the shallow groundwater system, smectite
clay mineralization upon basalt alteration may also contribute
to decreasing the resistivity (e.g. L. Lévy et al. 2018). The reac-
tive transport model predicts the precipitation of smectite, with
final volume fractions in the range 0.02-0.15 per cent in the re-
gion of the field resistivity decrease. Using average values from
basalt samples containing smectite measured in L. Lévy et al.
(2018), we assign F’ = 29.1 and ogpeee = 0.65S m~! in the intra-
solid conduction term contained in eq. (9). This range of pre-
dicted smectite abundance further decreases the estimated 2020
resistivity from 400 to 330-385 Qm. These values are similar to
the resistivities observed in 2020 (pfeld,2020 = 325 2m), and pro-
vide a process-based explanation for the field changes measured
using geophysics.
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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.

To further explore how the resistivity measurements can
validate the reactive transport model, we utilize a relation-
ship established in L. Lévy et al. (2020) between the electri-
cal conductivity, smectite volume fraction (Ogmectie) and per-
meability (k) at low (< 0.5Sm™!), uniform fluid conductivity,
following:

1 B esmectite

p_a_ Py (10)
In this empirical relationship, the denominator defines a forma-
tion factor [i.e. how much the rock matrix impedes electrical cur-
rent, G.E. Archie (1942)] and the constants have values a= 14.4,
B= 8.4 Sm™! and B = 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 per cent)
and the resistivity values measured in 2020 (325 Qm). We find
that a high permeability value of 7.9 x107'* 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 x107!> m? and 9.7 x10~" m?, respectively), which

were calibrated to temperature logs in nearby monitoring bore-
holes (D.A. Ciraula 2025; D.A. Ciraula et al., in preparation).
Furthermore, these values align with values expected for perme-
able basalts (R.A. Freeze & J.A. Cherry 1979), and with the up-
per limit of values observed in unaltered, Icelandic hyaloclastites
(S.W. 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 content and permeability, alongside
field samples quantifying fluid chemistry, smectite abundance
and permeability, to explore high-resolution calibration of reac-
tive transport parameters (chemical and physical) to resistivity
data.

4.3.2 Synthetic IP from reactive transport

The expected change in chargeability due to H,S injection be-
tween the baseline and monitoring DCIP surveys is predicted
by the reactive transport model along each of the DCIP sur-
vey lines and is shown in Fig. 5. The chargeability changes ex-
tend 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 lim-
ited 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 H,S charged wa-
ter over the survey period at 105 kgs™! (total) compared to
11-43 kgs™' at the other injection wells. Along Line 4, deep
chargeability changes are observed as a result of injection into
NN-3. However, injection rates average only 15 kgs™! into NN-
3, resulting in chargeability changes with smaller magnitudes
(0.005 mVV-!) 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
laterally migrates from the NN-4 feed zones. Changes along Line
5 result from fluid injection near the power plant, with small
contributions at a distance of 400 m along the line from H,S
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 yr) of H,S at Nesjavellir (Supporting
Information Fig. S4). After 25 yr 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 (8dpc) of ddpc 020 =3.4,
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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
(AO\p= iron sulfides and iron oxides) and the corresponding chargeability change (Am) following six months of H;S 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).

8dpcao1 =3.6 and an average IP L2-norm misfit (8djp) of
8dip 2020 =2.0, 8dip 2021 =1.5. The largest data misfits are ob-
served 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 and the equivalent change in
volume fraction of metallic particles (iron sulfides and iron ox-
ides). 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.). How-
ever, the centre of Line 3, which is next to the house, only im-
ages to ~100 m depth. The IP DOI reaches 100 m depth (ele-
vation = ~50 m.a.s.l.) along the southern extent of the survey
and 150 m depth (elevation = ~0 m.a.s.l.) towards the north-
ern extent of the survey. Similar to the decreased DC DOI at
the centre of Line 3, the IP DOI at the centre of Lines 2-5 near
the house and injection infrastructure falls above the water ta-
ble, limiting the IP data within 100 m of the house. Overall,
the DOI values are roughly 50 m deeper along the northern ex-
tent 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 negligi-
ble (Fig. 6, Supporting Information Fig. S5). The large range

