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ABSTRACT

Carbon dioxide storage through the carbonation of subsurface basaltic rocks is currently being explored to limit
carbon emissions to the atmosphere. Basaltic rocks, however, contain trace and toxic metals that could poten-
tially be mobilized by the carbonation process. This study reports the degree to which selected trace and toxic
metals were mobilized during CarbFix1 and CarbFix2 projects. CarbFix1 injected 175 tons of COy-charged water
followed by 73 tons of COz/HyS-charged water into basalts at 35 °C, whereas CarbFix2 continuously injected
COy/HyS-charged water into basalts at >250 °C. In most cases dissolved concentrations of Ba, Sr, Mo, Cu, Cr, Ni,
Cd, and Pb in monitoring well fluids remained low. Although these fluids are not intended for human con-
sumption, the aqueous trace element concentrations were generally below the WHO, EU, and Iceland drinking
water standards, except for Fe and Mn in CarbFix1. Aluminum and As concentrations exceeded these standards
during CarbFix2, but were elevated before injection. The low concentrations of most trace and toxic metals are
consistent with their removal by secondary processes, particularly co-precipitation into carbonate and sulfide
minerals formed during gas-water-basalt interaction. Solid precipitates recovered from CarbFixl show strong
enrichment of transition metals in calcite, consistent with natural and engineered analogues. As the two CarbFix
injections bound the lower and upper temperature ranges of likely mineral carbon storage efforts, these results
suggest limited risk of water contamination due to toxic and trace element release from subsurface basalts due to
the injection of dissolved CO2 and HsS.

1. Introduction

soluble geothermal gases from power plant exhaust by their dissolution
into water in a scrubbing tower adjacent to the gas source. The

The CarbFix1 injection occurred during 2012 near the Hellisheidi
geothermal power plant in Iceland with the goal to demonstrate an
efficient subsurface carbon and sulfur storage technology. The Hellish-
eidi power plant is owned and operated by Reykjavik Energy. Water
dissolved pure carbon dioxide (CO3) and then a water dissolved COo-
hydrogen sulfide (H2S) gas mixture was injected into 35 °C basaltic rocks
(Matter et al., 2016; Snabjornsdottir et al., 2017) for 10 weeks. The
project was upscaled in 2014 as the CarbFix2 project, where a portion of
the CO5 and HjS emissions from the power plant were captured and
injected into >250 °C geothermally altered basalts (Clark et al., 2020;
Gunnarsson et al., 2018). The CarbFix2 injection continues at present.
The CarbFix2 carbon and sulfur storage approach first captures the
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gas-charged water is then transported, at elevated pressure, to the in-
jection well, where it is co-injected into the subsurface with separated
geothermal brine, hereafter referred to as effluent water (Sigftisson
et al., 2018). The injection of the acidic gas-charged water into sub-
surface basaltic rocks accelerates rock dissolution. This both releases
divalent cations including Ca®*, Mg?", and Fe?" to the aqueous phase
and increases the fluid pH. These two processes provoke the precipita-
tion of stable carbonate and sulfide minerals leading to the long-term
storage of the injected CO and HjS (e.g., Gislason and Oelkers, 2014;
Oelkers and Gislason, 2023; Snabjornsdottir et al., 2020; Stefansson
etal., 2011). A similar approach to in situ carbon mineralization has also
been tested outside of Iceland. In 2013, nearly 1000 tons of supercritical
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CO4 was injected at the Wallula site in Washington, USA for 25 days
targeting the Columbia River basalts (McGrail et al., 2017a; 2017b;
White et al., 2020).

Co-injection of gases and water in basaltic rocks is an effective
method for the secure storage of CO, and H,S through their minerali-
zation. This process, however, may also lead to the mobilization of trace
and toxic elements. Trace and potentially toxic elements in basaltic
rocks (e.g., Wang et al., 2020; Wu et al., 2021; Linke et al., 2024) have
been observed to be released by basaltic rock dissolution in meteoric
water, especially during the early stages of gas-charged water-basalt
interaction while the pH is low (Flaathen et al., 2009; Galeczka et al.,
2013; Romano et al., 2024). The concentration of trace elements in the
liquid and vapor phases of geothermal fluids in basaltic terrains and
their controlling processes have also been extensively studied in Iceland
(Arnérsson and Andrésdéttir, 1995; Arnérsson and Oskarsson, 2007;
Kaasalainen and Stefansson, 2012; Kaasalainen et al., 2015; Libbey and
Williams-Jones, 2016; Marktsson and Stefansson, 2011; Olsen et al.,
2010; Stefansson and Arnorsson, 2005; Thomas et al., 2016), and else-
where (Aiuppa et al., 2000a; 2000b; 2005; Christensen et al., 1983;
Gurav et al., 2016; Karakaya et al., 2007; Migdisov and Bychkov, 1998).
Other studies have examined natural analogues of trace metal mobility
and scavenging during CO,-rich fluid-basalt interaction (Flaathen et al.,
2009; Galeczka et al., 2014, 2015; Gislason et al., 2002; Olsson et al.,
2014). Thomas et al. (2016) considered the potential implications of
trace and toxic metal mobility for carbon mineralization in Icelandic
geothermal reservoirs. Their study suggested that COs-rich fluids could
promote the dissolution of hydrothermal sulfide minerals, which are
enriched in trace elements including arsenic (As). These elements could
be transported in the aqueous phase potentially posing a hazard. In such
systems, the mobility of trace metals would depend on the amount of
dissolved inorganic carbon in the fluid, the fluid pH, and the presence of
secondary Fe-oxyhydroxides and clays.

The CarbFix1 and CarbFix2 injections provide the opportunity to
characterize the potential of acid gas-rich fluids to mobilize toxic and
trace metals from basaltic rocks at moderate (20-50 °C) and elevated
(250-280 °C) temperatures. In this study the toxic and trace element
concentrations have been measured in fluid samples collected from the
CarbFix1 monitoring well over a 2.5-year period spanning from before,
during, and after the two test injections, and in samples collected from
three monitoring wells at the CarbFix2 site over a 3.5-year period
spanning from before to during the continuous injection of the CO2/H,S-
charged water into the subsurface basalt storage reservoir. The purpose
of this article is to report on the measured concentrations of these fluids,
to better illuminate the fate of trace and potentially toxic metals during
CO4, injection into subsurface basalts, and to assess the degree to which
the release of toxic metals may be an environmental hazard. This study
also examines trace element uptake into calcite precipitates provoked by
basalt-CO; interaction.

