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ABSTRACT 

Hydraulic fracturing and produced water or FPW has potential use as a feedstock to supply divalent 

Ca and Mg cations for mineral carbonation at standard temperature and pressure. The carbonation 

potential of real FPW samples produced by oil and gas companies has not previously been tested 

in laboratory environments under ambient conditions. As such, the effects of pH and pCO2 on the 

rate and efficiency of mineral carbonation reactions under ambient conditions were tested in this 

thesis. The results of this work show that calcite (CaCO3) and aragonite (CaCO3) precipitate from 

FPW at alkaline pH conditions (i.e., 8.5–12.0) under ambient conditions and atmospheric pCO2 

(i.e., 0.04%). These minerals sequester CO2 from air. Brucite [Mg(OH)2] and occasional 

portlandite [Ca(OH)2] precipitate at greater pH from the residual CO2-depleted FPW and both 

minerals have potential to capture additional CO2 owing to their high reactivity. The resulting high 

purity Ca-carbonate and Ca- and Mg-hydroxide minerals could be used to maximum effect for 

Carbon Dioxide Removal as part of a Ca- and Mg-looping operation, where the hydroxide 

precipitates could be regenerated by calcining while CO2 is stored in underground sedimentary 

reservoirs. When a higher pCO2 gas (10%) is injected into FPW titrated to pH 10.5, precipitation 

of calcite is promoted at the expense of brucite dissolution. The mineral carbonation reactions 

reach steady-state within 40 minutes of CO2 injection under these conditions. Although brucite 

and hydrated Mg-carbonate minerals are undersaturated at pCO2 = 10%, the maximum amount of 

CO2 captured by precipitates was 8 higher than that measured in experiments at atmospheric 

pCO2 after 24 hours. Residual Ca remained unreacted in experiments conducted at pCO2 = 10%, 

which implies that alkalinity in the FPW limits the extent of CO2 capture. Therefore, step-wise 

alkalinity swings, or maintenance of pH >10.5, could be used to drive the carbonation reaction to 

completion. In addition, the experiments showed that B, Ba, Fe, Mn, Ni, Pb, S, Si, Sr, and Zn are 
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immobilized by the precipitates during mineral carbonation, which offers an opportunity to recover 

valuable elements and sequester potentially toxic elements from FPW. Lastly, an assessment of 

FPW resources suggests that the FPW produced in Canada in 2020 could be used to sequester 151 

kt CO2/year with a value of ~7.55 M CAD under federal carbon pricing which will reach 50 CAD/t 

in 2022.  
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PREFACE 

Chapter 1 presents an introduction to mineral carbonation and hydraulic fracturing 

flowback and produced waters. In addition, it provides an overview of existing studies that have 

utilized hydraulic fracturing flowback and produced water resources for mineral carbonation. 

Chapter 2 of this thesis is in preparation for submission to Environmental Science & 

Technology as “Hydraulic fracturing flowback and produced water as a feedstock for carbon 

dioxide removal or emissions reduction via mineral carbonation”. The author designed and 

conducted the experiments, collected, and analyzed XRD, ICP-MS and SEM data, conducted 

geochemical modelling, interpreted the data, and wrote the manuscript. S.A. Wilson provided the 

idea of the project and assisted with designing the experiments, collection of XRD data, data 

interpretation and manuscript writing. N. Zeyen and M.J. Raudsepp assisted with the collection 

and interpretation of SEM data and geochemical modelling. B. Wang, K.N. Snihur and K. von 

Gunten facilitated ICP-MS data collection. B.J. Rostron collected samples from the field sites and 

assisted with data interpretation. A.L. Harrison contributed to geochemical modelling. D.S. Alessi 

contributed to samples collection, ICP-MS data collection and interpretation, and geochemical 

modelling. 

Chapter 3 of this thesis is in preparation for submission to Environmental Science & 

Technology as “Accelerating mineral carbonation with hydraulic fracturing flowback and 

produced water using elevated pCO2 gas”. The author was responsible for designing and 

conducting the experiments, building the experimental apparatus, collecting, and analyzing XRD, 

ICP-MS, SEM and alkalinity data, geochemical modelling, data interpretation and manuscript 

writing. S.A. Wilson provided the idea for the project and assisted with experimental design, the 

collection of XRD data, data interpretation, and manuscript writing. C.J. Vessey assisted with 

conducting experiments. K.N. Snihur and S. Safari facilitated the collection and analysis of ICP-
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MS data. S. Riechelmann collected the stable isotope data. C. Paulo and I.M. Power contributed 

to the collection and interpretation of DIC data. N. Zeyen assisted with the experimental design. 

M. J. Raudsepp assisted with collection and interpretation of alkalinity data. B.J. Rostron assisted 

project conception and design. D.S. Alessi contributed to project conception and design, collected 

samples, and contributed to ICP-MS data collection and interpretation. 

Chapter 4 presents a summary of the results from the two sets of experiments in this thesis. 

It also envisions future research directions to efficiently explore the use of existing FPW resources 

for practical implementation of mineral carbonation at scale. 
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CHAPTER 1: Introduction 

The Paris Agreement aims to maintain global warming below 1.5 °C compared to pre-industrial 

levels. The global economy must be carbon neutral by the mid 21-century to achieve this goal and 

avoid the most adverse effects of climate change.1–2 This agreement demands a societal shift to a 

low-carbon world, wherein Carbon Capture, Utilization and Storage (CCUS), including Carbon 

Dioxide Removal (CDR), are part of the plan to mitigate surplus anthropogenic CO2 in 

atmosphere.1 Mineral carbonation (also called carbon mineralization) is a rapid and permanent 

CCUS method that traps atmospheric CO2 gas into stable carbonate minerals.1,3–4 

Carbonate phases formed via mineral carbonation utilize divalent metal cations, typically Ca and 

Mg, and incorporate dissolved CO2 from aqueous solutions.5-17 The formation of Ca-carbonate and 

hydrated Mg-carbonate minerals have been observed to occur both in laboratory and natural 

environments at ambient conditions (i.e., room temperature and atmospheric pressure).5–17 As 

such, mineral carbonation reactions typically produce the following phases at low temperature: 

amorphous calcium magnesium carbonates (ACMC), the calcium carbonate polymorphs, calcite, 

vaterite and aragonite (CaCO3), and the common hydrated magnesium carbonates dypingite 

[Mg5(CO3)4(OH)2·~5H2O], hydromagnesite [Mg5(CO3)4(OH)2·4H2O], lansfordite 

(MgCO3·5H2O), and nesquehonite (MgCO3·3H2O).3,5–7,18–23  

Calcite precipitation is a common chemical process at Earth’s surface. The precipitation of 

hydrated Mg-carbonate minerals is also observed in nature, such as during the chemical weathering 

of mafic and ultramafic rocks (e.g. Wilson et al., 2009)5 and during biologically-induced 

mineralization of carbonate sediments in alkaline lakes22–23. However, natural silicate weathering 

and mineral carbonation reactions are slow and occur at a smaller scale, ~1 Gt/year, compared to 

the more than 36 Gt of CO2 equivalent greenhouse gases that are emitted to the atmosphere each 
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year.24 Mineral carbonation as a CCUS technology aims to enhance the rate and efficiency of 

carbonation for feedstock materials. In mineral carbonation, the feedstocks are usually referred as 

reactive Ca- and Mg-rich materials. 