Figure 6. Results of the time-lapse IP inversion recovering changes in
chargeability (m) and volume fraction of metallic particles (6,,) follow-
ing six months of H,S injection. The casings of the NN injection wells
(~200 m depth) are displayed as vertical lines and indicate the mini-
mum depth that H,S-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 inves-
tigation. 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).
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Figure 7. Results of the synthetic cross-hole modelling showing expected chargeability (m) change and the corresponding change in volume fraction
of metallic particles (fuvp) following 25 yr of injection into NN-4 (top row) and NJ-18 (bottom row). The NN-4 and NJ-18 injection fluids have H,S
concentrations of 77 ppm (D.A. Ciraula et al. 2024) and 481 ppm (I.M. Galeczka et al. 2022), respectively. The right plots show the time-lapse inversion
results of the predicted synthetic data with 2 per cent Gaussian noise added to the IP decays and the DC voltages. Solid lines indicate borehole casing,
dashed lines indicate the open boreholes and yellow dots within the boreholes indicate the electrode locations.

of chargeability magnitude plotted on the colourscale of Fig. 6
compared 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 V1) isolated chargeability change at the south-
ern 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
(Supporting Information Fig. S5). However, the 2021 Line 5 data
is notably noisy (Supporting Information Fig. S1) and the inver-
sion misfit is large compared to the other lines (6.1 versus 3-4),
suggesting that this increase could be due to noise, such as cou-
pling. Interestingly, the average injection rate of warm wastew-
ater into NN-5 in the six months leading up to the 2020 survey
was 62 Ls™!, compared to 38 Ls™! preceding the 2021 survey,
which could also contribute to the increase in resistivity. Over-
all, 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 H,S
injection.

4.5 Integrating cross-hole DCIP and reactive transport
modelling

Similar to the integration with surface DCIP, reactive transport
modelling 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 reac-
tive transport model predicts minor chargeability increases of
0.6 and 1.9 mV V! after 25 yr of injection of the NN-4 and NJ-18
H,S-charged waters, respectively [Figs 7(a)/(c)]. These charge-
ability 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 data sets
from 25 yr of H,S injection with 2 per cent Gaussian noise
added are shown in Figs 7(b) and (d). For the NN-4 injection
fluid, chargeability increases at the depth intervals are partially
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recovered within 25 m of the boreholes. However, the spatial
resolution is severely impacted by the background noise. More-
over, chargeability decreases of equivalent magnitude to the pre-
dicted increase (i.e. —0.5 mVV™!) are introduced due to the
background noise, making the interpretation of pyrite miner-
alization highly uncertain. Compared to NN-4, the larger pre-
dicted anomaly from the injection of NJ-18 fluids is better re-
covered. 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 durations is also tested through time-
lapse inversions of synthetic data from 5 yr of H,S injection
(Supporting Information Fig. S6). The inversion does not recover
the minimal expected chargeability changes (0.15 mV V1) from
the injection of NN-4 fluids. The chargeability changes from five
years of H,S injection into NJ-18 (0.5 mV V') are slightly bet-
ter 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 m from the boreholes, and the data noise
reduces the vertical resolution down the borehole.

5 DISCUSSION

5.1 Reducing artefacts from variable electrode placement

The synthetic modelling of the flexible inversion grid approach
presented here improves the resolution of time-lapse inversions.
The mid-point model mesh approach, constructed considering
the average location among the electrodes, represents a simple
yet effective approach to minimize artefacts introduced by vari-
able electrode placement between time-lapse electrical surveys.
Ultimately, this promotes higher resolution time-lapse imaging
and allows for more flexible field implementation of time-lapse
electrical surveys. Furthermore, this method could be applied
alongside other approaches that further decrease artefacts, such
as implementing array configurations that are less sensitive to
variable electrode placement (B. Zhou & T. Dahlin 2003), cor-
recting electrode location based on changes in apparent resis-
tivity (P.B. Wilkinson et al. 2010, 2015), and simultaneously in-
verting for electrode displacement and geoelectrical parameters
(J.H. Kim et al. 2014; M.H. Loke et al. 2018).

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 (C. Marieni et al. 2018; J.
Prikryl et al. 2018) and field studies (I. Gunnarsson et al. 2018;
D.E. Clark et al. 2020), the reactive transport model recovers ef-
fective H,S mineralization with 70 per cent of the total injected
H,S mineralizing during the first year of H,S injection. However,
the expected geophysical response from the H,S mineralization
resulting from the current injection system at Nesjavellir is min-
imal, suggesting that it cannot be detected with surface DCIP.
The results of the time-lapse IP collected at the Nesjavellir injec-
tion site confirm these findings, as the method does not recover
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changes indicative of H,S mineralization following six months
of H,S injection. The few observed changes are large and iso-
lated, with metallic particle volume fractions > 10 per cent, 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 re-
active 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 inter-
pret 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 H,S min-
eralization in a more quantitative manner, we calculate SNRs re-
sulting from various degrees of pyrite mineralization at different
depths throughout the model. The SNRs are calculated utilizing
the inversion sensitivity (Jacobian) matrix (J; ;), the data stan-
dard deviation o, the inversion model chargeability (m;) and
chargeability changes (Am;) in eq. (11).
Ji Ale Adi(AmJ-)