2. Background
2.1. CarbFix1 project

The CarbFix1 project performed two gas-charged water injections
during 2012 into subsurface basaltic rocks via well HN-02, located three
km southwest of the Hellisheidi geothermal power plant (Fig 1). The
injection site is located at the periphery of a geothermal reservoir. The
first injection ran for 45 days from 24 January to 9 March 2012. In total,
175 t of pure CO, was injected. The second injection ran for 48 days
from 15 June to 1 August 2012. This second injection added 73 t of 75
mol % CO,, 24 mol % H,S, and 1 mol % hydrogen (Hy) to the subsurface
through HN-02. Throughout the CarbFix1 injections, water was pumped
at a rate of 7.2 m3/hr from well HN-01. This well is located about one km
west of the HN-02 injection well. The HN-01 water was used to fully
dissolve the gases within HN-02 via a sparger at a depth of 340 m. The
gas and water mixtures were carried down a mixing pipe to a depth of
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Fig. 1. Overview of the CarbFix injection sites near the Hellisheidi power plant.
Injection wells (blue) and monitoring wells (red) are labelled, along with the
surface expression of faults (dotted lines). The scrubbing towers were located
adjacent to the power plant. Modified from Clark et al. (2020).

540 m to where the hydrostatic pressure was above 40 bar with tem-
peratures of 20-50 °C (Sigftisson et al., 2015; 2024). Downhole camera
observations and onsite high-pressure sampling and measurements were
used to verify the complete dissolution of the injected gases into the
downflowing water prior to their arrival into the basalts. Alfredsson
et al. (2013) describes the surface geology of the site as olivine tholeiite
basalts, including hyaloclastic formations consisting of glassy volcanic
fragments.

Directionally drilled well HN-04 was used as the main monitoring
well and is located about 10 m west of HN-02 at the surface but accesses
a zone 125 m from this well at 520 m depth, where the target carbon
storage aquifer is located. Water was pumped from this well at the rate
of 3.5 m®/hr before and after the gas injection.

The major element concentrations of fluids collected from the HN-04
well were reported by Matter et al. (2016) and Snabjornsdottir et al.
(2017). They concluded that more than 95 % of the CO2 injected was
mineralized within two years of injection, and essentially all of the
injected HoS was mineralized within four months of its injection. The Mg
and Ca isotope compositions of these fluids were reported by Oelkers
et al. (2019) and Pogge von Strandmann et al. (2019), respectively.
These studies concluded that the Mg released from the basalt was largely
incorporated into clay minerals, while the Ca was largely incorporated
into carbonate minerals.

2.2. CarbFix2 project

The CarbFix2 project injected 23,200 t of CO, and 11,800 t of HsS
captured in dissolved water at the Hellisheidi geothermal power plant
into fractured, geothermally altered basalts from 2014 through the end
of 2017. This gas mixture injection is still ongoing at this site. The in-
jection site is located 1.5 km north of the power plant (see Fig. 1), where
the gas is injected to a depth of 750 m into a basaltic reservoir having
temperatures exceeding 250 °C. A description of the hydrology and the
alteration of the rocks at this depth before the CarbFix2 injection is re-
ported by Snabjornsdottir et al. (2018b), who also noted that the sub-
surface is dominated by hyaloclastic formations that vary from
crystalline pillow basalts to nearly pure volcanic glass tuffs.

Dissolved gas injection during CarbFix2 occurred in two distinct
phases, as described by Clark et al. (2020) and Sigftisson et al. (2018).
From 23 June 2014 to 15 July 2016, approximately 25 % of the exhaust
gas from the Hellisheidi power plant was processed through a scrubbing
tower. Approximately 56 % of the CO2 and 97 % of the HaS of the
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processed gas was dissolved into 20 °C condensate water (condensed
steam from the power plant) at a pressure of 5 bar and a water flow rate
of 30-36 L/s. The COy/HyS-charged condensate waters were then
transported by pipeline at 9 bar pressure to injection wells HN-16 or
HN-14. This gas-charged condensate was co-injected together with
effluent water into well HN-16, except from 14 July 2015 to 15 March
2016 when this fluid was injected into well HN-14. After 15 July 2016,
the scrubbing tower gas capture facility capacity was doubled, and the
resulting gas-charged condensate water was co-injected with effluent
water into well HN-16. In all cases the gas-charged condensate water
was injected separately into the well via a stainless-steel pipe located
within the larger main carbon steel casing of the well with a mixing ratio
of 30 % gas-charged condensate to 70 % effluent water (Clark et al.,
2018).

Fluid flow rates into the injection wells are reported by Sigftisson
et al. (2018) and the effluent and gas-charged condensate water com-
positions are reported in Clark et al. (2018). Three geothermal pro-
duction wells, HE-31, HE-48, and HE-44 (Fig. 1), were used as
monitoring wells. The major element concentrations of these fluids were
published by Gunnarsson et al. (2018) and Clark et al. (2020). Clark
et al. (2020) reported that the gas mixture injected into HN-14 from 15
July 2014 to 14 March 2015 flowed outside the CarbFix2 site and was
not observed in wells HE-31, HE-48, and HE-44. Both studies concluded
that the mineralization rates of the injected gases are accelerated by the
high temperatures. Clark et al. (2020) noted that carbon and sulfur
mineralization rates increased after the doubling of gas injection rates in
July 2016. The dissolved CO2 and H2S concentrations measured in the
collected reservoir fluids from the monitoring wells (Clark et al., 2020;
Gunnarsson et al., 2018) are comparable to the dissolved gas contents
measured in production wells prior to brine reinjection (Stefansson
et al., 2009).