Common feedstocks for CCUS include mafic and ultramafic mine tailings5–9, 25–29, steel slags29–30, 

cements29,31–32, and red mud29,33-34, which are highly alkaline and contain reactive Mg- and Ca-rich 

phases such as silicates (e.g. forsterite, Mg2SiO4; serpentine minerals, Mg3Si2O5(OH)4; 

wollastonite, CaSiO3), hydroxides [e.g. brucite, Mg(OH)2; portlandite, Ca(OH)2], and oxides (e.g., 

periclase, MgO; lime, CaO). Valorizing these materials to sequester atmospheric and industrial 

CO2 is economical and has co-benefits such as commercial production of construction materials 

from carbonated wastes4,35–36. In addition to these and other well-explored feedstock materials, 

Ferrini et al.37 proposed that hydraulic fracturing flowback and produced water or FPW has 

potential to supply Mg cations for mineral carbonation. They showed that reaction between 

synthetic FPW and CO2 is rapid and efficient at alkaline pH and ambient conditions. Gigalitres of 

FPW are produced annually during oil and gas recovery from horizontally drilled wells that require 

hydraulic fracturing in the US and Western Canada.38 In China, the production of FPW will reach 

a comparable (i.e. GL) scale by 2030 owing to the surge in hydrocarbon production from the 

Sichuan Basin.39 FPW are brines that contain dissolved inorganic species inherited from 

underground rock formations, recycled hydraulic fracturing fluids, and chemical additives that 

promote oil and gas recovery. The high salinity of FPW is inherited from the formation water and 

considered to be originated from evaporated ancient seawater that trapped by intergranular pores.40 

The inorganic components in FPW consist primarily of aqueous Na, Ca, K, Cl, Br, Mg, Sr, B, Li, 

S, Mn, Pb and Zn, 41–45 of which Ca and Mg (and possible Sr) can be used for mineral carbonation. 
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The concentrations of these elements in any given sample of FPW depend on the mineralogy of 

the rock formation and the timing of sampling following well stimulation.46 

Although FPW has previously been proposed as a source of divalent metals for mineral 

carbonation37, the rate and efficiency of FPW carbonation has yet to be tested on real samples 

under readily scalable, ambient conditions. Importantly, Druckenmiller and Maroto-Valer47 have 

reported calcite precipitation from pH-adjusted FPW at 75 C and 150 C and pressures of 600 psi 

and 1500 psi; however, their application was to better understand carbonation under reservoir 

conditions, which cannot be emulated in an above-ground carbonation plant without substantial 

energy input and capital expenditure. Prior experiments have shown that synthetic Mg-rich brines 

and brucite slurries are easily carbonated under alkaline conditions and that supplying concentrated 

CO2 gas overcomes the slow rate of atmospheric CO2 dissolution into these saline waters.6,7,37  

Mineral carbonation can be summarized into three steps: (1) releasing divalent cations through 

dissolution of feedstock minerals; (2) dissolution of atmospheric CO2 gas into solution; and (3) 

precipitation of carbonate minerals from supersaturated solutions. Dissolution of relatively 

unreactive Mg- and Ca-bearing minerals, such as silicates, in solid feedstocks is usually the rate-

limiting step of mineral carbonation, and it typically requires the addition of chemicals to extract 

divalent cations.48 The use of solid feedstocks that contain highly reactive minerals, such as brucite 

and portlandite, is rapid because the weak acidity of aqueous CO2 gas is sufficient to extract 

divalent cations,6–7 and hence no strong acids are needed. However, highly reactive phases, such 

as brucite and portlandite, are considerably less abundant on the Earth’s surface compared to the 

less reactive silicate phases, and the demand for CCUS and CDR (Gt/yr) are significantly greater 

than the CO2 capture capacity of hydroxide minerals. Direct use of Mg- and Ca-rich FPW as a 

feedstock for carbonation reactions is advantageous as there is no need to overcome the slow 
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dissolution of feedstock minerals. As such, an exploration of FPW carbonation can focus on 

understanding and optimizing steps 2 and 3 (i.e. CO2 supply and carbonate mineral precipitation) 

of the mineral carbonation process. Hence, this thesis focuses on promoting the rate and efficiency 

of mineral carbonation by exploring the conditions that drive CO2 dissolution and mineral 

precipitation in FPW. 

The idealized net reaction for FPW carbonation can be represented by Eq. 1. 

M2+ (aq) + CO2 (g) + nH2O (l) → MCO3·(n–1)H2O (s) + 2H+ (aq)   (Eq. 1) 

In the equation above, M2+ is a divalent metal cation, and MCO3·(n–1)H2O represents the 

precipitated carbonate phase(s). In order to drive the overall reaction towards the right and yield 

more carbonate minerals, the pH value of solution must be alkaline and CO2 dissolution must be 

promoted.  

One motivation to embed mineral carbonation in the day-to-day operations of the natural resources, 

energy and manufacturing industries is the opportunity to recover critical metals that are needed 

for the sustainable energy transition. Hamilton et al.49,50 recently identified in laboratory and field-

based studies that divalent transition metals (Ni, Mn, Co, and Cu) are released during dissolution 

of serpentine and brucite and subsequently captured by the precipitated carbonate phases, 

nesquehonite, hydromagnesite, and pyroaurite [Mg6Fe2(CO3)(OH)16·4H2O] as well as in 

syngenetic Fe-(oxy)hydroxides. Reeder et al.51 and many previous researchers have observed 

substitution of ions such as Co2+, Fe2+, Mn2+, and Zn2+ for Ca2+ in calcite. Increasing the pH value 

of FPW should favour carbonate precipitation, provided there is a supply of CO2, while yielding 

Fe-(oxy)hydroxide precipitates, which form readily from the oxidation of FPW.52
 Formation of 

Fe-(oxy)hydroxides is known to immobilize a variety of transition metals, including divalent Ni, 
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Mn, Co, and Cu.42,54 Mineral carbonation could thus be used to immobilize such heavy metals from 

FPW.  

Moreover, according to Canadian Water Quality Guidelines for the Protection of Aquatic Life55, 

B, Cu, Fe, and Zn should be maintained below the 1s–10s ppm level and Cd, Pb, Ni and Mn should 

be maintained below the ppb level in freshwater. Depending on the composition of the host 

formation, the concentrations of these elements in FPW may exceed regulatory limits and 

potentially be toxic to freshwater aquatic life. The water chemistry of FPW reported in previous 

studies by Folkerts et al.44 and Zhong et al.45 indicates that B is present at 10s–100s ppm, which is 

higher than the guideline benchmark value, and Cu, Mn, and Pb can also have higher 

concentrations than the recommended limits. Large Sr cations commonly substitute for Ca in 

carbonate minerals56–57 and there is a well-known, albeit limited, amount of borate that can be 

incorporated into the carbonate sites of Ca-carbonate minerals under alkaline conditions.58–59 

Therefore, precipitation of Ca-carbonate minerals from FPW during mineral carbonation has 

potential to partially immobilize these elements of concern in addition to potentially toxic 

transition metals (e.g. Cu, Mn, and Pb).  

In this thesis, two sets of laboratory experiments were designed and performed to assess the 

carbonation potential of FPW samples collected from the Western Canadian Sedimentary Basin. 

Carbonation experiments were conducted across a range of circumneutral to alkaline pH 

conditions and with gases having two different pCO2 values (i.e. 0.04% and 10%), which reflect 

atmospheric CO2 and the use of combustion flue gas or a dilute CO2 stream from a Direct Air 

Capture (DAC) plant. The behaviour of 20 elements of interest (for their value as critical metals 

and/or as potentially toxic elements) during mineral carbonation of FPW is also examined in this 

work. 
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This thesis is the first study to test the rate and efficiency of carbonating real Ca and Mg-rich FPW 

samples from oil and gas operations. It is the first study of its kind to provide detailed and coupled 

crystal chemistry, mineralogy, and aqueous geochemistry in such a system. The two sets of 

experiments in this thesis go on to investigate whether existing and future FPW resources are 

viable feedstocks for mineral carbonation. The results from the various pH and pCO2 conditions 

studied in these experiments offer some insights for further optimization of the carbonation 

reactions studied herein while recovering valuable metals and/or sequestering toxic ones. Finally, 

this thesis provides a first assessment of the potential of FPW carbonation to serve as a negative 

emissions technology (NET) in countries where horizontal drilling is widely applied. It provides 

the starting point for a discussion of how to viably implement and modify our experimental 

methods at commercial scale for CDR or CO2 abatement relevant to the oil and gas sector.   
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CHAPTER 2: Hydraulic Fracturing Flowback and Produced Water as a Feedstock for 

Carbon Dioxide Removal via Mineral Carbonation  

2.1 Abstract 

Hydraulic fracturing flowback and produced waters (FPW) and produced water (PW) are saline 

brines generated during oil and gas extraction. Here, we investigate the use of FPW as a source of 

calcium and magnesium for carbon dioxide (CO2) storage in carbonate minerals. We performed 

pH titration experiments to precipitate calcium and magnesium carbonates from three FPW 

samples and one PW sample from Alberta and Saskatchewan, Canada. Depending on the pH (8.5–

12), calcite (CaCO3) and brucite [Mg(OH)2], with occasional aragonite (CaCO3) and portlandite 

[Ca(OH)2] precipitate from FPW within 24 hours of reaction at atmospheric pCO2 and ~18 °C. We 

estimate that the carbon capture potential of FPW in the US, Canada and China, is on the scale of 

10s–1,000s kt CO2/year using pH adjustments and relying solely upon passive capture of CO2 from 

air. This result can be improved by an order of magnitude if all magnesium and calcium are 

extracted from FPW by using higher pCO2 gases, such as flue gases from fossil energy generation 

or gas streams produced by Direct Air Capture (DAC) plants. 

