(( )Science4CIeanEnergy

Grant agreement No. 764810

Science for Clean Energy

H2020LCE2017-RESCCRIA
Competitive lowcarbon energy

D4.6

Quantification of CQfixation in CarbFisamples
under various geological conditions

WP 4¢ Samples and Fluid Characterization

Due date of deliverable
Actual submission date
Start date of project
Duration

Lead beneficiary

Last editor
Contributors

Dissemination level

Month 30- February 2020

06/ 02/ 2020

01/ 09/ 2018

36 months

University of Iceland

Marie-Anne Ancellin, Deirdre Clark
Marie-Anne Ancellinyl), DeirdreClark (Ul)
Public (PU)

CKAa tNR2SO0G KIFa NBOSAGSR TdzyRAy3a FNRBY GKS
programme undemgrant agreement no. 764810

9 dzNRB LIS y



Deliverable D4.6

History of the changes

Version

1.0
11
1.2
13
1.4
15
1.6
1.7
1.8
1.9
1.10
1.11
2.0

Date

10-12-19
13-12-19
19-12-19
17-01-20
20-01-20
21-01-20
28-01-20
2901-20
03-02-20
03-02-20
05-02-20
06-02-20
10-02-20

Released by

Deirdre Clark
Deirdre Clark
Marie-Anne Ancellin
Marie-Anne Ancellin
Marie-Anne Ancellin
Marie-Anne Ancellin
Deirdre Clark
Deirdre Clark
Marie-AnneAncellin
Deirdre Clark
Marie-Anne Ancellin
Camille Voirin
Marie-Anne Ancellin
Deirdre Clark

Comments

Basic Information
Methodology, Results
Introduction
Editing
Methodology
Isotope Results
Editing
Conclusions

Last polishing
Proofreading
Last edits
Formatting

Edits

Table of Figures

Figure 1 Map depicting the CarbFix and CarbFix2 sites at the Hellisheidi Geothermal Power Plant in

Y YLV o= F- o TP EPPR ST 6
Figure 2 Comparison of calculated and measured DIC and 14C concentrations in the target CO2
storage formation flid at the original CarbfiX SIteu...........ocuuriiiiiiiiiiee e 7

Figure 3 Concentrations of a) SF6 and SF5CF2reactive tracers; b) DIC along with fluid pH
calculated at in situ temperature (35°C), c) tad#ssolved sulfur and H2S(aq) in samples from

monitoring well HNO4 prior to, during, and after the injection of pure CO2 and mixed CO2/H2S gas
into the original CarbFix site
Figure 4 Experimental setip design

Figure 5 Outlet pH, DIC, major element contextions, and mineral saturation indices (Sl) of

carbonates during the 66 days of experimental duration

Figure 6 Mineral saturation states of zeolites,-bgides, Abxides, clay minerals, and silica phases

during the experiment after 66 JAYS..........ccoeeeiiiiiiiiiii e 17
Figure 7 Fe and Ca isotopes compositions over time at the Carb&iX.S.........ccccovviiiivieeneennns 18
Figure 8 Zn and radiogenic Sr isotopes compositions over time at the CarbFix.site.............. 19

Figure 9 DIC concentration measured and expected (calculated) at three monitoring wells located
984, 1356, and 1482 m, respectively, from the-Hi\Ninjection well prior to and during the injection

of CQ and HS at the CarbFix2 site

Figure 10Zn and Fe isotope compositions of water samples from the monitoring wdl8ldkzer
time, along with pH and DIC measdrand expected from a nereactive mixing.............cccceeee.... 21

PU

Page2 of 25

Final versio




Deliverable D4.6

Table of Contents

HIStOry Of the ChanQES.........e e 2
TaBIE Of FIQUIES ...t e e e e e e e e e e e e e e e e e e e e e e e amennnnnnnnnnnnes 2
[0S V0 (0 ] S USSP 4
D] (T oY1 o] g ERR=TaTo B=Tod f0] 01/ 1 4 1< RSP 4
1 1o o [¥ ox 1o o USSP 5
R 1T g 1=l | I 410 PP PP PPPTTPTP 5
IO O R 0= T g o] 1[0 RS = SRR 6
1.1.2 CarbFixX2 INAUSTHAL SITE........ueiiiiiieeiie i e e e e s er e e e e e e e e e e e e e aannes 9