3. Methods
3.1. Sampling and analysis

A total of 104 water samples were collected during 2011-2013 from
well HN-04 at the CarbFix1 site and 76 fluid samples were collected
during 2014-2017 from the three CarbFix2 monitoring wells, HE-31,
HE-48, and HE-44. All samples were collected and analyzed according
to methods described by Alfredsson et al. (2013), Snabjornsdottir et al.
(2017), and Clark et al. (2020), and are briefly reviewed here. The
CarbFix1 samples are single-phase liquid samples. These were collected
from a dedicated sampling valve located inside an on-site field labora-
tory. Owing to the high temperature of the fluids, the CarbFix2 samples
were two-phase vapor and liquid samples at ambient pressure. These
samples were first separated into two phases using a stainless steel
Webre separator connected to the well head. To prevent boiling during
sample collection, the separator was connected to a stainless-steel
cooling coil placed in a cooling bath, which brought the temperature
of the sample down to below 100 °C (Arnorsson et al., 2006).

It is anticipated that the addition of metals, such as cobalt (Co),
chromium (Cr), manganese (Mn), nickel (Ni), vanadium (V), and iron
(Fe), to the sampled fluids from the well materials is negligible. At the
CarbFix1 site, water was continuously pumped from the monitoring well
HN-04 during the entire monitoring period, resulting in thorough
flushing of pipes and casings. At the CarbFix2 monitoring wells, high
temperature water rapidly creates a protective coating between the fluid
and the steel well casings limiting metal release (Arnorsson et al., 2006).
Moreover, each monitoring well at the CarbFix2 site has its own cooling
coil and approximately 4-5 liters of geothermal fluid was flushed
through the Webre separator and cooling coil before the collection of
samples for major and trace element analysis (Clark et al. 2020).

Liquid samples collected for trace element analysis were filtered and
acidified with 1.0 vol % concentrated suprapure HNOs. Samples
collected during CarbFixl were analyzed using a Thermo Scientific
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ELEMENT XR Inductively Coupled Plasma-Sector Field Mass Spec-
trometry (ICP-SFMS) at ALS Scandinavia. Samples collected during
CarbFix2 were analyzed using a Thermo Scientific iCAPQc ICP-MS at
Leeds University. Analytical uncertainties on all measurements were on
the order of < 5 % and the detection limits are listed in the Supple-
mentary Material.

Rock samples were selected from drill cuttings of wells HN-04 and
HE-31 at different depths. Samples of calcite precipitates from the
CarbFix1 site were also recovered from the HN-04 pump in July 2013.
The HN-04 drill cuttings were analyzed using X-ray fluorescence at the
University of Edinburgh. The HE-31 drill cuttings and HN-04 pump
precipitates were sent to ALS Scandanavia, where subsamples were
pulverized and prepared using three different digestion methods: (a)
HNO;3; + HF microwave digestion, (b) HNO3 + HCl + HF microwave
digestion, and (c) lithium borate fusion followed by dissolution in tar-
taric acid/HNOj3 solution. The resulting solutions were analyzed by
High-Resolution (HR)-ICP-MS.

3.2. Calculation of the CarbFix2 sample fluid compositions

The three CarbFix2 monitoring wells used in this study are wet-steam
wells sometimes referred to as liquid enthalpy wells (Gunnarsson et al.,
2018). The calculation of the in situ water chemistry, therefore, requires
accounting for phase separation as the samples rose to the surface. This was
done by first determining the vapor fraction of the fluid at the sample
collection pressure. The vapor fraction of the fluid was calculated assuming
adiabatic boiling of the fluid from the reservoir to the sampling pressure
using the WATCH aqueous geochemistry speciation program (Arnorsson
et al., 1982; Bjarnason and Arnorsson, 2010). The reservoir temperature
was calculated using a quartz geothermometer equation (Gunnarsson and
Arnorsson, 2000), and its pH was determined with charge balance con-
straints in accord with Bjarnason and Arnorsson (2010).

Taking into account of the fraction of vapor in the fluid sample, the
reservoir fluid compositions were then calculated using

Ci.ﬂuid = Ci,liquid'(1 _X) + Ci,vapnr'X (1)

where C; designates the concentration of the ith element in the indicated
phase, and X stands for the mass fraction of the vapor phase at the
sampling pressure. Boiling and phase segregation may lead to the par-
titioning of some trace elements such as boron (B), As, copper (Cu),
mercury (Hg), molybdenum (Mo), and antimony (Sb) into the vapor
phase (Giroud, 2008; Glover, 1988; Heinrich, 2007; Kaasalainen and
Stefansson, 2012; Neely et al., 2018). Nevertheless, studies indicate that
most metals preferentially partition in the liquid phase under typical
geothermal conditions (Heinrich, 2007; Pokrovski et al., 2013). The
CarbFix2 wells discharge fluids at relatively low pressures (5.7 + 0.3
bar-g), making adiabatic boiling a reasonable assumption. Under these
conditions, metals are expected to partition predominantly into the
liquid phase. Thus C;yqpor Was assumed to be negligible in Eq. (1). Note,
however, that this assumption may slightly underestimate reservoir
dissolved element concentrations if some metals partitioned into the
vapor phase.

3.3. Rock dissolution and scavenging calculations

The amount of basalt dissolved into each collected water sample was
determined assuming stoichiometric rock dissolution. Assuming sodium
(Na) is not consumed by secondary phases after its addition to the fluid
phase, the mass of basalt dissolved into each collected water sample can
be estimated from

CNa.ﬂuid - CNa,bLu:kgn)und

Mpgsalr = iy 2
Na

where myq;, refers to the number of moles of basalt dissolved in each kg
of sampled fluid, Cygpackground Stands for the average Na concentration of
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the subsurface fluid samples collected prior to injection, and vy, desig-
nates the stoichiometric number of moles of Na element in the relevant
basaltic rock.