2.2 Introduction  

Limiting anthropogenic climate warming to 1.5 C requires a combination of energy efficiency, 

deep decarbonization, Carbon Dioxide Removal (CDR) from the atmosphere and carbon storage 

to reach net zero greenhouse gas emissions (GHG) by 2050.1 Mineral carbonation is a form of 

CDR or CCUS (when using industrial CO2 streams) that reacts alkaline Earth metals, such as Ca 

and Mg, with gaseous or aqueous CO2 to precipitate carbonate minerals.5–17 Typical sources of Ca 

and Mg for mineral carbonation include alkaline wastes such as mafic and ultramafic rocks and 
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mine tailings,5–9,20,25–28steel slag,29–30 red mud,20,33–34 and cement.20,31–32 These feedstocks typically 

contain high abundances of Mg- and Ca-silicate minerals, that must first be dissolved to form 

carbonate minerals,48 with occasional lower abundances of phases such as Mg- and Ca-hydroxides 

and oxides which react readily with CO2 under ambient conditions.6-7,18,25–27,60,61 Chemical 

treatments, such as pH-swing methods,8 are typically required to promote the dissolution of more 

recalcitrant silicate minerals and to improve conversion to carbonate minerals. As such, dissolution 

of feedstock minerals tends to be the rate-limiting step when using solid waste as feedstocks.48 In 

addition, the surface passivation effects of solid feedstocks, water saturation during reaction, and 

clogging of the pore spaces due to rapid precipitation hinder the efficiency of mineral carbonation 

in porous rock media.62 Those limitations can be circumvented by using an aqueous metal 

feedstock that already contains Mg and Ca in solution.  

Hydraulic fracturing flowback and produced waters (FPW) are fluids produced by the fossil energy 

industry, and FPW is a mixture of the brines found within a geological formation (> 95 vol.%), 

hydraulic fracturing fluids, and dissolved organic compounds introduced as additives to facilitate 

fracturing.42–44,63–65 Produced waters (PW) are sometimes referred to as fracturing fluids that return 

to the surface days after the hydraulic fracturing operation and that contain higher concentrations 

of total dissolved solids (TDS) and lower organic constituents than the earlier returning fluids.44 

Herein, we refer PW as fluids that are brought to the surface by oil and gas operations and that 

have compositions close to those of subsurface formation brines. Both FPW and PW contain 

elevated concentrations of Na and Cl, alkaline earth metals (e.g., Ca, Mg, and Sr), and transition 

metals (e.g., Mn and Zn) compared to freshwater. 42–45,63–65 FPW has been identified to have sub-

lethal effects and acute toxicity on aquatic animals, which are attributed to the high salinity and 

high dissolved organic content of FPW.44,66–68 The TDS of FPW and PW varies from one geologic 



 9 

formation to another, and it is also affected by flowback time, with large volumes of low-TDS 

water generated in the early stage and progressively higher-TDS water produced in the late stage 

until the solution chemistry equilibrates with in-situ brine;45,69–70  nonetheless, TDS in FPW/PW is 

typically hundreds to thousands of times greater than the drinking water limit (500 mg/L)71 and 

the limit for agricultural irrigation (100s mg/L)55. Therefore, spills72 and improper disposal of 

FPW/PW can be potentially detrimental to ecosystems and affect drinking water safety.  

Concentrations of Ca and Mg in FPW generated from horizontal wells range from 10s–10,000s 

ppm and 1s–1000s ppm, respectively.45,69,72 The concentration of Ca can infrequently reach 

~100,000 ppm in FPW69 and PW70, which makes FPW/PW attractive resources for mineral 

carbonation. Druckenmiller and Maroto-Valer47 demonstrated rapid formation of calcite (CaCO3) 

from FPW samples under elevated temperature (75 C and 150 C) and pressure (600 and 1500 

psi) at a pH of ~9 in experiments designed to simulate Carbon Capture and Storage in a saline 

aquifer.  Ferrini et al.37 proposed that the Mg in saline brines generated by desalination plants and 

hydraulic fracturing could be used for mineral carbonation under ambient conditions by reaction 

with high pCO2 waste gases. They used synthetic, Mg-rich and Ca-poor brines to demonstrate 

precipitation of the hydrated Mg-carbonate mineral, nesquehonite (MgCO33H2O), under high 

salinity conditions.37 

In this study, we use hydraulic fracturing flowback and produced water (FPW) and conventional 

produced water (PW) samples, both collected from the Western Canadian Sedimentary Basin 

(WCSB). Based on previously published analyses, these samples consist predominantly of 

formation water, and they contain minor amounts of hydrocarbon additives.42,44–45,70 The additives 

in FPW and PW may inhibit mineral precipitation and it is challenging to model aqueous speciation 

and the saturation indices (SI) of minerals in hypersaline fluids. As such, we adjusted solution pH 
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to values of 8.5 to 12 (n=8, in pH increments of 0.5) to empirically assess which conditions are 

most favorable for precipitation of carbonate minerals at atmospheric pCO2 and ambient 

temperature. We report detailed geochemical analyses of mineral precipitates and solution 

chemistry, and we assess the utility of thermodynamic modelling to predict the most suitable 

conditions for brine carbonation. Our experimental conditions were designed to test conditions for 

storage sites and treatment plants for FPW and PW that could be built near hydraulic fracturing 

wells. Based on our results, we provide guidance for design and optimization of industrial-scale 

carbonation of FPW, PW and other waste brines under ambient conditions.    

2.3 Methodology 

Three samples of FPW and one sample of PW were used as carbonation feedstocks. The FPW 

samples, FPW1a, FPW1b and FPW2, were collected from a single horizontally drilled and 

hydraulically fractured well at 54° 28.9' N, 117° 10.4' W from the Duvernay Formation, Alberta, 

Canada. The PW sample, described as sample ‘U of A 01- 159B’ by Rostron et al.70, was collected 

in 2001 at 49°17.7' N, 102°50.3' W from the Red River Formation in the Kingsford field, 

Saskatchewan, Canada. Table A-1 provides a summary of the composition and sources of these 

brine samples.  

Prior to titration experiments, 300 mL of FPW1a and PW samples and 600 mL of FPW1b and 

FPW2 samples were filtered with Basix™ 0.22 μm PES membranes and stored in polypropylene 

Nalgene® bottles. Aliquots (30 mL) of each filtered sample were titrated with 1.0 M NaOH to pH 

values between 8.5 and 12.0 (n=8, in increments of 0.5 pH units; Table A-1) in polypropylene 

containers using a Thermo Scientific Orion Star T910 Auto-titrator.  The electrical conductivity 

(EC) and pH of the initial brines and brines after reaction for 24 hours were measured. Precipitates 
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were separated from solutions after reaction and characterized using powder X-ray diffraction 

(XRD) and scanning electron microscopy (SEM) with energy dispersive X-ray spectrometry 

(EDX). Quantitative phase analysis with the Rietveld method73–75 was done using XRD patterns. 

The elemental composition of separated precipitates, and brines was determined using inductively 

coupled plasma mass spectrometry (ICP-MS). Geochemical modelling was done using PHREEQC 

version 376 with the phreeqc.dat database, which has been recommended to model reactions in high 

ionic strength hydraulic fracturing brines.77 Please refer to the Appendix A for detailed information 

about experimental procedures and analytical methods.  

2.4 Results and Discussion 

2.4.1 Titration experiment and evolution of solution chemistry 

The Ca concentrations in untreated FPW1a, FPW1b, FPW2 and PW are 11,000 ± 100 ppm, 10,800 

± 290 ppm, 8,180 ± 40 ppm, and 17,300 ± 310 ppm, respectively. The Mg concentrations in 

FPW1a, FPW1b, FPW2 and PW are 793 ± 46 ppm, 841 ± 15 ppm, 699 ± 26 ppm and 1,920 ± 110 

ppm, respectively. The Sr concentrations in untreated FPW1a, FPW1b, FPW2 and PW are 1,050 

± 30 ppm, 952 ±16 ppm, 759 ± 20 ppm, and 595 ± 11 ppm, respectively.   