1.2 DeliverableobjeCtiVES..... ... 9

2 Methodological approach............ooooi i 10
2.1 CQwater-basaltic glass eXPerimENt...........oooiviiiiiii e 10
2.1.1 EXPErIMENTAL SEIUD . ..ciiiititiie ittt s et e ettt e e s ettt e s ese b e e e e s enbre e e e e nnnnes 10

2 |V = (=4 P PUEEUUPRR 11
BN g - 1] L SO OO PP PPUPPPT P 11

2.2 CarbFix sampling and analysiS...........cooooiiiiiiiiiiie e 12
2.3 CarbFix2 sampling and analySiS..........ccoooiiiiiiiiiceeis e e e e 12
2.4 CarbFix and CarbFix2 ISOtOpe ANAIYSIS.........cceuuuiiiiii e eer e e e e eeeens 12
2.4.1 SAMPIE PUMTICALION...cee i s et e e s e et e e e e e e 13
2.4.2 1SOLOPE @NAIYSIS.....eeveeieeiiiiiiii i eer et e e e e e e e e e e e e et et e et e e ea e e e e e e e aaeetea——————————————————————— 13

2.5 CarbFix2 geochemical CalCUlatioNS..............oovviiiiiiiiieiiiiiiii e 14
2.5 CarbFix2 mass balance and mineralization calculations..............cccoooe e, 14

3 Summary of activities and research findingS............uuvuiiiiiiiii e 15
3.1 CQwater-basaltic glass eXPeriment...........o..iiiiiiii i e 15
I O ¢ o] b o 1 [0 B0 | (= TSR 17
3.3 CarbFix2 INAUSTIAl SITE........coviiiiiiiiiiiie s 19
3.3.1 Major element MONItOING.......ccoie e e e e e e e e e e e e e e e e e s e e eaeaeeaeas 19
TR B Lo (o] o T3 1 To] 11 (o] 110 o NPT PR PP PRPRN 21

4 Conclusions and fULUIE STEPS........ciiieiiiiieic e e eme e e e e e e enaens 21
o R = 4 o] b | [0 0 | (=P ST 21
4.2 CarbFiX2 INAUSTHAl SItQ.......uuueiii i e e e e e e e e e e 22
] N N (S (=T 0 TP 22

5 Publications resulting from the work described...............cccooooiiiiiiiiiees 23
6 Bibliographical referenCes...........oiiiiiiiiii e 23

PU Page3 of 25 Final versio



Deliverable D4.6

Key word list

Carbonstorage
Mineral carbonation
Basaltic rocks

Isotopes

Definitions and acronyms

Acronyms
1-ns

CQ

DIC

H.S
HPCFR
HPLC
ICRMS
ICROES

PFA
PFTE

WP

PU

Definitions

1-naftalenesulfonic acid

Carbon Dioxide

Dissolved Inorganic Carbon

Hydrogen Sulfide

High-PressureColumn How Reactor
High-Pressureliquid Chromatography
Inductively Coupled Plasma Mass Spectromete

Inductively Goupled Plasma Optical Emission
Sectrometry

Pressure
Perfluoroalloxy
Polytetrafluoroethylene
Temperature

Work Package

Paged of 25 Final versia



Deliverable D4.6

1 Introduction

Deliverable 4.aeportsi K S & |j dzI y (i % fixationiniCa®Rix sariples/uhder various
3S2ft 23A 0!I fas corlyctRdwitHin2hé $4CE consortiufhis report will summarize
the experimental evidence, both from field obrgationsand from lab analysis, regarding the
possible fixation of COnto minerals.The relevance of the work consists in potentially
extending the application to other field sites.

1.1 General context

S4CE has collaborated with CarldBixthe completion of this Deliverable, as planned in the

original proposalThee are twoCarbFix sites located at the Hellishieggeothermal plant in

Southwest Icelandas seenin Fign® 2 KAf S GKS aArAiGdSaQ | OGAQBAGAS:
9y SNHe&> GKS 3IS20KSNXYIFf LIR2eSN LI I yidQa 2LISNI G
Reykjavik Energy. Test injections ob@@d HS into basaltic rock reservoirs were conducted

at the original CarbFix site in 2012 in order to protree feasibility, safetyand efficiency of
underground storage of the gases as mineralsd to optimize monitoring of this process

(Matter et al., 2016 Snaebjornsdottir et al., 2017)tose exploratoryinjections were then

upscaled and integrated into the daily operations of the geothermal power plant at an
industrial site in 2014, referred to dse CarbFix&ite (Gunnarsson et al., 201€lark et al.

