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Acronyms

Definitions

1-ns

1-naftalenesulfonic acid

CO2

Carbon Dioxide

DIC

Dissolved Inorganic Carbon

H2S

Hydrogen Sulfide

HPCFR

High-Pressure Column Flow Reactor

HPLC

High-Pressure Liquid Chromatography

ICP-MS

Inductively Coupled Plasma Mass Spectrometer

ICP-OES

Inductively Coupled Plasma Optical Emission
Spectrometry

P

Pressure

PFA

Perfluoroalkoxy

PFTE

Polytetrafluoroethylene

T

Temperature

WP

Work Package
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1

Introduction

Deliverable 4.6 reports the “quantification of CO2 fixation in CarbFix samples under various
geological conditions” as conducted within the S4CE consortium. This report will summarize
the experimental evidence, both from field observations and from lab analysis, regarding the
possible fixation of CO2 into minerals. The relevance of the work consists in potentially
extending the application to other field sites.

1.1 General context
S4CE has collaborated with CarbFix for the completion of this Deliverable, as planned in the
original proposal. There are two CarbFix sites located at the Hellisheiði geothermal plant in
Southwest Iceland, as seen in Fig. 1. While the sites’ activities are coordinated by Reykjavik
Energy, the geothermal power plant’s operations are run by ON Power, a subsidiary of
Reykjavik Energy. Test injections of CO2 and H2S into basaltic rock reservoirs were conducted
at the original CarbFix site in 2012 in order to prove the feasibility, safety, and efficiency of
underground storage of the gases as minerals, and to optimize monitoring of this process
(Matter et al., 2016, Snæbjörnsdóttir et al., 2017). Those exploratory injections were then
upscaled and integrated into the daily operations of the geothermal power plant at an
industrial site in 2014, referred to as the CarbFix2 site (Gunnarsson et al., 2018, Clark et al.,
2020). A short history of the project can be found in Gíslason et al. (2018). Continuous
monitoring of the fluids at both sites allows for the detection of any induced changes in the
fluid’s chemical composition related to the gas plume dispersion in the reservoirs and its
subsequent reaction with the surrounding basaltic rocks. Fluid samples as used in the present
report are denoted as either CarbFix or CarbFix2, thus referring to which site they were
obtained from.
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Figure 1: Map depicting the CarbFix and CarbFix2 sites at the Hellisheiði Geothermal Power Plant in SW Iceland. The plant’s
production wells are in red and injection wells in blue. Modified from Clark et al. (2020).

1.1.1 CarbFix Pilot Site
The original CarbFix site is located 3 km SW of the Hellisheiði geothermal plant (Fig. 1). During
this pilot phase, two slug gas injection tests took place. The first one involved the injection of
175 tons of pure commercial CO2 from January to March 2012; the second one 73 tons of a
CO2-H2S mixture captured and purified at the plant between June and August 2012 (Matter
et al., 2016). Forced flow was induced by the continuous injection of brines in HN-2 and
production at well HN-4 from 2011 to 2014. Water pumped from well HN-1 was co-injected
with the gas in well HN-2 to a depth of 340 m, where it was released in the downflowing water
through a sparger. The mixture was then carried down to 540 m through a mixing pipe, where
the gases fully dissolved in the water as the hydrostatic pressure exceeded 40 bar (Sigfússon
et al., 2015). The aquifer targeted flows through a permeable formation composed of altered
tholeiitic lava flows (400-800 m) with a porosity of 8.5% (Aradóttir et al., 2012), which are
overlain by a glassy hyaloclastite formation of low permeability (Alfredsson et al., 2013).
Secondary minerals such as smectite, calcite, and Na-zeolite are the most abundant alteration
phases at these depths. The hydrology of the system was investigated prior to the gas
injections with tracer tests and reported by Khalilabad et al. (2008) and Aradóttir et al. (2012).
Tracer tests indicated two breakthroughs; while the water mainly travels by homogeneous
porous flow, there is also a fast-flow path that channels 3% of the injected fluid volume
through the formation.
The composition of the HN-4 samples between 2012 and 2014 are published in four articles:
1) Major elements: Matter et al., 2016; 2) Snæbjörnsdóttir et al., 2017; 3) Mg isotopes:
Oelkers et al., 2019; 4) Ca isotopes: Pogge von Strandmann et al., 2019. Snæbjörnsdóttir et
PU
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al. (2018) also reported reaction path modelling of in-situ CO2 mineralization. These studies
estimated the quantity of CO2 and H2S captured between the injection well and the
monitoring well. Matter et al. (2016) interpreted the evolution and arrival of the carbonenriched plume from the analysis and evolution of several inert tracer (14C, SF6, and SF5CF3)
concentrations and the associated variation of pH and dissolved inorganic carbon (DIC)
content. The DIC measured is much lower than that expected from simple mixing of the
injection waters in the aquifer (non-reactive transport). From this observation, Matter et al.
(2016) estimated that over 95% of the CO2 injected had been trapped in carbonated mineral
in less than two years after injection (see Fig. 2).