The initial pH values of FPW1a, FPW1b, FPW2 and PW were 5.1, 5.2, 6.1, and 6.0, respectively. 

Immediately following titration, all pH-modified brines were left to react with atmospheric CO2 at 

room temperature (18.0 ± 2.0 °C) for 24 hours. The pH of all brines decreased by 0.5–1.0 units 

within 24 hours of mineral precipitation and completion of the titration experiments (Figure A-

1B). Exceptions were observed for FPW1a and PW at pH 12.0: following titrations, the pH of 

FPW1a increased from 12.0 to 13.0 whereas that of PW remained constant at pH 12.0, even after 

24 h of reaction (Figure A-1B). The dissolved inorganic carbon (DIC) concentrations of all pH-
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modified brines after the reaction for 24 hours were less than 10 mg/L (Figure A-1C). No clear 

trend for DIC versus titration pH is observed for any of the four brines; however, DIC reached a 

maximum value at pH 8.5 for FPW1a and FPW2. DIC concentrations of FPW1a and FPW2 

decreased as the solutions were titrated to higher pH. 

In general, the concentrations of both Ca and Mg decreased with increasing of pH endpoint of 

titration within the pH-modified brines after 24 hours of reaction with atmospheric CO2 (Figure 2-

1).  The Ca concentration decreased in all the pH-modified brines compared to the original brines. 

The Ca concentrations declined between pH 8.5–12.0 (FPW1a), pH 9.0–12.0 (FPW1b), pH 8.5–

12.0 (FPW2), and pH 8.5–12.0 (PW).  The Ca concentrations in FPW1a and PW, which were of 

the first-batch titration experiments, decrease dramatically from pH 11.5–12.0 and 11.0–12.0, 

respectively. At pH 12.0, the Ca concentrations remaining in FPW1a, FPW1b, FPW2, and PW are 

28.1%, 84.4%, 72.5% and 41.6% of that in the original brines, respectively. The dramatic 

decreases of Ca concentrations in FPW1a and PW might be due to the pH change after titration. 

After titration to pH 12.0 and reacted for 24 hours, the pH of FPW1a and PW increased to pH > 

12.0 while the pH of FPW1b and FPW2 decreased. 

Mg concentrations in the pH-modified brines after reaction remained at approximately the same 

level as the original brines when the pH endpoint of titration is 8.5–9.5 (FPW1a), 9.0–10.0 

(FPW1b), 8.5–10.0 (FPW2), and 8.5 (PW). The Mg concentrations decrease abruptly at pH 

endpoint values of 10.0–11.0 (FPW1a), 10.0–11.0 (FPW1b), 10.0–11.0 (FPW2), and 9.5–10.0 

(PW). When the pH endpoint value reaches 11.5–12.0 (FPW1a), 12.0 (FPW1b), 12.0 (FPW2), and 

11.0–12.0 (PW), the Mg concentrations after reaction with atmospheric CO2 are below the sample-

specific detection limits of ICP-MS measurements, which ranges from 84.5–90.0 ppm (Table A-

6). At those pH endpoint values, less than 10.8% (FPW1a), 10.5% (FPW1b), 12.1% (FPW2), and 
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4.5% (PW) of the Mg remain in the solutions (Table A-5) after reaction.  The Mg concentrations 

that are below the detection limits are plotted only intending to illustrate the trend of Mg 

concentration as a function of pH endpoint. The concentrations of other elements can be found in 

Table A-5. 
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FIGURE 2-1. Ca and Mg concentrations (ICP-MS) of the four brine samples after reaction with 

atmospheric CO2 for 24 hours as a function of pH endpoint of titration. The concentrations of pH-

modified brines and controls have been corrected for evaporative loss of water. The Ca and Mg 
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concentrations of FPW1b and FPW2 are average values of the duplicate samples. The analytical 

errors for Ca and Mg concentrations are given as ± one standard deviation and are the overall 

analytical error of concentrations from the duplicated samples. Error bars smaller than the labels 

are not shown. 

 

2.4.2 Mineralogy of precipitates 

White, cloudy precipitates were first observed in all four samples at pH 9.0–9.5. Samples of the 

precipitates were recovered successfully for the following experiments: pH 9.5–12.0 (FPW1a), pH 

10.0–12.0 (FPW1b), pH 9.5–12.0 (FPW2) and pH 9.5–12.0 (PW). The precipitates at pH 9.5 from 

FPW1a and FPW2 were only analyzed with SEM (Table A-7) due to their very limited quantities 

(<< 10 mg/L). The other precipitates were analyzed with XRD (Figures A-2, A-3) for mineral 

identification and quantitative phase analysis using the Rietveld method (Table A-7).  

The precipitates at 9.5 from FPW1a (Figure A-4, A-5, Table A-7) contain calcite only. At pH 9.5 

in FPW2, both calcite and a poorly crystalline Mg-silicate phase can both be detected using XRD 

(Figure A-5). The precipitates at 9.5 from PW contains aragonite, brucite, and trace amount of 

calcite. Precipitates at pH 10.0–10.5 contain both calcite and brucite in varying abundances 

depending on brine chemistry (Table A-7). XRD results show that both calcite and brucite are 

present in precipitates at pH values of 10.0–12.0 (FPW1a), 10.5–12.0 (FPW1b), 10.5–12.0 

(FPW2). The precipitates at pH 9.5–11.5 from PW contain aragonite, brucite, and calcite. At pH 

12.0, the precipitates from FPW1a are composed of brucite, calcite, and portlandite [Ca(OH)2], 

whereas the precipitates from PW are composed of aragonite, brucite, calcite, and portlandite. 

Portlandite was not observed in precipitates generated from FPW1b or FPW2. Aragonite was only 
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observed for experiments using PW. Overall, the Rietveld refinement (Table A-7) results show 

that phase abundance depends on titration pH and brine chemistry.  

SEM images (Figures A-4, A-5, A-7–A-9) show aggregates of 1–3 μm subhedral to euhedral 

calcite rhombohedra, which are commonly coated in plates of brucite and portlandite with the 

occasional presence of a Mg-silicate phase. 

PHREEQC modelling (Figure A-10) with phreeqc.dat was performed to predict SI of brucite, 

aragonite, calcite, and portlandite (which are the phases were observed to form during 

experiments) when titrating the original FPW1a to experimented pH. Notably, the difference 

between the pH value when SI = 0 from the modelling prediction and the pH value of observed 

mineral precipitation is between a unit of 0–1.5 for the four phases (see SI for more discussion). 

2.4.3 Yield of Ca and Mg and CO2 sequestration in precipitates 

The total yield of precipitates (reported in gram of precipitate per litre of brine) increases as a 

function of pH for all the brine samples (Table A-7). The total yield of precipitates in FPW1a 

doubles when the titration pH increased from 10.0 to 10.5 and is nearly 9 greater at pH 12.0 than 

at pH 10.0. The total yield of precipitates increases abruptly when pH changed from 10.0 to 10.5 

(FPW1b) and from 10.5 to 11.0 (FPW2). The total yield of precipitates in PW increases by an 

order of magnitude when pH increases from 9.5 to 10.0 and doubles when pH increases from 11.5 

to 12.0. These large increases in the total yield of precipitates correspond to the increasing 

production of brucite when pH increases from 10.0 to 10.5 (FPW1a, FPW1b) or from 10.5 to 11.0 

(FPW2). Differences in total yield and mineralogy can be attributed to the initial Mg and Ca 

concentrations in the brines. Mg and Ca concentrations are greatest in PW and their concentrations 

decrease in the order: FPW1a, FPW1b and FPW2 (Table A-5). The total mass yield of precipitates 
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at a given pH value follows the same trend, from greatest to lowest yield: PW, FPW1a, FPW1b 

and FPW2. The significant increase in total precipitate yield between pH 11.5 and 12.0 in FPW1a 

and PW is attributable to the precipitation of portlandite.  