2020. Ashort history of the project can be found @islason et al(2018) Continuous

monitoring of the fluids at both sites allows for the detection of any induced changes in the
FfdzZARQAa OKSYAOIE O2YLRaAdAizy NBtlFIGSR G2 GKS
subsequent reaction with the surrounding basaltic rocksidFsampless 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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Figurel: Map depicting the CarbFix and CarbFix2 sites at the Hellishedhermal Poer PlantA y {2 LOSt I yR® ¢KS
production wells are in red and injection wells in blue. Modified from Clark et al. (2020).

1.1.1 CarbFix Pilot Site

TheoriginalCarbFisite is located &Xm SW othe Hellishedi geothermal plant (Fig. 1). During
this pilot phase, two slugasinjection tests took place. The first one involved the injection of
175 tons of pure commercial G¢®om January to March 201 2he second one 73 tons of a
CQ-H:S mixture captured and pumfd at the plant between June and August 2{0\tter

et al., 2016) Forced flow was induced lfie continuousinjection of brines in HX and
production at well HNt from 2011 to 2014. Water pumped from well HNvas ceinjected
with the gas irwellHN-2 to a depth of 340n, where it was released in the downflowing water
through a sparger. The mixture was then carried down tors4f@rough a mixing pipeyhere
the gases fully dissolved in the water as the hydrostatic pressure egdebar (Sigfisson
et al., 2015) The aquifer targeted flogthrough a permeable formation composed of altered
tholeiitic lava flows (40800 m) with a porosity of 8.5%Aradéttir et al., 2012)which are
overlain by a glassyyhloclastite formation of low permeabilitfAlfredsson et al., 2013)
Secondary mineralsuchas smectite, calciteand Nazeolite are the most abundant alteration
phases at these depths. The hydrology of the system was investigated prior tgathe
injections with tracer tests angeported byKhalilabad et a(2008)and Aradottir et al.(2012)
Tracer testandicatedtwo breakthroughswhile the water mainly traveldoy homogeneous
porous flow there isalso afastflow path that channels 3% of thénjected fluid volume
through the formation

The omposition of the HN samples between 2012 and 2014 are published in four articles
1) Major elements:Matter et al., 2016 2) Sneebjérnsdottir et al., 20173) Mg isotopes:
Oelkers et al., 20191) Ca isotopesPogge von Strandmann et al., 20Bhaebjornsdottir et
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S

al. (2018)alsoreported reaction path modelling of ksitu CQ mineralization. These studies
estimated the quantity of COand HS captured between the injectiomell and the
monitoring well. Matter et al. (2016 interpreted the evolution and arrival of the carben
enriched plumerom the analysisand evolutionof severalinert tracer {*C, Sk and SECR)
concentratiors and the associated variation of pH awmiissolved inorganic carborD(Q
content. The IC measured is much lower thanathexpected from simple mixing of the
injection waters in the aquifer (nereactive transport). From this observatiodatter et al.
(2016 estimated that over 95% of the Gjectedhad been trapped in carbonated mineral
in less thartwo years after injectiongeeFig 2).

1

01 L °® o ®

A0.36 mol/L
(>98% of injected

0.01

dissolved inorganic carbon (mol/L)

g i} {i'rlfl"‘j"’ LMD M 100 A O Yomm D oo A
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Figure2: Comparison of calculated and measured DIC and 14C concentrationgangteCQ storage formation fluid at

the original Carbfix site. Time series of expected (solid circles) versus measured (open squares) DIC (mol/liter)nig monitori
well HN4, indicating > 98% mineral trapping of injected CO2. The shaded area indieapdsatie | and Il injection periods.
From Matter et al. (2016).