Figure 2: Comparison of calculated and measured DIC and 14C concentrations in the target CO2 storage formation fluid at
the original Carbfix site. Time series of expected (solid circles) versus measured (open squares) DIC (mol/liter) in monitoring
well HN-4, indicating > 98% mineral trapping of injected CO2. The shaded area indicates the phase I and II injection periods.
From Matter et al. (2016).

Snæbjörnsdóttir et al. (2017, 2018) expanded these results by detailing the evolution of major
elements as well as the saturation indexes of a large range of minerals over time. Major
cations concentrations (Ca, Fe, Mg) are positively correlated to the variation of DIC and anticorrelated with pH, depicting the effect of the carbon-rich water injection (Fig. 3). These
cations are released by the dissolution of the surrounding basalt upon arrival of the plume
and seem to be captured fast after (Snæbjörnsdóttir et al., 2017). Snæbjörnsdóttir et al.
(2018) model of the CarbFix site suggests the formation of a sequence of carbonate minerals:
siderite at pH < 5, then Mg-Fe carbonates and Ca-Mg-Fe carbonates, and calcite at pH > 8.
Besides carbonates, Al- and Fe-hydroxides and chalcedony are also modelled to form as well
as zeolites and smectites at higher pH. Snæbjörnsdóttir et al. defined a “sweet spot” for
mineralization of CO2 at 5.2 < pH < 6.5 in basalts at low temperature (20-50 °C). They also
described and quantify the capture of sulfur with the method used for carbon by Matter et
al. (2016). Sulfur entrapment appears to be more efficient as not even a peak in H 2S
concentration was detected at the monitoring well after injection, suggesting that all was
mineralized very rapidly.
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Figure 3: Concentrations of a) SF6 and SF5CF3 non-reactive tracers; b) DIC along with fluid pH calculated at in situ temperature
(35°C), c) total dissolved sulfur and H2S(aq) in samples from monitoring well HN-04 prior to, during, and after the injection of
pure CO2 and mixed CO2/H2S gas into the original CarbFix site. The timing of both gas injections is indicated by grey bars. The
detection limit of the H2S concentration measurements is 0.3 µmol/L and is indicated as a dotted line. From Snæbjörnsdóttir
et al. (2017).

Oelkers et al. (2019) and Pogge von Strandmann et al. (2019) used Mg and Ca isotopes,
respectively, to assess the formation of key minerals. Stable isotopes are fractionated by
processes such as dissolution and precipitation of specific minerals, and their evolving
composition throughout injections were interpreted as the reflection of clay formation for
Mg, and calcite formation for Ca. Oelkers et al. (2019) suggests that more than 70% of the Mg
released by basalt dissolution is entrapped in Mg-clays over the study period. Meanwhile,
Pogge von Strandmann et al. (2019) concluded that 72 ± 5 % of the CO2 injected was
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mineralized into calcite, suggesting that the remaining quantity of CO 2 is captured in other
carbonates.
1.1.2 CarbFix2 Industrial Site
The pilot injection in CarbFix demonstrated the efficiency of carbon and sulfur capture in
basaltic environment. The injection was then upscaled to an industrial and continuous mixed
gas injection starting from June 2014. This activity has been referred to as CarbFix2.
The injection site is located 1.5 km north of the Hellisheiði geothermal plant and targets a
hotter and deeper formation than the one used for the pilot study. The gas-charged water is
released mainly between 1900 and 2200 m in depth, where the temperature is estimated to
be 260-280 °C (Gunnarsson et al., 2018). The reservoir is composed mostly of hyaloclastitic
rocks interlayered by a few lava flows and intersected by intrusive rocks that become
dominant below 1700 m. Emplacement of intrusions generated a fracture network that
greatly contributes to the formation’s permeability. Olivine tholeiite is the most abundant
rock of the area. At the targeted injection depths, alteration phases are commonly found as
calcite, chlorite, and epidote, along with prehnite, sulfides, wollastonite, and actinolite
(Snæbjörnsdóttir et al., 2018b).
Water and gas mixtures are injected in the HN-16 well following the method used at the pilot
site (Sigfússon et al., 2015). The amount of CO2 and H2S injected was increased progressively
between 2014 and 2017, from 0% to 34% and from 0% to 68% of the emission of the power
plant, respectively (Sigfússon et al., 2018), corresponding to 10,200 tons of CO2 and 4,900 of
H2S in 2017. An inert tracer (1-ns) was added to the gas-charged water to monitor its pathway.
The tracer was recovered at three monitoring wells (HE-31, HE-48, and HE-44) at average
times of 130, 163, and 272 days, respectively. The first geochemical monitoring results at this
site are published in Gunnarsson et al. (2018) and report the composition of the samples at
the three monitoring wells for the period 2014-2015. With a similar calculation to Matter et
al. (2016), Gunnarsson et al. (2018) estimated that 50% of the CO2 and 76% of the H2S were
mineralized during the reactive transport of the gas-charged water from the injection to the
monitoring wells (130 to 272 days). Meanwhile, Clark et al. (2018) demonstrated with
geochemical modelling that most primary and secondary minerals are undersaturated with
respect to the mixed gas-charged and effluent fluids in and near the injection well outlet,
limiting the probability of clogging the well and nearby fluid pathways.