The mass of Ca and Mg (the ‘yield’) and the mass of CO2 captured in the precipitates can be 

calculated using Eqs. 1, 2 and 3, respectively: 

Ca yield =∑ [
Ca𝑖   𝑝ℎ𝑎𝑠𝑒𝑖   𝑀𝑦𝑖𝑒𝑙𝑑

𝑉𝑏𝑟𝑖𝑛𝑒
]

𝑛

𝑖=1
 (1) 

Mg yield = ∑ [
Mg𝑖  𝑝ℎ𝑎𝑠𝑒𝑖  𝑀𝑦𝑖𝑒𝑙𝑑

 𝑉𝑏𝑟𝑖𝑛𝑒
]

𝑛

𝑖=1
  (2) 

CO2 sequestered = ∑ [
CO2𝑖  𝑝ℎ𝑎𝑠𝑒𝑖 𝑀𝑦𝑖𝑒𝑙𝑑

𝑉𝑏𝑟𝑖𝑛𝑒
]

𝑛

𝑖=1
 (3) 

where, Ca𝑖 , Mg𝑖 , and CO2𝑖
 are the respective weight percent abundances of Ca, Mg and CO2 in a 

given precipitate mineral 𝑖 using its stoichiometric formula, 𝑝ℎ𝑎𝑠𝑒𝑖  is the weight abundance of 

that precipitate mineral 𝑖 as estimated using Rietveld refinement, 𝑀𝑦𝑖𝑒𝑙𝑑 (g) is the total mass of 

precipitate yielded by an experiment, and 𝑉𝑏𝑟𝑖𝑛𝑒  (L) is the volume of brine from which the 

precipitate was obtained. The method we applied here assumes ideal endmember stoichiometry 

and that all phases are well crystallized. The calculated results for Ca and Mg yield and the mass 

of CO2 sequestered are plotted as a function of pH endpoint of titration in Figure A-11 and 2-2, 

respectively.   

Overall, the yields of Ca and Mg in the precipitates increase with increasing pH (Figure A-11). 

The yield of Ca increases sharply (from ~0.5 g/L to ~2.5 g/L) between pH 11.5 and 12.0 in FPW1a 

and PW during precipitation of calcite and portlandite. Ca is precipitated between pH 10.0 and 

12.0 during formation of calcite in FPW1b and FPW2. The yield of Mg has a sharp increase in the 
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precipitates between pH 10.0 and 10.5 from PW1a, FPW1b and FPW2 and from pH 9.5–10.0 in 

PW. Among the studied brines, the yield of Mg shows a strong correlation with the original Mg 

concentration in the brine samples. PW (1,920 ± 110 ppm) yields more Mg than FPW1a (793 ± 46 

ppm), FPW1b (841 ± 15 ppm) and FPW2 (699 ± 26 ppm). In contrast, the yield of Ca in 

precipitates has no correlation with the initial Ca concentration in the brines. Some caution is called 

for when using Rietveld refinement results to conduct a mass balance of Ca, Mg, and CO2 in solid 

samples because XRD data provide only an indirect description of crystal chemistry9. 14 

precipitate samples (Table A-8) were digested for ICP-MS analysis to assess the reliability of our 

XRD results (Figure A-12). Our estimates of Ca and Mg abundance using XRD data are 

comparable to the results obtained using ICP-MS (Figure A-12) with the caveat that the trend to 

be slightly overestimated. As a result, results from Eq.3 should provide an equally robust estimate 

of CO2 removal from air were obtained at pH 12. 

The CO2 captured readily by precipitates (Figure 2-2A) is attributed to calcite precipitation. The 

calculation follows Eq. 3 when Ca abundance can be estimated by the Rietveld refinement based 

on the XRD patterns of obtained precipitates: pH ≥ 10.0 (FPW1a), pH ≥ 10.5 (FPW1b), pH ≥ 10.5 

(FPW2), and pH ≥ 9.5 (PW). The minimum CO2 captured is 0.33 g/L at pH = 10.0 from FPW1a, 

0.27 g/L and 0.24 g/L at pH 10.5 from FPW1b, 0.06 g/L and 0.15 g/L at pH 10.5 from FPW2, and 

0.06 g/L at pH 9.5 from PW. The values increased over pH and reach 1.46 g/L (FPW1a), 0.36 g/L 

and 0.31 g/L (FPW1b), 0.45 g/L and 0.38 g/L (FPW2), and 1.76 g/L (PW) at pH 12.0. 

If the brucite and portlandite in precipitates are completely converted to nesquehonite 

(MgCO3·3H2O) and calcite/aragonite, respectively, via exposure to atmospheric CO2 and higher 

pCO2 gas stream, the mass of CO2 captured by precipitates (Figure 2-2B) has potential to be 

increased to 0.40 g/L at pH = 10.0 from FPW1a, 1.54 g/L and 1.50 g/L at pH 10.5 from FPW1b, 
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0.18 g/L and 0.32 g/L at pH 10.5 from FPW2, and 0.32 g/L at pH 9.5 from PW. The values 

increased over pH and reach 4.38 g/L (FPW1a), 2.33 g/L and 2.52 g/L (FPW1b), 1.76 g/L and 

1.62 g/L (FPW2), and 6.98 g/L (PW) at pH = 12.0. 

The mass of CO2 that can be potentially sequestered when all Ca and Mg removed from solution 

is respectively carbonated to nesquehonite and calcite/aragonite (Figure 2-2C) are calculated from 

the ICP-MS results of the Ca and Mg concentrations in solutions (Figure 2-1). The Ca and Mg 

removed from solutions are calculated following Δ[M]pH endpoint of titration= [M]o - [M] pH endpoint of 

titration, where M represents Ca or Mg concentrations and [M]o is the concentration of Ca or Mg in 

original FPW/PW samples. Then, the mass of CO2 sequestration potential per liter of FPW/PW is 

converted from the mass of Ca or Mg removed per liter of FPW/PW stoichiometrically based on 

the chemical formula of calcite/aragonite and nesquehonite, respectively. Accordingly, the CO2 

sequestration potential at pH 8.5 are 1.19 g CO2/L (FPW1a), 0.309 g CO2/L (FPW2), 0.984 g 

CO2/L (PW), respectively, and the value at pH 9.0 by FPW1b is 1.17 g CO2/L if all the Ca and Mg 

removed from solutions are converted to carbonates. The CO2 sequestration potential is 2.65 g 

CO2/L at pH = 10.0 from FPW1a, on average of 1.85 g CO2/L at pH 10.5 from FPW1b, on average 

of 1.31 g CO2/L at pH 10.5 from FPW2, and 3.57 g CO2/L at pH 9.5 from PW. The values increased 

over pH and reach 10.1 g CO2/L (FPW1a), on average of 3.34 g CO2/L (FPW1b), on average of 

3.81 g CO2/L (FPW2), and 14.5 g CO2/L (PW) at pH = 12.0. When all the Ca and Mg in the four 

brines are carbonated, the maximum CO2 sequestrated can reach 13.5 g CO2/L (FPW1a), 12.2 g 

CO2/L (FPW1b), 10.9 g CO2/L (FPW2), and 22.5 g CO2/L (PW) (horizontal lines in Figure 2-2C).  

Generally, the Ca extracted from the solution given by ICP-MS analysis of the solution is 

significantly higher than that given by XRD analysis of the precipitates, and Mg extracted from 

the solution given by ICP-MS aligns with that given by XRD analysis of the precipitates. The 
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actual CO2 captured (Figure 2-2A) and CO2 sequestration potential by precipitates (Figure 2-2B) 

based on XRD patterns of the obtained precipitates represents the minimum values as separating 

the solid and the solution through centrifugation is likely to cause partially loss of Ca-carbonate or 

hydroxide nanoparticles. The CO2 sequestration potential based on ICP-MS results varies from 1 

to 11-fold of the values estimated based on XRD analysis of precipitates at pH 10.0 (FPW1a), 10.5 

(FPW1b and FPW2), and 9.5 (PW), which is likely due to the variation of sample loss during solid 

collection. At higher pH, the CO2 sequestration potential based on ICP-MS analysis is generally 

close to 2-fold of the values estimated based on XRD analysis.  
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FIGURE 2-2. (A) Observed mass of CO2 captured during titration experiments using XRD data. 