Snaebjérnsdottir et al2017, 2018kxpandedhese resultdy detailing the evolution of major
elementsas well as thesaturation indexes of a large range of mineraler time Major
cations concentrations (Ca, Fe, Mg) are positively correlated to the variation ahDl&ntt
correlated with pH,depicting the effet of the carbonrich water injection(Hg. 3). These
cations are released e dissolution of the surrounding basalpon arrival of the plume
and seem to be captured fast aft€Bnaebjornsdottir et al.2017). Snaebjornsdaottir et al.
(2018)modelof the CarbFix sitsuggessthe formation of a sequence of carbonate minerals:
siderite at pH < 5, then MBe carbonates and €Mg-Fe carbonates, and calcite at pH > 8.
Besidesarbonates, Aland Fehydroxides and chalcedony aaésomodedled to form as well
as zeolites and smeotis at higher pHSneaebjornsdottir et alRSTFAY SR | a&a ¢SS
mineralization of CQat 5.2<pH< 6.5 in basalts at low temperature (ZHD °C). They also
described and quantify the capture aifilfur with the method used for carbonylMatter et

al. (2016. Sulfur entrapment appears to be more efficient as not even a peak$1 H
concentration was detected at the monitoring well after injection, suggesthat all was
mineralzed very rapidly.
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Figure3: Concentrationsf a) SF6 and SF5CF3-meactive 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 W pildr to, during, and after the injection of

pure CQand mixed C&@H,S gas into the original CarbFix site. The timing of both gas injections is indicated by grey bars. The
detection limit of the b5 concentration measurements is 0.3 pmol/L and is indicated as a dotted line. From Snaebjérnsdattir

et al. (2017).

Oelkers et al(2019) and Pogge von Strandmann et §2019)used Mg and Ca isotopes,

respectively, to assess the formation of key minerals. Stable isotopes are fractionated by

processes such as dissolution and precipitatafnspecific minerals and their evolving
composition throughout injections were interpreted as the reflection of clay formation for
Mg, and calcite formation for C®elkers et al(2019)suggessthat more than 70% of the Mg
released by basalt dissolution is entrapped in-8ligys over the study period. Meanvij

Pogge von Strandmann et gR019) concluded that 72 + 5 % of the £jected was
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mineralzed into calcite, suggesting that the remaining quantity ob Craptured in other
carbonates.

1.1.2 CarbFix2 Industrial Site

The pilot injectionin CarbFixdemonstrated the efficiency of carbon and sulfur capture in
basaltic environment. The injection was then upscatedn industrial and continuousixed
gasinjection startingfrom June2014 This activithas beerreferred to as CarbFix2.

The injection site is located 1Kn north of the Hellishedi geothermal plant and targets a
hotter and deeper formation than the one used for the pilot study. Thedsged water is
releasedmainlybetween 1900 and 220 in depth,where the temperature is estimated to

be 260280 °C(Gunnarsson et al., 2018)he resevoir is composed mostly of hyaloclastitic
rocks interlayered bya few lava flows and intersected by intrusive rocks that become
dominant below 1700m. Emplacement of intrusions generated a fracture network that
greatly contributes to the formatioR germeability. 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, dides, wollastonite and actinolite
(Sneebjorndattir et al., 201®).

Water and gas mixtussare injected irthe HN-16 well following the method used at the pilot
site (Sigfusson et al., 2015)he amount of C£and RS injected was increased progressively
between 2014 and 2017, from 0% to 34% and from 0% to 68% of the emissionpuiviiee
plant, respectively(Sigfusson et al., 2018)orresponding to 1,200 tons of C&and 4900 of
H.S in 2017. Amert tracer (.-ns) was added to the gasharged water to monitor its pathway.
The tracerwas recovered at three monitoring wells (BE, HE48, and HE44) at average
times of 130, 163and 272 daygespectivelyThe frst geochemical monitoringesults d this
site are published isunnarsson et a(2018)and reportthe composition of the samples at
the three monitoring wells for the period 2012D15. With a similar calculation tMatter et
al. (2016, Gunnarsson et a(2018)estimated that 50% of the G@nd 76% of the +$ were
mineralized during the reactive transport of the gasarged water from the injection to the
monitoring wells (130 to 272 day. Meanwhile,Clark et al.(2018) demonstrated with
geochemical modelling that most primary and secondary minerals are undersatusgted
respect to the mixed gasharged and effluent fluids in and near tirgection well outlet,
limiting the probability of clogging the well and nearkyid pathways.