1.2 Deliverable objectives
The CarbFix and CarbFix2 sites at the Hellisheiði geothermal power plant in Iceland are one
of the six field site locations available to the S4CE project. The goal of the present Deliverable
is to demonstrate the feasibility of carbon capture and storage at different conditions (P, T)
and increase knowledge of mechanisms and impacts of CO2 injection and capture. The
Deliverable summarizes work mainly done within WP4 (Task 4.5), some of which is synergistic
to activities conducted within WP7 (Tasks 7.2 and 7.8). These tasks aim to obtain and
PU
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characterize fluid samples from the two field sites and to experimentally determine the
geochemical reactions at depth.
The main objective is to validate the occurrence of carbonation reactions at the CarbFix and
CarbFix2 sites based on the chemical compositions of the fluid samples along with
geochemical calculations, tracer tests, and isotopic analyses. Moreover, a CO2-water-basaltic
glass experiment was conducted to investigate the proportions of injected dissolved CO2 and
groundwater needed to reach a “sweet spot” in the reacted fluid composition that favors the
saturation of carbonates rather than zeolites and clays.

2

Methodological approach

In this section, the experimental set-up for quantifying CO2-water-basaltic glass interactions
and the associated analysis are described as well as the methods for sampling and analyzing
the samples from the monitoring wells of the Carbfix and CarbFix2 sites.

2.1 CO2-water-basaltic glass experiment
Deirdre Clark conducted a CO2-water-basaltic glass experiment to investigate the reaction
pathway at the original Carbfix site. This study was published in 2019 as “Experimental
observations of CO2-water-basaltic glass interaction in a large column reactor experiment at
50 °C” in the International Journal of Greenhouse Gas Control. The setup and analytical
methods are presented in this section, more details can be found in the article.
2.1.1 Experimental setup
This experiment used the high pressure column flow reactor (HPCFR) designed by Galeczka et
al. (2013). One significant modification has been made to the setup (Fig. 4); a high-pressure
syringe pump was used instead of a supercritical fluid pump to provide slower flow rates and
longer residence times of fluids within the column, allowing for longer times for the waterrock interactions to evolve. The liquid CO2 was then mixed with the degassed de-ionized water
delivered by a high performance liquid chromatography (HPLC) pump in a 100 mL ‘mixing
chamber’. The CO2-charged water from the ‘mixing chamber’ was pumped through the
column filled with basaltic glass powder. This starting solution could also be sampled when
closing off the valve between the mixing chamber and the column reactor, thereby bypassing
the reactor. This column measured 234 cm in length, 5.0 cm in inner diameter, and held a
total volume of 4.78 L.
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Figure 4: Experimental set-up design. The inlet pathways are in blue and the reacted solution in red. See more details in the
text. From Clark et al. (2019).

Initial conditions were set to be similar to those of the original CarbFix project (Matter et al.,
2016; Sigfússon et al., 2015; Snæbjörnsdóttir et al., 2017); the experimental temperature was
set to 50 ± 0.5 °C using heating tape, and the starting in situ pH of the flowing fluid in the filled
column before CO2 injection was 9.8. The CO2(l) and water flow rates were fixed to give an
average fluid residence time of 12 hours in the column. Based on these rates, the DIC
concentration and pH of the CO2-charged inlet fluid were ∼20 mM and ∼4.0 respectively,
compared to 823 mM and 3.85 in the CarbFix injection well (Sigfússon et al., 2015). The lower
pCO2 (0.60 bar) in the laboratory experiment would limit the formation of zeolites and clays,
but still promote carbonate formation as the expected pH was computed to be within the
“sweet spot” of 5.2 to 6.5 (Snæbjörnsdóttir et al., 2017).
2.1.2 Materials
Stapafell basaltic glass was used as the filling material for the column, which originated from
the Stapafell Mountain located in SW Iceland. This material has been widely used and
characterized in previous experiments on glass dissolution kinetics.
2.1.3 Analysis
To chemically characterize the H2O-CO2 system, pH was measured in-line at the outlet of the
column using high pressure temperature stainless steel pH electrodes. DIC was recalculated
using the measured in situ pH and concentrations of the major elements excluding carbon,
assuming charge balance, or from the alkalinity, which started to be measured after 20 days
of experiment duration. The geochemical modelling software, PHREEQC (Parkhurst and
Appelo, 1999), was used for these calculations.
Fluids were sampled from the outlet of the column for analysis of their major elemental
composition by ICP-OES and ion chromatography. After the completion of the experiment,
the solid material was analyzed to identify any precipitating minerals.
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2.2 CarbFix sampling and analysis
Sampling of the fluids at the original Carbfix site began in 2008, prior to CO2 injection tests, in
several shallow and deep wells. During the injection (from January 2012) and until September
2012, sampling of HN-4 was conducted twice weekly, and continued weekly until July 2013.
In short, water was pumped from the monitoring well at constant rate and sampled through
a stainless-steel pipe connected to the well lining pipe. After flushing the sampling pipe, water
was filtered and at least 3 L of water was pumped through the system before samples were
collected in different bottles depending on the subsequent analyses for pH, alkalinity, cations,
anions, trace metals, Fe-species, and DIC. Temperature, conductivity, pH, dissolved oxygen,
and dissolved H2S were measured on site. All other analyses were completed in the
laboratory. More details of the sampling and analysis of these fluid samples can be found in
the supplementary material that complement the papers published by Matter et al. (2016)
and Snæbjörnsdóttir et al. (2017).
Samples for isotopes analysis were also collected from the site, but analysed later within the
framework of the S4CE project. Details on the analysis protocol for Fe, Cu, and Zn are given
Section 2.4.