(B) Mass of CO2 that can be sequestered when remaining portlandite and brucite are completely 

carbonated to calcite/aragonite and nesquehonite, respectively, via exposure to atmospheric CO2 

or a higher pCO2 gas stream (using XRD data). (C) Mass of CO2 that can be sequestered when all 

Ca and Mg removed from solution is carbonated to nesquehonite and calcite/aragonite, 

respectively, using ICP-MS data from solutions from Figure 2-1. Blue, black, green, and red lines 

plot the maximum CO2 sequestration potential by FPW1a, FPW1b, and FPW2, and PW, 

respectively, when all the Mg and Ca in solutions are carbonated. 

2.4.4 CO2 supply limits carbonation rate of brines 

Our experimental results show that brines precipitated Mg-hydroxide (brucite) in favor of hydrated 

Mg-carbonate minerals at alkaline pH. We conducted thermodynamic modelling using PHREEQC 

version 3 (Figure A-10) using the solution chemistry of FPW1a and between pH 5.0–13.0. The 

starting DIC value used for modelling was measured from untreated FPW1a in contact with 

atmospheric pCO2 at room temperature (18 ± 2 °C). The common hydrated Mg-carbonate minerals 

produced during mineral carbonation [dypingite, Mg5CO4(OH)2·~5H2O; hydromagnesite, 

Mg5(CO3)4(OH)2·4H2O; and nesquehonite, MgCO3·3H2O] are undersaturated in FPW1a at pH 

5.0–13.0 owing to the low concentration of DIC (Figure A-1C) in the initial solution and after 

titration. Although magnesite (MgCO3) and disordered dolomite [CaMg(CO3)2] reach 

supersaturation, we did not observe those phases because their nucleation is kinetically inhibited 

at room temperature unless catalyzed using carboxyl functional groups on abiological substrates 

or microbial cell walls78-80.  
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Both aragonite and calcite/aragonite are supersaturated in FPW1a at elevated pH, which is 

consistent with the observed mineralogy of the precipitates. However, aragonite was only observed 

in precipitates from PW (Table A-7). The lack of aragonite in FPW1a and other brine precipitates 

may be due to their undersaturation (Figure A-10) and original Mg/Ca ratio81 (Table A-5) when 

minerals precipitated, which favors calcite precipitation. Formation of portlandite [Ca(OH)2] is 

predicted from geochemical modelling (Figure A-10) as observed at pH ~12.0 for FPW1a and PW.  

The nanoscale morphology of hexagonal platelets and rosettes of both brucite (e.g., Figures A-4C, 

A-4D and A-9A) and portlandite crystals (e.g., Figure A-9C) reflects rapid precipitation, as do the 

broad peaks observed for these phases in XRD patterns. Although this morphology should provide 

a large reactive surface for carbonation reactions,31,62 our results show that pH > 10.5 (FPW1a, 

FPW1b and FPW2) and pH > 9.5 (PW) precipitates contain more hydroxide phases than carbonate 

phases (Table A-7). This indicates that mineral precipitation outpaces the dissolution of 

atmospheric CO2 into the brines. Carbon limitation in this system can likely be overcome by 

increasing DIC concentration using a concentrated supply of high pCO2 gas.6–7 We therefore 

propose that carbonation of brines using higher pCO2 gas streams should be explored. The greatest 

yield of Ca and Mg, and the greatest CO2 sequestration, are likely to be achieved at one of two pH 

intervals if the pH condition is maintained: (1) within the pH range of 9.5–10.0 (FPW1a, FPW1b, 

and FPW2), where Ca-carbonate minerals (aragonite or calcite) are most favoured to form over 

portlandite and brucite or (2) at pH >10.5 (FPW1a, FPW1b, FPW2, and PW), to maximize 

precipitation of reactive, nanocrystalline hydroxide minerals (brucite6-7,61 and/or portlandite18) for 

further carbonation. The latter energy strategy has potential to utilize the full carbonating potential 

of the brine by carbonating Mg as well as Ca; however, a greater amount of base is needed to 

achieve this outcome.  It should be noted that the exact pH ranges for these reactions will depend 
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on the solution chemistry of a specific brine. The expense and embodied carbon involved in using 

NaOH, or another base as well as CaO, to achieve the desired pH will also need to be considered 

as part of a Life Cycle Assessment (LCA) and Techno-Economic Assessment (TEA). If all the 

precipitated hydroxides can be carbonated with the supply of high pCO2 gas (Figure A-2B), the 

carbon capture capacity can be increased by at least 4 times at pH > 10.5 than it is under 

atmospheric pCO2 (Figure A-2A) based on the XRD results.   

2.4.5 Prospects for implementation of brine carbonation in the oil and gas sector 

Oil and gas operations including extraction, processing, and transportation, which do not involve 

utilization of the fuel, were indirectly responsible for ~5.2 Gt CO2 equivalent (CO2e) emissions in 

2018 globally.82 The Canadian oil and gas sector was indirectly responsible for 191.4 Mt CO2e 

emissions in 2019, and the transport sector contributed another 185.8 Mt CO2, representing 52% 

of the 730 Mt CO2 emitted nationally.83 Traditional Carbon Capture and Storage (CCS) associated 

with enhanced oil and gas recovery currently only stores ~260 Mt CO2e worldwide every year.84 

With >36 Gt CO2e emitted per year globally,85 achieving net zero GHG emissions by 2050 will 

likely require capturing CO2 directly from air as well as from large point-sources of industrial 

CO2.
86–89 

Our results show that pH adjustments can be used to produce Ca-carbonate minerals and highly 

reactive brucite and portlandite for CO2 removal from air. The global scale of FPW production 

suggests these brines may be available at sufficient scale to be useful feedstocks for mineral 

carbonation. Kondash et al. (2017)90 estimated that each hydraulic fracturing well produces a 

median volume of 1.7 to 14.3 ML/year of water during its first 5–10 years of operation. In Western 

Canada alone, there are more than 10,000 hydraulically fractured wells that have been drilled 
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within the past 10 years.91–93 Zolfaghari et al.94 estimated that 66.8 million m3 of FPW were 

produced in Canada during 2020 from the 16,068 registered hydraulic fracturing wells that were 

drilled after 1990 in the WCSB.  Unconventional oil and gas production in the United States is 

estimated to have produced 803 GL of hydraulic fracturing fluids within the past 6 to 10 years.95 

More recent estimates by Zolfaghari et al. reveal that hydraulically fractured wells in the US 

generated 356.4 GL of brine in 2019 alone.94 In China, it is estimated that a total of 2.16 GL of 

FPW were generated from the Fuling shale gas field in the Sichuan Basin between 2014–2015.96 

With the recent surge in shale gas exploration in China,96–97 it is predicted that the gas fields in the 

Sichuan Basin will yield 20–55 GL/year of FPW from 2020 to 203098 and that production will 

increase as more gas fields are exploited.  

Here we provide a first, high-level estimate of the capacity for hydraulic fracturing brine 

carbonation for the USA, Canada and China based on following data from our experiments: (1) 

observed precipitated carbonates (Figure 2-2A), (2) precipitated hydroxides when carbonated 

(Figure 2-2B), and (3) Ca and Mg removal in brines (Figure 2-2C). The source of annual FPW 

production data and results of our calculations are summarized in Tables A-9 and A-10, 

respectively. If the average solution chemistry of our four brine samples can represent the average 

solution chemistry of the brines produced in Canada, US, and China, adjusting pH of the brines to 

10.5–12.0 and reacting them for 1 day with ambient CO2 in air, with the total FPW production can 

readily capture 4.70–31.7 kT (Canada, 2020), 52.7–355 kT (US, 2019), and 0.319–2.15 kT (China, 

2014–2015) of CO2 based on our XRD results of the obtained precipitates (Figure 2-2A) with the 

variation depends on the pH endpoint of titration. If a comparable amount of hydroxide minerals 

observed in our experiments can be fully converted to carbonate minerals (Figure 2-2B), the CO2 

capture capacity can be enhanced to 59.3–123 kT (WCSB, Canada; 2020), 665–1,380 kT (US, 
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2019) and 4.03–8.36 kT (Fuling shale, China; 2013–2014). Moreover, if all the Ca and Mg 

removed from the solutions provided by the ICP-MS results can be completely converted to 

carbonates (Figure 2-2C), the CO2 capture capacity can reach 117–252 kT (WCSB, Canada; 2020), 

1,310–2,830 kT (US, 2019) and 7.94–17.1 kT (Fuling shale, China; 2013–2014).  