SNR; = e
(o] m]' (4]

amn

where the Jacobian is computed in the logarithmic parameter
space (i.e. J;j = #ﬁn,)) 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 decreas-
ing pyrite volume and increasing pyrite depth (Fig. 8). The sur-
face DCIP lacks resolution for bodies of pyrite with volume per-
centages < 1 per cent at depths greater than 100 m. Smaller
anomalies comprising 0.1 vol. per cent pyrite does not produce
a surface DCIP signal magnitude greater than the noise at any
depth. For larger anomalies comprising 10 vol. per cent pyrite,
the SNR slightly exceeds one for the mid-depth anomaly from
100-200 m depth (elevation —50-50 m.a.s.l.) and greatly exceeds
one for shallow anomaly depths from 50 to 150 m depth (eleva-
tion 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.1.).

These results quantitatively demonstrate the surface DCIP
method’s lack of resolution of the minute pyrite abundances
(< 4 x 107* per cent) 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 H,S mineraliza-
tion, but rather could indicate insignificant signal change, as
suggested by the reactive transport model. Based on the reso-
lution 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.
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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 res-
olution of shallow (a-d), mid-depth (e-h) and deep (i-1) H,S mineralization, as indicated by the anomaly extent in the top row labeled as pyrite. The
second, third and fourth rows are pseudo-sections of the signal-to-noise ratios for chargeability anomalies resulting from 10 per cent, 1 per cent and
0.1 per cent 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;).

5.2.3 Cross-hole DCIP monitoring

The synthetic 2-D reactive transport models presented in Fig. 7
suggest that cross-hole monitoring could be implemented to
monitor long-term H,S mineralization of highly concentrated
H,S-charged fluids like those injected using the Carbfix method.
The downhole electrode configuration in cross-hole surveying
enables the imaging of deeper H,S mineralization that is below
the imaging depth of the surface DCIP monitoring. Thus, the
method could be applied to enhance the spatial coverage of sur-
face and down-borehole monitoring efforts for H,S mineral stor-
age (D.A. Ciraula et al. 2024; L. 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 H,S mineral
storage. First, background noise limits the method’s ability to
quantitatively capture the expected response change at distances
greater than 25-50 m from the borehole. While low noise lev-
els (2 per cent) are modelled in this idealized synthetic study,
cross-hole surveys can be impacted by complex noise sources
that mask the polarization signal, such as geologic noise (J.X.
Zhao et al. 1986), electrode geometric errors (P.B. Wilkinson
et al. 2008), electromagnetic coupling (T.P. Gruszka & J.R. Wait

1989; Y. Zhao et al. 2015) and cylindrical borehole and casing
effects (C.J. Schenkel & H.F. Morrison 1994; B.S. Singer & K.M.
Strack 1998; J.L. Osiensky et al. 2004). In the case of injection
fluid into NN-4 with lower H,S concentrations, relative to the
NJ-18 Carbfix injection, smaller magnitude anomalies make in-
terpretation unreliable and further limit the spatial resolution
of the cross-borehole imaging (< 25 m). Secondly, implement-
ing cross-hole surveying can be impractical in the field as it re-
quires nearby boreholes, and the injection infrastructure at the
wellhead can impede the ability to place downhole electrodes.
Thirdly, shorter timescales, such as monitoring 5 yr of injection
(Supporting Information Fig. S6), do not produce a large enough
magnitude response change to be resolved by the geophysical
inversions, limiting the temporal resolution of cross-hole DCIP
monitoring of H,S mineralization. Lastly, factors other than the
pyrite volumetric fraction can potentially impact the field IP re-
sponse. While many studies show that the chargeability is pri-
marily a function of the metallic particle content (e.g. W.H. Pel-
ton et al. 1978; G. Gurin et al. 2013, 2015; A. Revil et al. 2015;
S. Hupfer et al. 2016), recent studies have shown varying de-
pendencies of the polarization response of metallic particles on
the size of the mineral grains (T. Martin & A. Weller 2023),
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geometry and orientation of the mineral grains (S. Izumoto
2023) and state of mineral surfaces (G. Gurin et al. 2019). These
dependencies may impact the polarization response in the field,
as laboratory experiments of H,S mineralization in basalts re-
covered various manners of pyrite mineralization (e.g. surface
coatings, discrete nodules, intergrowths within other secondary
minerals and in fractures within the basaltic glass) (H.T. Schaef
et al. 2013). Moreover, L. Lévy et al. (2024b) observed polariza-
tion decreases following an initial increase in wireline DCIP re-
sponse upon continuous H,S injection over 540 d at the Nes-
javellir 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.
G. Gurin et al. 2019), corrosion of the pyrite surfaces (e.g. E.
Placencia-Gomez et al. 2013) or connectivity of pyrite grains. Ul-
timately, these contributions are poorly constrained in the field,
and by not considering their potential degradation to the DCIP
response, the synthetic cross-hole modelling represents an ide-
alized field scenario. Further processes contributing to the IP re-
sponse are discussed in the following section.