1.2 Deliverableobjectives

The CarbFix and CarbFix2 sites at the Hellisheidi geothermal powelirplaetand areone

of the sixfield sitelocationsavailable tahe S4CE project. The gadlithe present Deliverable

is todemonstrate thefeasibility of carbon capture and storage at different conditions (P, T)
and increase knowledge of mechanisms and impacts of ii€ction and capture.The
Deliverable summarizes work mainly done within WP4 (Taskgb®)e of which is synergistic

to activities conducted withinWP7 (Tasks 7.2 and 7.8). These tasks aim to obtain and
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characterize fluid samples frote two field sites ad to experimentally determine the
geochemical reactions at depth.

The main objective is to validate the occurrence of cadimm 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. Moreovep;\adf€-basaltic

glass experiment was conducted to investigttte proportions of injected dissolved génd

ANRBdzy Rgl SN ySSRSR (2 NBFOK | dagSSi aLkRaé A
saturation of carbonates rather than zeolites and clays.

2 Methodological approach

In this sectionthe expermental setup for quantifyingCQ-water-basaltic glass interacti@n
andthe associated analysare describedas well azthe methods forsampling and anagng
the samples from the monitoring weltsf the Carbfix andCarbFig sites

2.1 CQ-water-basalticglass experiment

Deirdre Clark conducted a g®@ater-basaltic glass experiment to investigate the reaction
pathway at the original Carbfix site.This studywas publishedin 20191 & & 9 ELISNRA YSYyY
observatiors of CQ-water-basaltic glasgteraction in a lage column reactor experiment at

50 °CG in the International Journal of Greenhouse Gas Contftle setup and analytical

methods are presented in this section, more detads be found inthe article.

2.1.1 Experimental setup

This experiment used theighpressure column flow reactoHPCFRlesigned bysaleczka et

al. (2013) One significant modificationas been made to the setuff-ig. 4) a highpressure

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 lortgees for thewater-

rock interactiors to evolve Theliquid CQwasthen mixedwith the degassed d&nized water

delivered by ahigh performance liquid chromatographiARLEpumpAyY | mnn Y| vy
OKI YOTBRNIROKI NAHSR 4+ GSNJ FNRY GKS WYAEAY3 OKI
column filledwith 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

total volume of 4.78 L.
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Figure4: Experimental setip 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 tboseof the original CarbFix projectMatter et al.,
2016; Sigfasson et al., 2015; Snaebjornsdottir et al., 200& )experimenal temperaturewas

set to 50 £ 0.5 °C using heating tapad he starting in situ pH of the flowing fluid in the filled
column before C@injection was 9.8The CQ(l) and waterflow rates were fixed t@ivean
average fluid residence time of 12 hours in the column. Based on these rate§)Ithe
concentration and pH of the G@harged inlet fluid werd 20 mM andD4.0 respectively
compared to 823 mM and 3.8b the CarbFiinjection well(Sigfusson et al., 2015)he lower
pCQ (0.60 bar) in the laboratory experiment would limit the formation of zeolites and clays,
but still promote carbonate formation ake expected pH was computed to be within the
GagSSi alLk ((Snaepjd@nsegottinet ali, 2018 dp

2.1.2 Materiab

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 widety and
characterized in previous experiments on glass dissolution kinetics.

2.1.3 Analysis

To chemically characterize the®CQ system, pH was measuredline at the outlet of the
column using high pressure temperature stainless steel pH electr@€swas 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 saitey PHREEQ®arkhurst and
Appelo, 1999)was used for these calculatians

Fluids weresampled from the outlet of the column for analysis of their major elemental
composition by IG®ES and ion chromatography. After the completion of the experiment,
the solid material was anatgd to identify any precipitating minerals
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2.2 CarbFix samplingnd analysis

Sampling of the fluids at theriginalCarbfix site began in 2008, prior to £@ectiontests,in
several shallow and deep welBuring the injectiorffrom Januar®012 and untilSeptember
2012, samplingf HN4 wasconductedtwice weekly, and continued weekly until July 2013.