2.3 CarbFix2 sampling and analysis
Samples were collected from the three CarbFix2 monitoring wells at the Hellisheiði
geothermal power plant. The steam and water phases of the samples were collected using a
Webre separator. The pH of the water phase was measured on site as well as the filtering of
all water samples. Major dissolved elements and anions were then measured using ion
chromatography, ICP-OES, and ICP-MS. Sampling and analysis methods for DIC and H2S are
described in detail by Arnórsson et al. (2006). Samples were also collected for isotope analysis,
further described in Section 2.4.
Steam samples were collected and analyzed using a gas chromatography system for H2, O2,
N2, and CH4. The H2S in the steam phase was analyzed by titration, while the CO2 in the steam
samples was analyzed by alkalinity titration (Arnórsson et al., 2006).
More details regarding sampling and analysis are described by Gunnarsson et al. (2018) and
Clark et al. (2020).

2.4 CarbFix and CarbFix2 Isotope Analysis
Calcium and Mg isotope compositions of water samples from the CarbFix site have already
been determined, as detailed in Section 1.1.1. However, within the framework of S4CE, other
isotope systems are also investigated, specifically Fe, Zn, and Cu, on water samples from the
original CarbFix site as well as the CarbFix2 site.
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2.4.1 Sample purification
Samples were acidified by adding 1 mL of concentrated HNO3. They were then evaporated to
dryness in large PFA Teflon beakers in several steps (volumes depending on Fe, Cu, Zn
concentrations, roughly varying between 50 and 700 mL). A few mL of concentrated HNO3
was added to the sample and evaporated at 130 °C to dissolve any solid remaining in the
water. Similarly, they were taken up in 1 or 2 mL of concentrated HCl and evaporated at 130°C.
Fe, Cu, and Zn were then separated following the method described by Maréchal et al. (1999),
with volumes adapted to the sized of our PFTE columns of 4 mm (internal diameter) by 5 cm
long. Before loading in the column, samples were centrifugated and the remaining insoluble
salts were left in the tubes. For Cu, the separation was repeated a second time for higher
purification. Prior to this study, yield tests were carried out at ETH Zürich to ensure that none
of the element of interest was remaining in the undissolved salts. Re-dissolution of seawater
salts also evidenced that they do not trap any Cu and Zn.
Pure fractions of Fe, Cu, and Zn were then evaporated at 130 °C, dissolved in 0.5 mL of
concentrated HNO3 to eliminate any potential trace of organics, and evaporated to dryness
at 130°C.
For analysis, all samples were dissolved in 3% HNO3 (0.67 M). Though all sample trace element
concentrations were analysed by ICP-MS prior to purification (section 2.2 and 2.3),
concentration of pure fractions were tested again at this stage to ensure concentration
matching with the standards at the time of isotope analysis.
2.4.2 Isotope analysis
Fe and Zn isotope measurements were carried out on a Multi-Collector-ICP-MS (Neptune
Plus) at Durham University, UK. Samples were introduced through a savillex CF-35 or a CF-50
nebulizer (measured uptake between 33 and 40 µl/min for both) into an ESI SIS glass spray
chamber. For each element, a specific pair of sample cones and H-cones were used. For Fe
isotope measurements, we used medium-resolution slits that gave a mass resolution around
7000, while Zn required only low-resolution slits. This setup gave a sensitivity of range of 811 V/ppm for Fe and 8-10 V/ppm for Zn depending on the sessions. Cup configuration is
displayed in Table 1, evidencing the monitoring of interfering elements for which correction
was applied (64Ni interfering of 64Zn and 54Cr on 54Fe). 58Fe is not used because the signal from
58Ni is much greater.
Table 1: Cup configuration for Fe and Zn isotopes analyses.