5.3 Underlying processes contributing to the DCIP
response

The results of the DC resistivity and reactive transport modelling
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 charge-
ability response change. In terms of the IP signal, the reactive
transport model and DC resistivity data reveal key factors con-
tributing to weak IP chargeability responses associated with H,S
mineral storage in fractured basalts; (1) the depth at which the
mineralization occurs, (2) the widespread distribution of H,S
mineralization and (3) the geological changes occurring along-
side H,S mineralization.

5.3.1 IP Noise sources

Since data quality is a function of the SNR, characterizing data
noise is essential to evaluating IP as a monitoring method. The
noise distribution is assessed by mapping the average measure-
ment standard deviation along the survey lines, as shown in
Supporting Information Fig. S1. The average standard 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 indirect 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 infrastruc-
ture at the field site. Since this infrastructure is associated with
geothermal energy production and H,S 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 H,S mineralization depth

The depth at which most H,S mineralization occurs falls well be-
low the DOI recovered in the field data inversions. The induced
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electrical field is weaker at greater depths, resulting in less cur-
rent flow and smaller voltage responses. Additionally, the sensi-
tivity 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 monitor-
ing tool for H,S mineralization at Icelandic geothermal reinjec-
tion sites, as injection occurs at similar or greater depths than
the Nesjavellir wells studied here.

5.3.3 Distribution of H,S mineralization

The reactive transport model suggests that most of the in-
jected H,S mineralizes and that mineralization is widespread
throughout the injection reservoir. The highly permeable frac-
tured basalt host rock, identified through model calibrations (E.
Goémez-Diazet al. 2022; D.A. 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 to-
tal volumes limits the magnitude 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 H,S mineralization.
However, the magnetite and ilmenite dissolution is minimal, de-
creasing the chargeability by less than 0.01 mV V! over 25 yr
(Supporting Information Fig. S4). This suggests that these pro-
cesses are unlikely to influence the measured signal and thus
help clarify the geophysical monitoring in terms of reactive pro-
cesses.

The reactive transport model also suggests that smectite clays
precipitate upon basalt alteration. However, the impact of smec-
tite clays on the chargeability response of volcanic rocks is an
active area of research (e.g. L. Lévy et al. 2018, 2019a, b, c; A.
Ghorbani et al. 2018; A. Revil et al. 2017b, 2015)? One polariza-
tion model presented by A. Ghorbani et al. (2018) suggests that
smectite clays contribute to the background chargeability (m,)
in eq. (7) by:

_ D x A x CEC
" (¢ x )+ (Dg x B x CEC)’

my (12)
where D, denotes the grain density (2900 kg m~3), ¢ is the poros-
ity, o, is the fluid conductivity (measured injection fluid con-
ductivity = 0.07 Sm~! at 25°C), and B and A denotes two ef-
fective ionic mobilities for conduction and polarization (B(Na+,
25°C) = 3.1x107° m2s7 ! V! and A(Na+, 25°C) = 3.0x1071°
m~2s~! V1) (A. Ghorbani et al. 2018; A. Revil & M. Gresse
2021). L. Lévy et al. (2018) provides a relationship between the
weight fraction of smectites and the CEC measured of CEC =
90.6 x Wt.Fract.gmec.. Using this relationship in eq. (12), the
change in smectite content is transformed to an expected charge-
ability response following 0.5 and 25 yr of H,S injection. The re-
sults find little contribution to the chargeability response from
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the CEC of smectite clays (Supporting Information Fig. S4), as
anticipated for a system with low-salinity pore fluids and minor
smectite content (A. Ghorbani et al. 2018).