For this calculation it was assumed that one mole of basalt contains
one mole of silica (Si). For CarbFix1, the basaltic rock composition used
in the calculation was taken to be equal to the bulk chemical composi-
tion of drill cuttings collected from well HN-04 taken at 500 m depth
(Alfredsson et al., 2013). For CarbFix2, this composition was taken to be
equal to those of drill cuttings collected from well HE-31 taken at 1786
m depth. These depths correspond to the main feed zones identified at
these sites (Nielsson et al., 2007). Some trace elements (e.g., As, Co) in
the HN-04 drill cuttings were not measured; in the absence of these
values, they were assumed to be equal to those of HE-31 drill cuttings
collected from a depth of 1138 m. This was the shallowest depth for
which concentrations are available for well HE-31 drill cuttings. The
amount of each trace element expected to have dissolved from the basalt
into the fluids at both sites was thus computed.

The concentration of the ith element in the fluid phase due to stoi-
chiometric basalt dissolution, C; spichiomerric, Would then be equal to

Ci‘xtoichiometn'c = ViMpasalr (3)

where 1; signifies the stoichiometric number of moles of the ith element
in the basalt. Note this assumes that the elemental release is proportional
to that in the basaltic rock, rather than due to a preferential dissolution
of specific minerals.

The ratio between the concentration of an element measured in each
fluid sample divided by C; sichiomerric is assumed to be due to scavenging
by secondary minerals. These ratios, given as a percentage, were
calculated using

Coa:— C:
Scavenged (%) = (1 —M> x 100 4)

Ci. stoichiometric

3.4. Partition coefficient calculations

The trace element uptake by calcite from the CarbFix1 fluids can be
quantified using a partition coefficient, Py, calculated following that of
Olsson et al. (2014):

o XMe,s CMe.l

Py, =
e XCu.s CCa.l

(5)

where X s and X¢, s represent the mole fraction of the scavenged metal
and of Ca in the solid phase and Cy,; and C¢q; represent the molar
concentration of the metal and of Ca in the liquid phase. The values of
Cue used in this calculation was the average concentration of the five
water samples collected during June-July 2013.

A value of Py, >1 indicates the preferential incorporation of the
metal into calcite, while values <1 indicate its preferential exclusion.
Three data sets of partition coefficients are compared: (a) CarbFix1
calcite from pump precipitates recovered from the HN-04 in July 2013,
(b) natural travertines precipitated in Hvanna river (Olsson et al., 2014),
and (c) calcite scales sampled from the district heating network in
Selfoss, Iceland (Galeczka et al., 2021).

4. Results
4.1. Trace element concentrations of the CarbFix1 monitoring well fluids

The aqueous trace element concentrations of the fluids collected from
the HN-04 monitoring well before, during, and after the CarbFix1 in-
jections are reported in Table S-1 and also archived in Zenodo. The
temporal evolution of selected trace element concentrations of the sam-
ple fluids collected are shown in Fig. 2. Sampling began on 21 January
2011, prior to the pure CO; injection on 24 January 2012. The pure CO»-
charged water injection occurred from 24 January 2012 until 9 March
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2012. A discontinuous mixed gas injection occurred from 15 June 2012 to
1 August 2012. Note that pH, Al, and Fe values were previously reported
in Snezebjornsdottir et al. (2017) and reproduced here.

An increase in the fluid concentrations of barium (Ba), Co, Fe, Mn,
Ni, strontium (Sr), and zinc (Zn) is evident during both the initial pure
CO4 injection and the subsequent discontinuous CO2/HsS injection. The
transition metals Co, Ni, and Zn show a similar trend, while Fe exhibits a
prominent peak during the pure CO injection and a less prominent peak
during the mixed gas injection. During both gas injections, the aqueous
Fe concentrations of the sampled fluids are observed to be higher than
the European Union’s (EU) and Iceland’s drinking water health-based
guidelines (EU, 2020; Umhverfisraduneyti, 2018) as well as the World
Health Organization’s (WHO) Maximum Ideal Tasting Value for Fe
(WHO, 2023).

The elements Ba, Sr, and Mn exhibit similar temporal patterns with
concentrations peaking concurrently with the lowest measured pH
values (Fig. 2). Although the concentration of these elements decrease
after the arrival of the decrease in pH, after the second injection they
remain elevated compared to their pre-injection concentrations during
early 2013. Other trace elements analyzed do not exhibit a significant
response to the second breakthrough.

The Al and As concentrations and pH are observed to decrease during
the pure CO; injection, although changes in these concentrations are not
as prominent during the latter discontinuous mixed gas injection. The
concentrations of Cd, Hg, Pb, Ti and V, reported in Table S-1, were all
below the EU/Iceland drinking water health-based guidelines when
above the detection limit of the analytical methods.

4.2. Trace element concentrations of the CarbFix2 monitoring well fluids

The trace element concentrations of the fluids collected from the
three CarbFix2 monitoring wells, HE-31, HE-48, and HE-44, are re-
ported in Tables S-2 to S-4, respectively, with the full dataset deposited
in Zenodo. The temporal evolution of selected trace element concen-
trations of the sample fluids collected from 2014 to 2017 are shown in
Figs. 3-7. Fluid sampling began on 29 April 2014, prior to the start of
gas-charged water injection on 23 June 2014, with the amount of dis-
solved gas injected increased on 15 July 2016 (Clark et al., 2020).

The temporal evolution of the concentrations of the alkali metals
lithium (Li), rubidium (Rb), and cesium (Cs) are shown in Fig. 3. There
was a decrease in dissolved Li concentrations during 2017, about a year
after the gas injection rate was doubled. In contrast, the Rb concentra-
tions increased slightly over time, whereas dissolved Cs concentrations
show no significant change throughout the study period. The Sr con-
centrations of the fluids collected from all three sampled wells, shown in
Fig. 4, increased significantly during the time that Li decreased,
following the doubling of the gas injection rate. The Ba concentrations in
the sampled fluids collected from wells HE-31 and HE-48 decreased
slowly over time during the study period.

The concentrations of As, Mo, and Sb in the CarbFix2 fluids
decreased significantly one year after the start of gas injection as shown
in Fig. 5. The concentrations of As and Mo are largely close to or at their
respective detection limits after this time. This trend is less clear for Sb.
The Sb concentrations were below the detection limits during much of
2015 and 2016. There was a significant improvement in the analytical
detection limit for Sb mid-2016. Nevertheless, these data show a
continuous decrease in Sb concentration over time during the injections.
The As concentrations of the sampled fluids were higher than the WHO
guideline value for safe drinking water (WHO, 2023) before the in-
jections and briefly increased in all three monitoring wells when the
gas-charged mixture was injected into well HN-14 (Clark et al., 2020).
From 2015, As was at or below the WHO guideline value.