Cup:
Fe isotopes
Zn isotopes

L4
53Cr

L3

L2

L1

C

H1

H2

H3

62Ni

63Cu

64Zn

65Cu

66Zn

67Zn

68Zn

54Fe

56Fe

57Fe

58Fe

60Ni

H4
61Ni

Standards and samples were doped for internal mass-bias correction, Ni was used for Fe, and
Cu for Zn. The correction was applied by 1) simple standard bracketing, or 2) standard
bracketing combined with an external normalization correction using a doping-element (see
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Maréchal et al., 1999; Sossi et al., 2015). The two methods were in good agreement for all
sessions of measurements. At each session, the most accurate and reliable correction method
(1 or 2) was chosen.
Concentrations were adjusted for Fe at 2 ppm (+ 5 ppm Ni), 1 ppm and 0.5 ppm (+ 4 ppm Ni),
and for Zn at 750, 200, 100, and 50 ppb (with Cu concentration being half of that of Zn).
Concentration of standards and samples were matched within 10%.
Total procedural blanks are 0.5-3.8 ng for Zn and consistently 6 ng for Fe, which can be
considered negligible. Rock standards as well as a well-characterized water were processed
through the same protocol, and values were reproducible and in accordance with literature.

2.5 CarbFix2 geochemical calculations
The WATCH speciation program (Arnórsson et al., 1982; Bjarnason and Arnórsson, 2010) was
used to calculate the major element concentrations of the original geothermal reservoir fluids
before its phase separation during sampling, as further described in Gunnarsson et al. (2018)
and Clark et al. (2020).
The geochemical speciation program PHREEQC 3.4.0 (Parkhurst and Appelo, 2013) was then
used together with the CarbFix database (Voigt et al., 2018) to determine the saturation index
of the sampled fluids with respect to relevant primary and secondary minerals (Clark et al.,
2018; Snæbjörnsdóttir et al., 2018b).

2.5 CarbFix2 mass balance and mineralization calculations
The concentrations of the major elements, if no mineral-fluid reactions occurred after the
injection of fluids Ci,predicted, were determined assuming the non-reactive mixing of the injected
and formation waters. The mixing ratio of these fluids was determined from the measured
concentrations of the injected non-reactive tracers C1-ns. Taking account of mass balance
constraints, Ci,predicted was determined from Matter et al. (2016):
Ci,predicted = Ci,background · (C1−ns,injected − C1−ns) + A · C1−ns,injected · (C1−ns − C1−ns,background) / C1−ns,injected
− C1−ns,background
where Ci designates the concentration of the component i, and A the molar ratio between the
element and the tracer, 1-ns, in the gas-charged injection water; these were calculated using
the average injection fluid compositions and averaged injection well flow rates (Clark et al.,
2018; Sigfússon et al., 2018). The background concentrations of the elements in the reservoir
fluids Ci,background, were calculated by averaging the concentrations of the reservoir fluid of the
monitoring wells before the arrival of the gas-charged injection water. As 1-ns had been used
in the previous tracer tests, a dilute background concentration of 1-ns was present in the
reservoir fluid (C1-ns,background).
Since no further tracer was injected into HN-16 after 15 July 2015, to quantify the effects of
doubling the gas injection, the tracer recovery results at the monitoring wells of the 2014–
2015 tracer test were extrapolated and applied from 15 July 2016. This approach is based on
PU
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the assumption that the flow channels between HN-16 and the monitoring wells remained
identical throughout this study’s monitoring period, which is consistent with the near
constant permeability observed in the system. Details of the derivation of this equation can
be found in the supplementary material of Clark et al. (2020).
Comparison of the measured (Ci) and calculated non-reactive DIC and DS concentrations in
the monitoring wells allows for the calculation of the fraction of gases mineralized in the
subsurface, using the following equation from Gunnarsson et al. (2018):
Fraction Mineralized = Ci,predicted − Ci / Ci,predicted − Ci,background

3

Summary of activities and research findings

The activities for this Deliverable, specifically the experimental work, sample collection from
field sites, analysis of major and trace elements as well as isotopes, and subsequent modelling
of the geochemical compositions, follow the methodology described in Section 2 and relevant
papers. The main results from these activities are presented below.