In short, water was pumped from the monitoring well at constant rate and sampled through
a stainlesssteel pipe connected to the well lining pipe. After flushing the sampling pipe, water
was filteredand at least 3. of water was pumped through the system before samples were
collected in different bottles depending on the subsequent analf@egH, alkalinity, cations,
anions, trace metals, Fepecies, and DIGemperature, conductivitypH, dissolvedoxygen

and dissolved (6 were measuredon site All other analyses wereompleted in the
laboratory. More details of the sampling and analysis of these fluid samples can be found in
the supplementary materiahat complement the papers published bjatter et al. (2016

and Snaebjornsdottir et ak2017)

Samples for isotopeanalysisnvere also collectedrom the site but analysedater within the
framework of the S4CE proje®etails on theanalysisprotocol for Fe, Cuand Zn are given
Section 2.4.

2.3CarbFix2 sampling and analysis

Smples were collected from the three CarbFix2 monitoring wells at the Hedishei
geothermal power plant. The steam and water phases of the samples were collected using a
Webre separator. The pH of the water phase wasasured on site as well as the filtering of

all water samplesMajor dissolved elements and aniomngere then measured usingon
chromatography, IGPES, and IGRAS. Samplingand analysis method$or DIC and kBare
described in detail bjrnérsson et al2006) Samples were also collext for isotope analysis,
further described in Section 2.4.

Steam samples were collecteahd analyzedusinga gas chromatography system fop,HD,
N2, and ChHl The HS in the steam phasgas analyed by titration, while the C&n the steam
samples was anatgd by alkalinity titration(Arnorsson et al., 2006)

More detailsregardingsampling and analysis are descridedGunnarsson et a{2018)and
Clark et al. (2020).

2.4 CarbFix and CarbFix2 Isotope Analysis

Calaum and Mg isotopeompositions of water samples from tl@arbFix site have already
been determinedas detailed irBectionl.1.1.However within the framework of S4CBther
isotope systemsre alsoinvestigated specificallyFe, Znand Cu, orwater samples from the
originalCarlHx site as well as theCarlHx2 site.
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2.4.1Samplepurification

Samples were acidified by adding 1 mL of concentrated3HN@y were then evaporated to
dryness in large PFA Teflon beakers in several steps (volumes depending on Fe, Cu, Zn
concentrations, roughly varying between &d 700 mL). A few mL of concentrated HNO
was added to the sample and evaporated at P80to 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, Cuand Zn were then sepated following the method described baréchal et al(1999)

with volumes adapted to the sized of our PFTE columdsroi (nternal diameter) by 5 cm

long. Before loadingn 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 studyyieldtestswere carried outat ETH Zurich to ensure that none

of the element of interest was remaining in the undissolved sR&dissolution of seawater

salts also evidenced that they dot trap any Cu and Zn.

Pure fractions of Fe, Cuand Zn were then evaporateat 130°C, dissolved in 0.BL of
concentrated HN@to eliminate any potential trace of organiand evaporated to dryness
at 130°C.

For analysis, all samples were dissolvegPsHNQ (0.67M). Though all sample trace element
concentrations wereanalysed by ICRIS prior to purification(section 2.2 and 2.3)
concentration of pure fractionswere testedagainat this stageto ensure concentration
matchingwith the standardsat the time of isotope analysis

2.4.2 Isotope analysis

Fe and Zn isotope @asurements were carried out on Multi-CollectorlCRMS (Neptune

Plug at Durham UniversityUK Samples were introduced through a savilleR =35 or a Cf0
nebulizer (measured uptake between 33 and 40 pl/min for both) into an ESI SIS glass spray
chamber. For each element, a specific pair of sarnspleesand Hcones were used-or Fe
isotope measurements, we usedediumresolution slits thagave a mass resolution around
7000 while Znrequired only lowresolution slis. This setup gave a sensitivity of range of 8

11 V/ppm for Fe and-80 V/ppm for Zn depending on the sessiofsip configuration is
displayedin Table 1, evidencing theonitoring of interfering elements for which correction

was applied¥Ni interfering of®“Zn ancP*Cr on>*Fe).>®Fe is not usetlecausehe signal from

8Ni is much greater.

Tablel: Cup configuration for Fe and Zn isotopeslyses.