The Al concentrations of the fluid samples, originally reported in
Clark et al. (2020), are also plotted in Fig. 4, and show a decrease in
concentration over time during the study period, particularly in the
HE-31 monitoring well. The concentrations of this element showed little
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Fig. 2. Concentrations of Ba, Sr, Al, As, Mo, Co, Fe, Mn, Ni, and Zn in fluids from the HN-04 monitoring well prior to, during, and after the CarbFix1 injections. Light
and dark gray bars denote the CO, and CO/H,S injection periods, respectively. Red solid lines indicate the EU/Iceland drinking water health-based guideline for Fe
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change in response to the doubling of the gas injection rate in 2016. Note
that levels of Al before and throughout the entire injection period are
much higher than the health-based WHO drinking water limit (WHO,
2023).

The concentrations of the transition metals Cu, Ni, Mn, and Cr in the
sampled fluids throughout the study period are shown in Fig. 6. Small
fluctuations in measured Mn concentrations are evident. Measured Cu
concentrations are low and scattered but tend to decrease following the
increase in the gas injection rate, where the concentrations are close to
or below the detection limit. There was no clear trend in measured Ni
and Cr concentrations, although there was greater variation in these
concentrations after 2015. Fig. 6 shows that V concentrations slowly
decreased over time in fluids collected from HE-31, the monitoring well
closest to the injection wells, while the concentrations of this element
remained close to constant in the fluids collected from HE-48 and HE-44.

5. Discussion
5.1. Environmental impact of gas injections

Numerous dissolved trace metals, including As, Mo, Mn, and Al, are
considered toxic if present at elevated concentrations (World Health

Organization, 2023; European Union, 2020; Umhverfisraduneyti, 2018).
Maximum concentrations of these metals considered to be safe in
drinking water according to these guidelines are shown in Table 1.
Although the Hellisheidi fluids from both injection sites are not meant
for human consumption, a comparison of measured sampled fluid con-
centrations with the guidelines presented in Table 1 provides insight
into the potential environmental risks of the injection of CO5 + HsS into
basaltic rocks.

During the CarbFix1 injection at 35 °C, Fe concentration levels
spiked above both the WHO’s ideal taste threshold and the health-based
limits set by the EU and Iceland shortly after the arrival of the CO»-
charged water (see Fig. 2). These peaks, while short-lived, suggest the
potential for risks induced by the addition of CO: to this system. Addi-
tionally, three outlier Mn concentrations (Table S-1) surpassed the
WHO, the EU, and Iceland health-based limits. However, none of the
measured As and Cr concentrations surpassed the drinking water stan-
dards set by WHO, the EU, and Iceland. The same applies for the con-
centrations of cadmium (Cd), Cu, mercury (Hg), lead (Pb), and titanium
(Ti) reported in Table S-1. The concentrations of each of these elements
were all below the guidelines when above the detection limit of the
respective analytic methods.

At the CarbFix2 site at >250 °C, Mn concentrations remained below
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Fig. 6. Concentrations of V, Cr, Mn, Ni, and Cu in fluids from the HE-31, HE-48, and HE-44 monitoring wells before and during the CarbFix2 injections. Gray shading
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Table 1
Summary of maximum concentrations of various elements considered to be safe
for human drinking water.

Element World Health European Icelandic®
Organization® Union”
[uM] [pM] [um]

Aluminum 3.71-7.41¢ 7.41° 7.41¢
Antimony 0.164 0.082 0.041
Arsenic 0.133 0.133 0.133
Barium 9.47 - -
Beryllium 1.33¢ - -
Boron 222 139 92.5
Cadmium 0.027 0.044 0.044
Chloride 7050' 7050 ¢ 7050 ¢
Chromium 0.962 0.481 0.962
Copper 31.5 31.5 31.5
Fluoride 79.0 79.0 79.0
Hydrogen 1.47-2.94' - -
Sulfide 537" 3.58¢ 3.58¢
Iron 0.048 0.024 0.048
Lead 1.46° 0.910¢ 0.910°
Manganese 0.030 0.005 0.005
Mercury 0.730 - -
Molybdenum 1.19 0.341 0.341
Nickel 0.633° 0.253 0.127
Selenium 8700° 8700° 8700°
Sodium 2080' 2600° 2600
Sulfate 0.126 0.126
Uranium 45.9' -
Zinc

& WHO, 2023.

b EU, 2020.

$ Umbhverfisraduneyti, 2018.

4 Health-based limit.

¢ Provisional Limit.

f There is no health-based guideline currently proposed. The value shown is
the tasting threshold for consumers, concentrations above may affect accept-
ability of drinking water (WHO, 2023).

the WHO guideline limit throughout the study. In contrast, As concen-
trations were above these guidelines before and during the first months
of the injection. Afterwards they remained mostly close to the WHO
guideline limit (Fig. 5). The Al concentrations were above health-based
concentration limits before and during the injection, but the concen-
trations decreased over time in all three monitoring wells (see Fig. 5).
Two of the elements, Cr and Ni, were observed to surpass WHO, EU, and
Icelandic guideline limits in a single outlier sample (15-5132 in Table S-
2a not shown in Fig. 6) but otherwise remained well below guidelines
(Fig. 6).

Overall, despite some transient exceptions, no metal concentrations
were observed to surpass the drinking water limits over the long-term
except for Al concentrations, which were already above drinking
water limits prior to the gas injection. These results suggest that while
CO: injection into basaltic formations is unlikely to cause sustained
water contamination, continued monitoring may be necessary to assure
groundwater quality. The differences in the measured trace element
concentrations between CarbFix1 and CarbFix2 indicate that tempera-
ture and pH strongly influence trace metal mobility.