3.1 CO2-water-basaltic glass experiment
Water-dissolved CO2 was injected into a 234 cm long titanium HPCFR at 50 °C and 80 bar that
was already filled with basaltic glass grains and DI-water. The experimental outlet fluids
reached carbonate mineral saturation within 12 hours of fluid-rock interaction.
As the CO2-charged water (∼20 mM) entered the column and mixed with the high pH water
(pH 9–10), the outlet fluid with respect to Fe-, Mg-, and Ca-carbonates all became temporarily
supersaturated along with clays and zeolites (Figs. 5 and 6). Once the pH of the outflow water
stabilized below 6, siderite (FeCO3) was the only stable carbonate along with Fe-, Al-, and Sioxides and hydroxides, Fe-saponite, and Ca-zeolites. When CO2 injection was terminated
while continuing to inject pure water, pH rose rapidly in the outflow and all carbonates
became temporarily undersaturated, while zeolites became more saturated and Mg-saponite
more supersaturated along with Fe-saponite. Comparable observations were also reflected
in the reactive transport model.
The sequence of carbonate and clay saturation in this experimental study was dependent on
pCO2 and pH. The Fe-rich carbonates were stable at the highest pCO2 and the Ca-rich
carbonates at the lowest pCO2. This agrees with observations from low temperature natural
analogues in basaltic terrains (Rogers et al., 2006), the pure CO2 phase of the CarbFix field
injection site (Snæbjörnsdóttir et al., 2017), and our study’s reactive transport model of the
experiment. Similarly, to CarbFix, the high molar volume Mg-saponite was undersaturated
throughout the CO2 laboratory injection once pH stabilized below 6. Fe- and Mg-saponites
became supersaturated when the CO2 injection was terminated and pH rose to about 8, while
again confirmed by the reactive transport model though only Fe-saponite briefly formed
when CO2 injection began the second time.
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Thus, during CO2 injection into basaltic rocks one should aim at sufficiently low pH to start
carbonate mineralization at the lowest possible pH to maximize the use of divalent cations
for carbonization and create porosity near the injection well. This is a potentially useful
observation should one attempt to achieve CO2 mineralization at other field sites. Siderite
saturation would therefore be at the center of the plume (i.e. injection of CO2-charged fluid),
followed by the sequence of Fe-, Mg-, and finally Ca-carbonates in the most dilute edges of
the “plume” at the lowest pCO2 and highest pH. This low pH carbonation has been referred
to as the “sweet spot” of efficient carbonation (Snæbjörnsdóttir et al., 2018).
Discontinuous injection will always occur during industrial-scale carbon sequestration
applications due to equipment failure and/or overall service breaks. The experiment
discussed here shows rapid alteration in the mineral saturation stages when CO2 injection is
terminated. Saturation states of large molar volume clays and zeolites increases along with
one of the Ca-carbonates (calcite), while Fe-carbonates’ saturation state decreases.
Therefore, for efficient use of the pore space in the subsurface during carbon storage, service
breaks should be kept at a minimum during injection.

Figure 5: Outlet pH, DIC, major element concentrations, and mineral saturation indices (SI) of carbonates during the 66 days
of experimental duration. The light gray shaded area represents the approximate 100 hours when the syringe pump failed,
and no new CO2 entered into the ‘mixing chamber’. Error bars for DIC concentrations were calculated from only varying pH ±
0.10. The dotted line represents the input DIC. From Clark et al. (2019).

PU

Page 16 of 25

Final version

Deliverable D4.6

Figure 6: Mineral saturation states of zeolites, Fe-oxides, Al-oxides, clay minerals, and silica phases during the experiment
after 66 days. The light gray shaded area represents the approximate 100 hours when the syringe pump failed, and no new
CO2 entered the ‘mixing chamber’. From Clark et al. (2019).

3.2 CarbFix Pilot Site
In total, 17 CarbFix samples have been analyzed for Fe isotopes and 15 for Zn isotopes. More
samples were processed, but either the water concentrations were too low to recover enough
Fe or Zn for accurate analyses, or analyses are still on-going. Fe and Zn isotopes showed
significant variations during the course of the injection between 2012 and 2014.
Fe isotopes correlate very well with pH for the arrival of the CO2 enriched-plume at HN-4
monitoring well (Figs. 2, 3, & 7) but then decorrelate significantly from the second half of the
injection (mixed CO2-H2S). In comparison with Ca isotopes, which showed good correlation
with both pH and calcite saturation state for both injections, the main control over Fe isotope
fractionation is not straightforward. Pogge von Strandmann et al. (2019) concluded that
calcite precipitation/dissolution is the main controlling factor over Ca isotope compositions.
Fe does not go into calcite, but ankerite and siderite are supersaturated (Snæbjörnsdóttir et
al., 2017), they could form and fractionate Fe isotopes. Though other Fe-bearing minerals are
modelled to form and would also fractionate Fe isotopes, we argue that the tight correlation
(r² = 0.93) between δ44Ca and δ56Fe for the first injection should result from a similar
PU

Page 17 of 25

Final version

Deliverable D4.6

phenomenon affecting both systems. Then, carbonate dissolution and precipitation are most
likely the main controlling factor of the composition of these isotopes. However, from the
second injection, δ56Fe does not correlate with any other element or saturation index,
suggesting that there are multiple controls of Fe isotope fractionation. This is not surprising
as Fe-sulfides are very likely to precipitate from the second injection, in addition to Fecarbonate and other Fe-bearing minerals. These results suggest that Fe isotopes may be
useful tracers for Fe-carbonate precipitation in an injection setting like CarbFix when only
pure CO2 is injected.