Cup: L4 L3 L2 L1 C H1 H2 H3 H4
Fe isotopes 62Ni  ®Cu  %%Zn  ®Cu  ®6Zn 67Zn 687n
Zn isotopes  °3Cr “Fe SFe  SFe  S%Fe 6ONj 6INi

Standards and samples were dopedifternalmassbias correction, Ni was used for,Bad
Cu for Zn.The correction was applied by 1) simple standard bracketingor 2) standard
bracketing combinedvith an external normalization correctiamsinga dopingelement (see
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Maréchal et al., 1999; Sossi et al., 20IR)e two methods were in good agreement
sessiolof measurementsAt each sessionhe most accurate and reliabd®rrection method
(1 or 2)waschosen

Concentrations were adjusted for Fe at 2 ppm @p& Ni), Ippm and 0.5 ppm (+ 4 ppm Ni),
and for Zn at 750, 200, 10@nd 50 ppb (with Cu concentration being half of that of.Zn)
Concentration oktandards and samplegere matchedwithin 10%.

Total procedural blanks are 83%8 ng for Znand consistently6 ng for Fe which can be
considered negligibleRock standards agell as a welcharacterized water were processed
through the same protocobnd valuesvere reproducible aneh accordance with literature.

2.5 CarbFix2 geochemical calculations

The WATCH speciation prografmr{orsson et al., 198Bjarnason and Asrsson, 2010) was
used to calculate the major element concentrations of the original geothermal reservoir fluids
before its phase separation during sampliag further described iGGunnarsson et a{2018)

and Clark et al. (2020).

The geochemical speciation program PHREEQC(B&rKkhurst and Appelo, 201@)as then

used together with theCarbFx databasgVoigt et al., 2018p determine the saturation index
of the sampled fluids with respect to relevant primary and secondary minétddsk et al.,
2018; Snaebjornsdéttiet al., 201®).

2.5 CarbFix2 mass balance and mineralization calculations

The concentrations of the major elements, if no mindhaid reactions occurred after the
injection of fluids Gredicteds Were determined assuming the na@aactive mixing of the injected
and formation waters. The mixing ratio of these fluids was deteeadifrom the measured
concentrations of the injected noreactive tracers G Taking account of mass balance
constraints, Coredictedwas determined fronMatter et al.(2016)

bGityasot 01 INR dzy R

where Gdesignates the concentration of the componeérand A the molar ratio between the
element and the tracer,-bs, in the gagsharged injection water; these were calculatesing

the average injection fluid compositions and averaged injection well flow (&ksk et al.,
2018; Sigfusson et al., 2018he background concentrations of the elements in the reservoir
fluids Gbackground Were calculated by averaging the concentrations of the reservoir fluid of the
monitoring wells before the arrival of the gabarged injection water. Asis had been used

in the previous tracer tests, a dilute background concentratéri-ns was present in the
reservoir fluid (€ns,backgrouny.

Since no further tracer was injected into H§ after 15 July 2015, to quantify the effects of
doubling the gas injection, the tracer recovery results at the monitoring wells of thec2014
2015tracer test were extrapolated and applied from 15 July 2016. This apprsdased on
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the assumption that the flow channels between B and the monitoring wells remained
ARSYGAOFf GKNRdzZAK2dzi GKA&a addzReQa Y2afAld2NRY
constant permeability observed in the systeBetails of the derivation of this equation can

be found in the supplementary material of Clark et al. (2020).

Comparison of the measured;(@nd calculated nomneactive DIC and DS concentrations in
the moritoring wells allows for the calculation of the fraction of gases mineralized in the
subsurface, using the following equation frddunnarsson et a{(2018)

Fraction Mineralizee Gpredictedb i //Gipredictedb G background

3 Summary of activities and research findings

The ativitiesfor this Deliverable, specificallthe experimental work, sample collection from
field sites, analysis of major and trace elements as well as isqtapdsubsequent modellm

of the geochemical compositions, follow the methodology described in Section 2 and relevant
papers.The main resultfrom these activitiesre presentedelow.

3.1 CG-water-basaltic glass experiment

Water-dissolved C@was injected into a 234 cm long titanium HPCFR at 50 °C and 80 bar that
was already filled with basaltic glass grains andv@ter. The experimental outlet fluids
reached carbonate mineral saturation within 12 hours of fitodk interaction.