5.2. Mass of dissolved basalt and scavenging potential of subsurface
reactions

In this study, Na concentrations was used as a baseline to assess the
fate of trace elements released during the injection of water dissolved
pure CO, and CO9/H,S mixtures into basalts. The mobilization of Na
occurs primarily due to the dissolution of Na-bearing silicate minerals
and glasses, and it is negligibly incorporated into secondary phases. Na
is thereby a useful proxy to estimate water-rock interaction due to its
high mobility (Gislason et al., 1996).

The mass of basalt dissolved into each water sample, expressed as
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moles of basalt dissolved per kg of fluid sample, was calculated assuming
stoichiometric basalt dissolution. This was calculated according to Eq.
(2) using the measured Na concentrations for CarbFix1 reported in
Matter et al. (2016) and Snabjornsdottir et al. (2017) and for CarbFix2
reported by Gunnarsson et al. (2018) and Clark et al. (2020). The results
of these calculations are shown in Figs. 7 and 8 for CarbFixl and
CarbFix2, respectively. These values were used to calculate the per-
centage scavenged using Egs. (3) and (4) together with the concentra-
tions of each element in the measured water samples The results of this
calculation are shown in Figs. 9 and 10.

Basalt dissolution varied continuously over time at the CarbFix1
monitoring well HN-04 (Fig. 7). A noticeable increase is evident shortly
after the first pure CO5 injection started. This early increase coincides
with increasing concentrations of the sulfur hexafluoride (SFg) tracer,
consistent with the arrival of the gas-charged water after enhanced
water-rock interaction. Dissolution peaked early 2013, indicating
continued basalt dissolution even after the injections ceased. The mass
of basalt dissolved correlates well with the SFg tracer concentrations,
which peaked in January - February 2013 (Matter et al., 2016), and with
the maximum calcite precipitation rates, estimated to have occurred in
October — November 2012 (Pogge van Strandmann et al., 2019).

Basalt dissolution at the CarbFix2 site (Fig. 8), generally increased
over time when the gas-charged fluid was continuously injected into
well HN-16, then declined when the gas-charged fluid was diverted
away from these wells by the HN-14 injection, as shown in Fig. 8. The
calculated mass of basalt dissolved increased again during the second
phase of injection of CarbFix2 in wells HE-31 and HE-48, when the
amount of CO, and H,S injected was doubled. The calculated mass of
basalt dissolved differs among the three monitoring wells, reflecting the
distinct distances between the injection and monitoring wells and the
relative concentration of the gas-charged water, with HE-44 showing the
lowest basalt mass dissolved. These trends reflect the carbon and sulfur
mineralization rates calculated by Clark et al. (2020).

To evaluate the robustness of the stoichiometric basalt dissolution
calculations, these calculations were repeated using Cl concentrations in
the place of sodium in Eq. (2) (see Figs. S-1 and S-2 in the Supplementary
Materials). Unlike Na, Cl is not a major constituent of basalt but behaves
conservatively in geothermal fluids (Arnodrsson, 2000). The Cl-based
results yield the same temporal patterns as the Na-based results,
particularly in CarbFix1, although the absolute magnitudes differ and
some negative values occur. These variations likely reflect fluid mixing
and injection-related dilution rather than mineral dissolution, thus the
results of the Cl-based calculation support using Na to estimate the mass
of basalt dissolved in the CarbFix systems.

The maximum calculated basalt mass dissolved in the sampled
CarbFix1 and CarbFix2 fluids was similar and approximately 9 mmol per
kg water. This result may be somewhat surprising as the temperature of
the CarbFix1 basalts was approximately 35 °C whereas that of CarbFix2
was >250 °C. The similarity in the maximum basalt mass dissolved
suggests that Na may not have been fully mobile in the higher temper-
ature system. Notably plagioclase is altered to albite and wairakite at
temperatures >280 ° (Snabjornsdottir et al., 2018a). This possibility is
also consistent with the saturation states of albite and wairakite reported
by Clark et al. (2018).

The calculated scavenging percentage of selected trace and toxic
elements in the collected CarbFix1 and CarbFix2 (well HE-31) fluids are
presented in Figs. 9 and 10, respectively. Note the results of the HE-48
and HE-44 CarbFix2 wells are presented in Figs. S-3 and S-4 in the
Supplementary Materials. In these figures a 100 % scavenging indicates
that all of the element released to the fluid phase by basalt dissolution
has been removed from the fluid phase and retained in the subsurface. A
high scavenging percent is found for all measured elements. A scav-
enging percentage greater than 100 % indicates that the injection of the
gas-charged water lowered the concentration to below its background
reinjection value. The large scavenging percentages observed for most
studied elements demonstrate the effectiveness of subsurface processes
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to remove these elements from the fluid phase over time. This high
degree of scavenging is also supported by experiments conducted by
Galeczka et al. (2013) and Romano et al. (2024). Note that these scav-
enging magnitudes are sensitive to the chosen pre-injection baseline,
which was taken to be the average of fluids sampled before the gas in-
jections reached the monitoring wells.

The behavior of the measured trace elements in the CarbFix2 samples
from well HE-31 contrasts somewhat with those of the CarbFix1 fluids
from well HN-04. The transition metals Fe, Mn, Cu, and Ni, as well as Al
are nearly completely scavenged from the subsurface fluids as was the
case for CarbFix1. The As exhibits substantial scavenging in the Carb-
Fix2 system, with many values exceeding 200 %. Similar to Mo and Sr,
As concentrations tend to decrease after injection in all three wells
(Fig. 5). This indicates that As was efficiently removed under high-
temperature conditions. A few lower As concentration values appear
in the dataset, which may reflect sensitivity to the chosen pre-injection
baseline and/or the solubility of arsenopyrite at >250 °C (Pokrovsky
et al., 2002), despite the likely precipitation of pyrite in the system
(Clark et al., 2020). The monovalent cations Li, Rb, and Cs, together
with the divalent cations Sr and Ba, were scavenged to a lesser extent
compared to most other elements, although their median scavenging
values remain close to 100 % (Table S-6). These elements are also
typically present in high concentrations in geothermal fluids (e.g., Liu
et al., 2025).