Figure 7: Fe and Ca isotopes compositions over time at the CarbFix site (from monitoring well HN-4). The two injection periods
are highlighted by light grey bands. Yellow dots are δ44Ca/40Ca, red dots are δ56Fe/54Fe, and the grey line is pH. Isotope
compositions were normalized to the first sample measured at the onset of injection. Errors bars are the 2SD from the
replicates of the samples. The reproducibility of the standards of the session (2SD) is displayed as the red bar for δ 56Fe.

Zn isotope ratios display an almost discontinuous decrease over time (Fig. 8). This trend is
similar to the one observed for Mg isotopes and 87Sr/86Sr ratios. Correlation of δ66Zn with a
radiogenic isotope tracer suggest that there’s a strong source control of Zn isotope
composition rather than process. This means that the signal registered by Zn isotopes
potentially traces the mixing of different sources (waters and/or rocks) rather than the
precipitation of phases. This interpretation needs to be verified by analyzing pre-injection
waters and modelling the mixing of the water from HN-1 and HN-4 through time. This is ongoing work. However, it shows that in the framework of this project objective, Zn isotopes
may not be good tracers for mineralization in the CarbFix setting.
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Figure 8: Zn and radiogenic Sr isotopes compositions over time at the CarbFix site (from monitoring well HN-4). δ66Zn/64Zn
compositions were normalized to the first sample measured at the onset of injection. The two injection periods are highlighted
by light grey bands. Green dots are δ66Zn/64Zn and blue dots are 87Sr/86Sr. Errors bars are the 2SD from the replicates of the
samples.

3.3 CarbFix2 Industrial Site
3.3.1 Major elements monitoring
The results show that the carbon and sulfur mineralization at the CarbFix2 site continue
successfully and without any evidence of slowing down over the first 3.5 years of continued
gas injection into this site. In fact, the efficiency of the mineralization has increased over time.
During the first phase of injection, over 50% of injected carbon and 76% of sulfur mineralized
within four to nine months according to mass balance calculations (Fig. 9). These percentages
increased after the amount of gas injected was doubled; indeed, during the second phase of
the injection over 60% of carbon and over 85% of sulfur were mineralized. The increased
mineralization is likely due to the increased acidity of the injection fluid after the increase in
gas concentration in the condensate water, resulting in enhanced dissolution in the vicinity
of the injection well.
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Figure 9: DIC concentration measured and expected (calculated) at three monitoring wells located 984, 1356, and 1482 m,
respectively, from the HN-16 injection well prior to and during the injection of CO2 and H2S at the CarbFix2 site. The gray
shaded area indicates the time before the injection of gas-charged waters into well HN-16, the diagonal lines denote when
well HN-14 was used for the injection of gas-charged waters, and the dashed line signifies the time when the amount of CO2
and H2S injected was doubled. Modified from Clark et al. (2020).

Notably, despite 3.5 years of injecting a CO2-H2S charged fluids for their mineralization into
subsurface basaltic rock, there is no sign of a decrease in the permeability of the target
reservoir. There are likely several reasons for this. First, the injection fluids are acidic and
undersaturated with respect to the minerals present in the target reservoir. This will tend to
open fluid pathways near the injection wells. Second, the volume of carbonate-, sulfide-, and
other secondary minerals precipitating in the target aquifer is relatively small compared to
the size of the reservoir (no more than a total of 0.025 volume percent of the target reservoir).
Finally, new fractures may have formed as a result of pressure and temperature gradients
close to the injection well induced by the injection of cooler gas-charged fluids.
Based on mineral saturation states and predominance diagrams, the principal carbonates
precipitating in the subsurface were calcite and potentially dolomite. Siderite was at
saturation after the injected fluid was heated to > 250 °C and therefore may be the first
carbonate to reach saturation and potentially precipitate. Once the gas-charged injection
fluids reached the monitoring wells, these fluids were saturated with respect to Ca-rich
carbonates, typical for relatively low pCO2 and high pH (Clark et al., 2018; Rogers et al., 2006;
Snæbjörnsdóttir et al., 2018b). The significant decrease in Ca concentration was observed
over time as DIC increased consistent with calcite saturation. As Ca and Mg concentrations
were orders of magnitude lower than DIC, the release of these metals to the fluid phase likely
limits carbonation in this system.
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3.3.2 Isotope monitoring
From the CarbFix2 site, 10 samples have been analyzed for Fe isotopes and 15 for Zn isotopes.
Analyses are still on-going to complete the dataset.
Significant variations are observed for both Fe and Zn isotopes over time (Fig. 10). However,
it appears that before the expected arrival of the plume, which correspond to the increase in
expected DIC, there is no steady state neither for δ66Zn or for δ56Fe compositions. It is possible
that injection of brines in this aquifer anterior to CO2 and H2S injection, already affected the
geochemistry of the groundwater system. Then, it is more difficult to assign the further
observed isotope composition variations to the injection of CO2 and H2S. The measurement
of injected water stable isotope composition as well as the measurement of radiogenic
isotope composition could give information about any source effect, as mentioned for the
CarbFix site.