Zolfaghari et al.94 showed that both Ca and Mg concentrations in FPW from Canada ranges 

between 500–70,000 mg/L. The estimated average concentration of Ca is 2,650 mg/L and that of 

Mg is 2,100 mg/L based on the solution chemistry of 16,068 hydraulic fracturing wells. Assuming 

similar average Ca and Mg concentrations, we estimated 151 kT (WCSB, Canada; 2020), 1.69 MT 

(US, 2019) and 10.3 kT (Fuling shale, China; 2013–2014) CO2 can be captured with full 

conversion of Ca and Mg in brines to calcite/aragonite and nesquehonite, respectively.  

Accordingly, the estimated CO2 captured in Canada is equivalent to ~0.079% of the embodied 

carbon (~190 Mt CO2e)83 from oil and gas industry in Canada and will save 7.55 M of CAD per 

year given the price99 of 50 CAD per tonne of CO2 in 2022. The produced carbonate minerals can 

be possibly used as construction materials to further offset the operation cost of this technique.The 

average Ca and Mg concentrations in China and the US differ from the estimated Canadian average 

value, hence, a more comprehensive estimation of the CO2 capture is needed to be performed in 

the future study. 

Both direct air capture (DAC) and Ca and Mg looping technology are forms of CDR technology. 

DAC sequesters CO2 directly from the ambient air,88–90 which is via sparging air through alkaline 

solutions or solid sorbent filters.100 It has great potential to offset CO2 but the current techniques 

require enormous areas of land and it is cost-inefficient. Ca and Mg looping methods would reuse 

mineral feedstocks after reacting with CO2 in air by calcining the resultant Ca- and Mg-carbonates 

repeatedly.87–88 Several recent studies have proposed that Ca and Mg looping methods could be 
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used to scale-up the carbon capture capacity of limited natural or industrial feedstocks for mineral 

carbonation,87–89 such that the technology might be scaled to the Gt CO2 per year level. It is 

possible that this approach might be used to capture an infinite amount of CO2 from air at ambient 

temperature, pressure and pCO2.
87–88  

The mineral carbonation using FPW as feedstock solutions described in our study can be deployed 

with industrial waste gas as the CO2 source or via DAC with CO2 sourced from the ambient air 

(Figure 2-3). The pH-modified FPW serves as an aqueous sorbent in such systems and the 

precipitated Ca- and Mg- hydroxides or carbonates could be combined with Ca101–103 and Mg87–

88,104–107 looping technologies for further extraction of concentrated CO2. The purified CO2 from 

calcination then either could be transported using the growing network of CO2 pipelines (e.g., the 

Alberta Carbon Trunk Line in the WCSB) for injection into geologic formations dedicated to 

storage or for utilization in the manufacture of value-added products.87–88 Finally, the MgO and 

CaO calcination products can be reused to scavenge more CO2 from air. Unlike most of the 

previously developed looping systems102,105–107, in which carbon mineralization happens at high 

temperature and pressure conditions, both the initial carbonate mineral precipitation and reuse of 

MgO and CaO calcination products take place at the ambient conditions as proposed by Kelemen 

et al.87 and McQueen et al.88. Using FPW as a source of Mg and Ca for looping also negates the 

need to calcine magnesite, dolomite or limestone as feedstocks for CDR, maintaining permanent 

storage of the CO2 in these mineral deposits within the rock record. Future directions on 

maximizing the efficiency of using FPW for CRD are summarized in Appendix A Section A4. 
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FIGURE 2-3. Schematic illustration of FPW carbonation via CDR coupled to Ca/Mg looping plus 

injection into a sedimentary formation. The design of the installation is based on publicly 

accessible information on hydraulic fracturing operations93, wastewater treatment plants108, and 

looping methods87–88. 
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CHAPTER 3: Accelerating Mineral Carbonation with Hydraulic Fracturing Flowback and 

Produced Water Using Elevated pCO2 Gas 

3.1 Abstract  

Mineral carbonation removes anthropogenic carbon dioxide (CO2) from the atmosphere through 

precipitation of carbonate minerals. Hydraulic fracturing flowback and produced water (FPW) is 

Ca- and Mg-rich wastewater produced by the petroleum industry that has potential to be used to 

sequester CO2 in minerals. Here, we describe the rate and efficiency of carbon mineralization 

achieved by sparging 10% CO2/90% N2 gas into pH-adjusted FPW (pH = 10.5) from the Duvernay 

Formation, Western Canadian Sedimentary Basin. We report data for water chemistry, mineralogy, 

and gas composition for the duration of each experiment. Our results indicate that calcite (CaCO3) 

precipitated at the expense brucite [Mg(OH)2] dissolution following CO2 injection. As such no 

Mg-carbonate precipitates were formed. The carbonation reaction reached steady state within 1 

hour and 14.2% of the Ca in the FPW was extracted to form calcite. Precipitated calcite sequestered 

1.56 ± 0.33 g CO2 per liter of FPW; however, carbonating all the Ca and Mg in the FPW offers a 

greater CO2 sequestration potential of 12.5 ± 0.3 gram of CO2 per liter of water sample (g CO2/L). 

Our stable carbon isotope results, DIC measurements and PHREEQC models indicate that CO2 

mineralization can be maximized by maintaining solution at pH  10 during CO2 sparging.  

3.2 Introduction 

Between 1 to 15 GtCO2 per year must be removed from the atmosphere beginning in 2018 to limit 

global warming to 1.5 °C before 2050.1 Mineral carbonation is a nature-inspired Carbon Dioxide 

Removal (CDR) process that converts atmospheric CO2 into carbonate minerals by dissolving and 

reacting Mg- and Ca- silicate and hydroxide minerals10,109–110 with dissolved inorganic carbon 
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(DIC). It can also be used as a Carbon Capture Utilization and Storage (CCUS) technology to 

sequester CO2 from industrial point sources. Ex situ mineralization of CO2 includes carbonation 

of alkaline industrial and mine wastes at Earth’s surface,5,25,27–29,34,50,111 whereas in situ 

mineralization is achieved by injecting CO2 gas into basalt, serpentinite or peridotite.112–115 At full 

scale, mineral carbonation has the potential to provide negative emissions on the scale of several 

Gt CO2/yr.29,116 Pilot projects for in situ mineral carbonation include the Carbfix and Carbfix2 

projects in Iceland,117–121 the Nagaoko project in Japan,121 and the Wallula project in the United 

States,123–125 which have tested or commercialized subsurface mineralization in basalt. DeBeers 

Project CarbonVault126–129 is piloting ex situ carbonation of processed kimberlite from diamond 

mines. Mineral carbonation and enhanced weathering start-up companies such as Project Vesta,130 

Heirloom131 and 44.01132 are expected to begin field trials in the coming years as well. 

Most mineral carbonation studies have sourced Mg and Ca from rocks or mineral wastes owing to 

their high concentration in these materials (e.g., 29.9 wt.% Mg in dunite, 24.1 wt.% Mg in 

serpentinite, 3.7 wt.% Mg and 6.7 wt.% Ca in basalt; Lackner et al.10). However, only a fraction 

of the Mg and Ca in rocks is contained in minerals that are highly reactive with CO2 and able to 

contribute to fast carbonation reactions. For instance, the fast reactivity of serpentinite to CO2 

depends primarily on the abundance of the highly reactive mineral, brucite [Mg(OH)2].
 6,25,111 A 

serpentinite that contains 5 wt.% brucite will not have much more highly reactive Mg than the ~2.9 

wt.% contained in brucite (assuming ideal stoichiometry), which is on the order of 10% of the total 

Mg in this rock type. Waste brines, such as those produced by the oil and gas sector, have received 

less attention as feedstocks for mineral carbonation. This is, in part, because they have a lower 

overall concentration of Mg and Ca than rocks and waste minerals. However, they contain 
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comparable concentrations of highly reactive Mg and Ca, and these elements are already in 

solution. 