Alternative polarization models suggest that smectite reduces
the IP response due to an increase in electrical conduction
through interfoliar current paths in the smectite crystals, reduc-
ing the polarization at the fluid-mineral interface (L. Lévy et al.
2019a, c). 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 (L. Lévy et al. 2019a).
Additionally, field DCIP surveys in L. Lévy et al. (2019b) found
that lower overall resistivities due to smectite clays reduce the
measured voltage signals, thereby lowering the SNR and imped-
ing the collection of quality IP data. At Nesjavellir, decreased
resistivity values due to warm wastewater injection and sub-
sequent smectite precipitation are apparent between the 1985
and 2020 resistivity data sets. This presents further challenges
to resolving H,S mineralization due to the low SNRs of the sur-
face DCIP survey and the higher temperatures (90°C) and in-
creased 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 models presented here, relies on
the validity of petrophysical relationships. As such, uncertainty
in these relationships presents a key challenge to the effec-
tive integration of these approaches. For resistivity, future re-
search should focus on refining the relationship between the
smectite content, 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 vali-
date this relationship, particularly for its extrapolation to low
smectite contents and high permeabilities, as observed in this
study.

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
chargeability (W.H. Pelton et al. 1978; S. Nordsiek & A. Weller
2008; G. Gurin et al. 2013, 2015; A. Revil et al. 2015; S. Hupfer
etal 2016; L. Lévy et al. 2019a). However, as discussed previously
regarding challenges implementing and interpreting cross-hole
DCIP monitoring (see the discussion in Section 5.2.3), stud-
ies have also suggested a dependence of chargeability on other
factors such as the grain size of the metallic particles, min-
eral type and surface characteristics (e.g. G. Gurin et al. 2019;
L. Lévy et al. 2019a; T. Martin & A. Weller 2023). These addi-
tional factors impacting the polarization response, along with
uncertainties surrounding the influence of smectite on the po-
larization response, underscore the need to better constrain
the petrophysical relationships associated with the IP geophys-
ical method. Strengthening these relationships and working to-
wards a unified theory of the polarization mechanisms (e.g. M.
Biicker et al. 2018) will enhance the coupling between the IP re-
sponses at the field-scale and the subsurface processes driving
them.

6 CONCLUSIONS

This study investigated how field-scale reactive transport mod-
elling can be integrated with electrical geophysics to better un-
derstand the process of H,S mineral storage with both synthetic
modelling and a specific application case at the Nesjavellir study
site. Through the integration, we assessed, in particular, the abil-
ity of time-lapse DCIP to monitor H,S mineral storage. Time-
lapse surface DCIP, collected over 6 months of continuous H,S
injection, did not recover chargeability changes that would in-
dicate H,S mineralization. The joint interpretation with the re-
active transport modelling 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
H,S mineralization at Nesjavellir. Factors contributing to the in-
ability of surface DCIP to monitor H,S mineralization include
total pyrite volume fractions that are too small to produce de-
tectable IP responses, pyrite mineralization occurring too deep
(>200 m) for the surface DCIP survey to resolve changes, de-
creased IP resolution from low resistivities caused by the warm
injection water and smectite formation, and high fracture per-
meability leading to dispersed pyrite formation. While the sur-
face DCIP method cannot monitor H,S mineralization at the
Nesjavellir site, joint reactive transport-DCIP synthetic mod-
elling suggests that cross-borehole DCIP surveying is sensitive
to H,S mineralization at the field-scale. However, the synthetic
cross-hole DCIP modelling presented here represents an ideal-
ized case (i.e. low data noise, polarization controlled entirely by
metallic particle volume content and no degradation of the po-
larization response from smectite mineralization, pyrite grain
geometry or mineral surface passivation), and field implemen-
tation of cross-hole DCIP monitoring would require highly con-
centrated H,S-rich injection waters (i.e. Carbfix fluids) and long
injection durations.

This study also demonstrates how reactive transport mod-
elling can improve the geophysical characterization of the sub-
surface by constraining the processes underlying the geophys-
ical response. In the low-salinity system at Nesjavellir, the re-
active transport model suggests that the polarization response
is primarily driven by pyrite mineralization, and the impact of
other mineralogical changes associated with basalt alteration,
such as iron oxide dissolution and smectite precipitation, is sec-
ondary. However, the ability to accurately quantify the impact of
smectite formation on the chargeability is limited by uncertainty
in the underlying petrophysical relationships. Future studies
should prioritize further constraining these relationships and
the underlying polarization mechanisms in order to improve the
integration of process-based models with IP geophysics.

Since the start of geothermal wastewater disposal at the Nes-
javellir site, resistivity decreases from 1925 to 325 Q@m have been
identified in the vicinity of the injection wells. These larger con-
ductivities have the potential to further reduce the ability to re-
solve 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 10712 m?
in the shallow basaltic reservoir. This integration demonstrates
the value that time-lapse geophysics can add to validating reac-
tive transport parameters.
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