Despite the extensive studies on the mobility and scavenging of trace
elements, particularly in Iceland (Flaathen et al., 2009; Galeczka et al.,
2014; 2015; Gislason et al., 2002; Olsson et al., 2014; Thomas et al.,
2016), there is still limited thermodynamic data available to quantify
the fate of most trace elements released to subsurface waters.
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Fig. 7. Temporal evolution of calculated basalt dissolved mass per kilogram of
water at well HN-04 (CarbFix1 site) based on Na concentrations. Shaded re-
gions denote periods of gas-charged water injection.
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Nevertheless, there are a large number of observations of the behavior of
these trace elements in natural systems. A summary of the minerals
observed to take up various elements is provided in Table 2; a similar
review was provided by Kassalainen et al. (2015). This review suggests
that most trace elements are taken up as impurities in carbonate, sulfide,
or clay minerals. In addition, adsorption onto mineral surfaces and
cation exchange processes are known to influence the mobility of both
anions and cations in groundwater and soil water. The observed de-
creases in elements like As, Mo, and Al in the CarbFix2 fluids are
consistent with adsorption playing a role alongside mineral precipita-
tion (Appelo and Postma, 2005).

According to Kassalainen et al. (2015), the divalent cations Ba and Sr
are likely largely taken up by Ca carbonates and the elements As, Mo, Sb,
Cu, Cr, and Ni could be taken up by sulfides, such as pyrite (Abraitis
et al., 2004; Thomas et al., 2016). Such incorporation has also been
documented in numerous natural and experimental systems, for
example, the uptake of trace metals into calcite in Hvanna, a river near
Eyjafjallajokull (Olsson et al., 2014), and the enrichment of transition
metals in Icelandic pyrite (Libbey and William-Jones, 2016). The sys-
tematic decrease and high scavenging percentages observed for many of
these elements in the CarbFix2 fluids are consistent with their removal
by their co-precipitation into these mineral phases.

In contrast, the monovalent cations Li, Rb, and Cs are commonly
taken up by clay minerals such as smectite at low-temperature condi-
tions. The results of the present study, however, suggest that these clays
are not effective scavengers in the high-temperature CarbFix2 system. At
these temperature conditions, chlorite formation is favored over smec-
tite (Kristmannsdottir, 1979), and the chlorite mineral structure
apparently does not readily incorporate large monovalent cations.

The CarbFix1 and CarbFix2 results also show that trace element
behaviour differs between lower temperature (35 °C) and higher tem-
perature (>250 °C) systems. Both systems are characterized by ongoing
water-rock interaction where the arrival of CO2- and CO2/H2S-charged
water shifted fluid pH and mineral equilibria, leading to distinct changes
in element concentrations. In CarbFix1, where the gases were injected
only for limited periods, several elements, notably Ba, Sr, Mn, Fe, Co, Ni,
Zn, increased in concentration during injection, coinciding with lower
pH values, even though they were subsequently somewhat scavenged. In
CarbFix2, where the gas injection has been largely continuous, elements
including As, Mo, Sb, Al, Cu, and V generally decreased in concentration
after injection, while Li, Rb, Cs, and in some cases Sr and Ba, showed
little change. These differences suggest that both temperature and gas
injection mode influences trace element mobility, but the present
dataset does not allow these effects to be separated.

Similar patterns of trace element mobilization have been reported in
other CO>-water-rock systems. Aiuppa et al. (2000a) documented
enhanced metal release in basaltic aquifers at Mt. Etna (Italy) due to
volcanic CO: input, with concentrations largely controlled by pH and
secondary mineral equilibria. Romano et al. (2024) showed that basalt
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dissolution under COz-rich conditions leads to transient increases in Al,
Fe, and transition metal concentrations, followed by a decrease as sec-
ondary phases precipitate. Experiments simulating CO- leakage into
sub-seafloor sediments also indicate significant increases in Fe, Co, Pb,
Zn, and Cu concentrations driven by acidification and reductive disso-
lution of Fe-Mn oxides (Dolores Basallote et al., 2020). Likewise,
COy-brine-sandstone experiments demonstrate that trace metals such as
Cd, Pb, and Mn can be mobilized above drinking-water standards,
particularly under saline conditions, before being partially immobilized
as alkalinity increases (Jean et al., 2019). These results, together with
those of the present study, suggest the risks of trace and potentially toxic
metal mobility stemming from subsurface CO, injection are likely
limited.

5.3. Partition coefficients in calcite precipitates

While scavenging calculations indicate that trace elements are effi-
ciently removed from the aqueous phase, partition coefficients provide
direct evidence of their incorporation into calcite precipitates. Trace
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Table 2
Mineral types hosting trace elements”.

Element Carbonate Sulfide Sulfate (Hydr)oxides Clay/Si-minerals
As X X?

Ba X X X?
cd X

Co X

Cr X

Cs X
Cu X X X X

Fe X X? X
Li X
Mo X X? X
Mn X X X? X
Ni X X X
Pb X X X?

Rb X
Sb X X

Sr X X X
A% X X

w X

Zn X X X?

2 Based on: Abraitis et al. (2004), Arnérsson and Ivarsson (1985), Ballantyne
and Moore (1988), Berget al. (1988), Christensen al. (1983), Exley (1982),
Fridriksson et al. (2009), Galoisy et al. (1995), Goguel (1983), Gurav et al.
(2016), Hardardottir et al. (2010), Kassalainen and Stefansson (2012), Kassa-
lainen et al. (2015), Kendall et al. (2017), Libbey and William-Jones (2016),
Marks et al. (2010), Neely et al. (2018), O’Day (2006), Olsson et al. (2014),
Thomas et al. (2016).

Table 3

Partition coefficients (Py) for trace and major elements in calcite, calculated
using Eq. (5) (after Olsson et al., 2014). Values are shown for HN-04 pump
precipitations from CarbFix1, natural travertines from the Hvanna river, and
calcite scales from the Selfoss district heating network. Py, >1 indicates pref-
erential incorporation into calcite, while values <1 indicate exclusion relative to
Ca.