As the C@charged water (20 mM) entered the column and mixed with the high pH water
(pH9¢10), the outlet fluid with respect to FeMg-, and Cacarbonates all became temporarily
supersaturated along with clays and zeoli(Egs. 5and §. Once the pH of the outfle water
stabilized below 6, siderite (Feg)@vas the only stable carbonate along withF&, and Si
oxides and hydroxides, Faponite, and Gaeolites. When CfQnjection was terminated
while continuing to inject pure water, pH rose rapidly in the ftaw and all carbonates
became temporarily undersaturated, while zeolites became more saturated arshlgignite
more supersaturated along with fsaponite. Comparable observations were also reflected
in the reactive transport model.

The sequence of carbate and clay saturation in this experimental study was dependent on

pCQ and pH. The Fach carbonates were stable at the highgs€Q and the Caich

carbonates at the loweqtCQ. This agrees with observations from low temperature natural
analogues irbasaltic terraindRogers et al., 2006)he pure C@phase of the CarbFix field

injection site(Snaebjornsdottir et al., 2017and ourd (i dzZRe& Q& NBIF QU A PSS G NI y a
experiment. Similarly, to CarbFix, the high molar volumedslgonite was undersaturated
throughout the CQ@laboratory injection once pH stabilized below 6- Bad Mgsaponites

became supersaturated when the g@jection was terminated and pH rose to about 8, while

again confirmed by the reactive transport model though onlys&ponite briefly formed

when CQinjection began the second time.
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Thus during C@injection into basaltic rocks one should aim at suffithetow 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 wg&his is a potentially useful
observation should one attempt to achieve O®ineraization at other field sites Siderite

saturation would therefore be at the center of the plume (i.e. injection of-€itarged fluid),

followed by the sequence of FeMg, and finally Caarbonates in the most dilute edges$

KS & LJ dzY S ¢ pCQiand highSst gH2ThiS IawipH carbonation has been referred

2 a GKS aagSSi aLigSazbjomsHottietaF 2008 Sy i OF Nb 2y |

. Cn

Discontinuous injection will always occur during industsizdle carbonsequestration
applicationsdue to equipment failure and/or ovell service breaks. Ehexperiment
discussed hershows rapid alteration in the mineral saturation stages when i@f@ction is
terminated. Saturation states of large molar volume clays and zeolites increases along with
one of the Cacarbonates (calcite)while FeOF NB 2y I 4 SaQ al Gdz2N> GA2Yy
Therefore, for efficient use of the pore space in the subsurface during carbon storage, service
breaks should be kept at a minimum during injection.
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Figure5: Outlet pH, DIC, maj@lement concentrations, and mineral saturation indices (Sl) of carbonates during the 66 days

of experimental duration. The light gray shaded area represents the approximate 100 hours when the syringe pump failed,
andnonewCESY i SNBR AYiRYHESD®YIRNE N OKNE F2NI 5L/ O2yOSyidiN} (GAzZya
0.10. The dotted line represents the input DIC. From Clark et al. (2019).
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Figure6: Mineral saturation states of zeolites,-Brides, Abxides, clg 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
CQSYGiSNBR (KS WYAEAY3 OKFIYOSNR® CNRY /EFIN] Sd Ffd 6HAamMPpL D

3.2 CarbFix Pilot Site

In total, 17 CarbBix samples have beamalyzedor Fe isotopes and 15 for Zn isotopbtore
samples were processeout eitherthe water concentrations were too low to recover enough
Fe or Znfor accurate analyseqyr analyses are still egoing.Fe and Zn isotopes showed
significantvariationsduringthe course of the injection between 2012 and 2014.

Fe isotopes correlate very well with pH for the arrival of the €@ichedplume at HN4
monitoring well fgs. 2, 3, &7) but then decorrelatesignificantly from thesecond halbf the
injection (mixed C&®H.S). In comparison with Ca isotop&gich showed good correlation
with both pH and calcite saturation stater both injections the main control over Fe isotope
fractionation is not straigtliorward. Pogge von Strandmann et §2019) concluded that
calcite precipitation/dissolution is the main controlling factor over Ca isotope compositions.
Fe does not go into calciteut ankerite and siderite are supersaturaté@naebjornsdaottir et

al., 2017)they could form and fractionate Fe isotopes. Though othebdéaing minerals are
modelled to form and would also fractionate Fe isotopes, we argue that the tight correlation
(rz2 = 0.93) betweent*“Ca andi®®Fe for he first injection should result from a similar
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