Figure 10: Zn and Fe isotope compositions of water samples from the monitoring well HE-48 over time, along with pH and
DIC measured and expected from a non-reactive mixing. Green dots are δ66Zn/64Zn and red dots are δ56Fe/54Fe. Errors bars
are the 2SD from the replicates of the samples. Small black circles are the DIC measured in mM measured (empty symbols)
and expected (full). The grey line shows the evolution of pH.

4

Conclusions and future steps

4.1 CarbFix Pilot Site
The activies reported in this Deliverable benefit from a large amount of field-site monitoring
and sampling, as well as modelling analysis which were completed when the S4CE project
started. This material allowed S4CE to focus on better constraining the mineralization of CO2
by investigating additional isotope systems. The Fe isotope results reported here indicate that
they could be useful tracers to determine Fe-carbonate precipitation when only pure CO2 is
injected. On the contrary, it appears that Zn isotopes are not controlled by mineralization
processes. Further confirmation is needed, which can be obtained by analyzing pre-injection
PU

Page 21 of 25

Final version

Deliverable D4.6

groundwaters. In this case, Zn isotopes cannot be used to quantify the fixation of CO2 and
H2S, which had been injected at the CarbFix site.
We have met the goal of quantifying of CO2 fixation for the original CarbFix site. Indeed, the
articles of Matter et al. (2016) and Snæbjörnsdóttir et al. (2017) constrain the amount of CO2
captured, while the experiment of Clark et al. (2019) confirms the lower boundary of the
“sweet spot” of mineralization modelled by Snæbjörnsdóttir et al. (2018). Isotope work was
carried out to further determine the fate of CO2 in specific precipitating minerals.

4.2 CarbFix2 Industrial Site
The first 3.5 years (2014–2017) of major and minor element results and mass balance
calculations based on tracer tests from the site have now been published in two papers:
Gunnarsson et al. (2018) and Clark et al. (2020). Therefore, the goal to quantify CO2 fixation
at the CarbFix2 site is also complete. Gunnarsson et al. (2018) states that over 50% of the CO2
is mineralized between the injection well and the monitoring wells during the first phase of
injection (June 2014 to July 2016). This is increased to over 60% of the CO2 mineralizing during
the second phase of injection (July 2016 to December 2017). No changes in the permeability
near the injection well has been observed during this time period (Clark et al., 2020).
However, determining the mineralization of carbon and sulfur using isotopes from the liquid
samples is more challenging at the CarbFix2 site compared to the original CarbFix site. Fe and
Zn isotope composition do not follow a regular pattern and already vary before the start of
the CO2 and H2S injection in June 2014. Expansion of the dataset with other isotopes such as
Cu (that is expected to strongly fractionate at sulfide precipitation) and radiogenic Sr isotopes
will add more constraints to explain the variations observed.

4.3 Future Steps
The last six months of the S4CE project will be used to investigate trace element mobility at
the CarbFix2 site and continue to determine the mineralization of carbon and sulfur using
various isotopes at both the CarbFix and CarbFix2 sites. It is important to highlight that the
sampling of the geothermal fluids at the CarbFix2 site is still ongoing and continues in
collaboration between Reykjavik Energy and University of Iceland. These activities continue
outside the remit of the S4CE research and development programme.
Clark et al. are currently preparing an article on the trace element geochemistry of
geothermal fluids from the CarbFix2 monitoring wells (2014–2017). As basaltic rock
dissolution is known to release trace elements and the trace element geochemistry of fluids
has been extensively studied in Icelandic geothermal systems. However, little is known on the
potential mobility following CO2-H2S gas injection into basaltic rocks. The results do suggest
the mobilization and uptake of several trace elements likely in carbonates and sulfides as well
as secondary minerals such as epidote. Moreover, though this fluid is not meant for
consumption, the trace elements were generally not above WHO, EU, and Iceland drinking
water standards with the main exception of As. However, while As concentration was
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significantly elevated at the beginning of gas injection, concentrations have since been greatly
reduced over time to levels at or below drinking water standards.
Ancellin et al. will refine the interpretation of isotope data for both CarbFix and CarbFix2 sites.
Future work will determine whether modeling Fe isotope fractionation at the original CarbFix
site is possible with the available fractionation coefficient data in the literature. Moreover,
they will expand the isotope dataset by adding Cu isotope data to all the samples already
analyzed as Cu isotopes can possibly better constrain sulfides precipitation. New samples
from the CarbFix2 monitoring wells will be analyzed for Fe and Zn isotopes (from 2016-2017).
The pre-injection groundwater and the injection well water from the original CarbFix site will
also be measured to test the hypothesis of a source-controlled effect of isotope composition
variations, along with radiogenic Sr isotopes of samples from the CarbFix2 site.

5
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