Carbfix1 Pump Samples Hvanna travertine” Selfoss
cco1 CCo2 Min. Max. Calcite”
Al 0.185 0.118 1 12.4 0.429
As 0.000091 0.000161 0.0890
B 0.00668 0.00206 0.00208
Ba 1.67 0.775 0.63 1.2 0.350
Ca
Ccd 6.12 8.50 4.5 51 0.547
Co 5.47 2.30 1.4 2.8 9.49
Cr 74.5 13.8 54.2
Cu 7.8 50 14.3
Fe 96.7 61.6 0.93 50 13.1
Hg 0.0454 0.0420 2.05
K 0.000708 0.000320 0.00120
Mg 0.0667 0.0562 0.012 0.018 0.526
Mn 8.72 11.0 3.4 13.1 15.4
Mo 0.0341 0.0183 0.0159
Na 0.000087 0.000062 0.00069 0.004 0.000064
Ni 15.2 2.21 0.15 0.44 1.70
Pb 9.27 3.90 51.2
SiO4 0.00711 0.00608 0.00305
Sr 0.129 0.135 0.26 0.37 0.068
Ti 4.25 2.76 1.9 11 0.674
A% 0.145 0.0584 1.12
Zn 55.9 14.6 0.9 16 0.915

2 QOlsson et al. (2014)
b Galeczka et al. (2021).

element concentrations of the HN-04 pump precipitates collected during
CarbFixlare presented in Table S-7 in the Supplementary Material.
Partition coefficients calculated from these data are shown in Table 3
and Fig. 11, together with corresponding values for natural travertines
(Olsson et al., 2014) and Selfoss calcite scales (Galeczka et al., 2021).
The HN-04 pump calcite shows enrichment for several chalcophile
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and transition elements when normalized to the HN-04 fluid from
June-July 2013 (Cr, Fe, Mn, Ni, Zn, Pb, Co; Py, >1). In contrast, the
partition coefficients for Sr remains <1 and Ba straddles unity, while As,
Na, K, and Mg are consistently <1. Nevertheless, these results show that
CO:2 mineralization as calcite can immobilize a number of trace and toxic
metals liberated by basalt dissolution.

The Selfoss calcite scales are similar to those of the CarbFix1 car-
bonates, with Py >1 for Cr, Cu, Fe, Mn, Ni, Pb, and Zn (Galeczka et al.,
2021). That study concluded that much of the metal uptake occurs
within the calcite matrix via fine sulfide inclusions, rather than by lattice
substitution alone. The similarity in enrichment patterns between Self-
oss and HN-04 suggests that analogous processes may operate during the
CarbFix1 injections. The calcite in travertines is formed due to the
natural degassing of COz (Olsson et al., 2014). This might explain the
significant differences in the partition coefficients retrieved from the
travertine deposits compared to those of the CarbFix1 system for ele-
ments such as for Fe, Ni, and Zn.

6. Uncertainties

The major source of uncertainty in the scavenging calculations pre-
sented above originates from the heterogeneity of the subsurface basalts.
Table S-5 provides the measured compositions of basalt cuttings
collected from the HN-04 well at a depth of 500 m, well HE-31 at a depth
of 1789 m, and Stapafell basaltic glass. This latter Icelandic glass has
been widely used in laboratory experiments and is close to Mid-Ocean
Ridge Basalt (MORB) composition (e.g., GERM, 2000, Oelkers and
Gislason, 2001, Gislason and Oelkers, 2003). The trace element com-
positions of these three Icelandic basalts vary substantially; for example,
the Ni concentrations range from 58 to 237 ppm, the As concentrations
range from 0.126 to 2.5 ppm, and the Cr concentrations range from 120
to 752 ppm. In contrast, despite varying injection and production rates
of the CarbFix2 wells (Ratouis et al., 2022), the collected fluid samples
are likely well mixed in the subsurface and are relatively homogeneous,
as evidenced by their systematic behavior. The adoption of a single trace
element composition of the subsurface basalts and the assumption of
stoichiometric basalt dissolution, makes the dissolution rates and scav-
enging percentages calculated in this study to be qualitative rather than
quantitative. Nevertheless, this limitation does not invalidate the con-
clusions of this study that (a) the large percentage of numerous trace and
potentially toxic metals are retained in the subsurface during
CO,/HsS-water-basalt interaction and (b) that the concentrations of
trace elements and potentially toxic waters resulting from this interac-
tion are largely below recommended drinking water limits over the
timeframe of the experiments.

7. Conclusions

The results and discussion presented above indicate that most trace
and potentially toxic elements are efficiently scavenged during the in-
jection of COy and CO,/HsS-charged water into basaltic reservoirs.
Secondary processes, likely dominated by mineral precipitation but with
possible contributions from adsorption and cation exchange, lead to the
efficient removal of many dissolved elements, even under strongly
perturbed pH conditions. The observed concentration decreases and
high scavenging percentages for divalent cations and transition metals
are consistent with their co-precipitation into secondary carbonates and
sulfides, which are known to incorporate these elements in past studies.
Partition coefficient calculations also confirm that calcite is one of the
main sinks, at least during CarbFix1, with preferential incorporation of
transition metals consistent with both natural and geothermal
analogues.

Nevertheless, some elements displayed short-lived concentration
increases during injection. In the 35 °C CarbFix1 system, where the gases
were injected for a limited time, several metals increased in concen-
tration before later decreasing. In contrast, in the >250 °C CarbFix2
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Fig. 11. Partition coefficients (Pye) of calcite precipitates from solids collected from the CarbFix1 injection well pump, Selfoss district heating scales (Galeczka et al.,
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system, where gases were injected continuously, the concentration of
most dissolved elements are altered. Notably, in this latter system, Al
concentrations remained elevated and As showed strong scavenging
throughout the study period.

The findings in this study demonstrate that trace element mobility
during carbon storage in basalts depends on both temperature and mode
of gas injection. While the long-term risk of contamination appears
limited, the concentration of many increases, at least temporally, in
response to dissolved CO; injection. This suggests that the monitoring of
potentially toxic elements should be included in best practice moni-
toring strategies for future mineral storage projects.
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