Approximately 420 Mt/year of ultramafic mine tailings are currently produced each year.3 

Renforth (2019)29 estimated that as much as 3.5 Gt/year of ultramafic mine tailings may be 

produced by 2100 owing to demand for critical metals such as nickel, cobalt, and platinum group 

elements. By comparison, hydraulic fracturing (HF) generated an estimated 66.8 million m3/year 

(~66.8 Mt/year) and 356.4 million m3/year (~356.4 Mt/year) of FPW in Canada during 2020 and 

in US during 2019, respectively.38 Thus, the scale of FPW production alone is comparable to that 

of ultramafic mine tailings. Considering the much larger amount of waste brines generated by non-

HF wells, total brine production in North America alone will be even higher than the above 

estimation using only FPW. For example, accounting for the well drilled after 1990 in North 

America, conventional wells in 2020 from US produced additional 892.7 million m3 and from 

Canada produced additional 171.3 million m3.38 Therefore, waste brines offer considerable 

potential for mineral carbonation. 

Hydraulic fracturing flowback and produced water (FPW) is brine from geological formations, 

which mixes with recycled water from previous fracturing and with chemical additives that 

enhance petroleum recovery. 42,43,64,65 FPW has previously been identified as a potential feedstock 

solution for mineral carbonation owing to its elevated Ca and Mg content.37,47 Ferrini et al.37 

demonstrated that nesquehonite (MgCO33H2O) is produced from synthetic waste brines via 

injection of CO2 gas, and they suggested this method can be applied to FPW or waste brines from 

desalination plants at ambient conditions. Druckenmiller and Maroto-Valer47 studied calcite 

(CaCO3) precipitation from FPW under high temperature and pressure conditions as an analog to 

mineral carbonation in saline aquifers. In a previous study (Chapter 2; Zhu et al., in preparation)133, 
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we demonstrated that brucite [Mg(OH)2], a highly reactive phase that can easily be carbonated to 

hydrated Mg- carbonates6,7,60, and calcite (CaCO3) form by reaction of atmospheric CO2 and pH-

modified FPW at room temperature (~20 °C).  

In this study, we describe the results of laboratory carbonation experiments using FPW and 10% 

CO2 (i.e., simulated flue gas134). This work builds on our previous study of FPW carbonation using 

CO2 capture from ambient air (Chapter 2; Zhu et al, in preparation133). The compositions of solids, 

solutions and gases are monitored throughout the experiments to understand the efficiency of FPW 

carbonation. Our results provide information on how the carbonation of FPW and other highly 

saline solutions, such as seawater or mine leachates, might be optimized using high pCO2 gas 

streams such as flue gas or purified CO2 from Direct Air Capture plants (e.g., McQueen et al., 

2021)135.  

3.3 Materials and Methods 

Solutions of 1M NaOH were made from Sigma-Aldrich® sodium hydroxide pellets 1 day prior to 

the carbonation experiments to limit uptake of atmospheric CO2. The FPW sample used in this 

study was collected 324 hours after well stimulation from the Duvernay Formation (Sample FPW1, 

described in detail in Chapter 2; Zhu et al., in preparation)133. It was filtered using 0.22 μm syringe 

filters to remove suspended particles and microbes. Prior to each experiment, approximately 1.2 L 

of filtered FPW were titrated to pH 10.5, sealed with parafilm and allowed to equilibrate for about 

40 minutes. Cloudy, white precipitates were observed immediately after NaOH was added to the 

FPW. 

A custom gas mix of 10% CO2 in N2 was supplied into a 2 L Nalgene® polypropylene vacuum 

flask containing 1.2 L of FPW. Experiments were conducted in a fume hood using a setup (Fig. 
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S1) that was modified from that of Harrison et al. (2012)7 and Wilson et al. (2010)6. A Cole-

Parmer® flow meter was used to supply the gas into FPW through a Chemglass Life Sciences® 

gas dispersion tube with medium frits to decrease the size and increase the amount of gas bubbles. 

The CO2 concentration of the outflow was analyzed using a CO2METER K33 ICB 10% CO2 

sensor (accuracy of ±100 ppm). The experimental apparatus was sealed, except during sampling, 

with only 10% CO2 in N2 gas flowing in from the gas sparger and gas flowing out to the CO2 meter 

through the side-arm of the vacuum flask. 

The 10% CO2/90% N2 (by molar) gas mix was supplied to pH-modified FPW at a constant flow 

rate of 250 mL/min for 27.5 hours in two (duplicate) carbonation experiments, which we refer to 

hereafter as Experiments CA and CB. Experiment CA was conducted under ambient laboratory 

conditions at a temperature between 16.5–17.7 °C and a relative humidity of 16.0%. Experiment 

CB was conducted 1 week later at a temperature between 17.6–18.7 °C and a relative humidity 

between 21.0–27.9%. Samples were taken at 23 time points in each of the two experiments: 

samples (n =1) were taken right after pH titration of the FPW; in the first 0.5 h after supplying CO2 

gas, samples were taken every 5 minutes (n = 7); in the second 0.5 h after supplying CO2 gas, 

samples were taken every 10 minutes (n = 3); from 1.5 h to 5.5 h, samples were taken every 30 

minutes (n = 8); and thereafter samples (n = 4) were taken at 8, 22, 27, and 27.5 hours. 

Approximately 7 mL of solution were collected at each sampling point. Prior to sampling, the 

solutions and suspended precipitates were mixed well by vigorous shaking. The mass of the 

experimental apparatus was recorded before and after collection of each sample to monitor 

evaporative mass loss and CO2 uptake into precipitates. The mass of each sample of solution and 

suspended precipitate was also recorded, and the samples were then centrifuged at 7800 rpm for 5 

minutes to separate liquid from solids with an Eppendorf 5430 Centrifuge. The separated solids 
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were washed 3 times with MilliQ water (>18.2 Mcm) to remove halite crystals formed by 

evaporation of residual FPW and then centrifuged at 7800 rpm for 5 minutes after each wash to 

remove liquid. 

The washed precipitates were then dried for 1 week in a desiccator containing DrieriteTM at room 

temperature, weighed, and split into subsamples for powder X-ray diffraction (XRD), scanning 

electron microscopy (SEM), inductively coupled plasma mass spectrometry (ICP-MS), and stable 

carbon and oxygen isotope analyses. The separated solutions were filtered with 0.22 μm 

membranes and split into subsamples for analysis. Subsamples for stable isotope analysis and 

dissolved inorganic carbon (DIC) analysis were stored in ~2.5 mL glass vials with zero headspace, 

sealed with parafilm to avoid further reaction with air, and stored at 4 °C. The pH and conductivity 

of the remaining solutions were measured immediately with a Thermo Scientific® Orion Star 

A215 pH/Conductivity meter. Alkalinity values of the solutions from Experiment CA were 

analyzed immediately while those of solutions from Experiment CB were analyzed within 24 hours 

of sampling. The remaining solutions were stored at 4 °C for (ICP-MS) analysis. Detailed 

analytical methods are included in the Appendix B of this thesis. 

3.4 Results 

3.4.1 Evolution of solution chemistry during carbonation experiments 

The pH values of the initial FPW used in Experiments CA and CB were 6.0 ± 0.1 and 5.7 ± 0.1, 

respectively. Experiments CA and CB had initial conductivity values of 202.0 mS/cm and 202.3 

mS/cm, respectively. The initial concentration of dissolved inorganic carbon (DIC) was measured 

with a CO2 coulometer to be 1.82 mg C/L and 0.64 mg C/L for Experiments CA and CB, 

respectively. The elemental concentrations of aqueous species in the initial FPW were determined 
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using ICP-MS (Table B-6). Na and Cl are the most abundant dissolved elements. Na 

concentrations are 56,900 ± 1,960 ppm (CA) and 56,900 ± 1,950 ppm (CB), whereas the Cl 

concentration is 124,000 ppm in both Experiments CA and CB. Ca is the third most concentrated 

element with 10,200 ± 100 (CA) and 9,930 ± 180 (CB) ppm. The concentration of Mg is 791 ± 25 

ppm and 780 ± 28 ppm in Experiments CA and CB, respectively. Sr is also present at high 

abundance: 934.3 ± 25.4 ppm and 927.0 ± 24.0 ppm in Experiments CA and CB, respectively. Si 

concentrations in Experiments CA and CB are 12.6 ± 0.4 and 11.5 ± 0.4 ppm, respectively. Small 

differences in the elemental composition of the brine used in Experiments CA and CB can be 

explained by analytical error. The initial concentrations of other elements in the FPW are listed in 

Table B-6.  

The pH the FPW used in the two duplicate experiments (CA and CB) was titrated to a value of 

10.5 in order to supply alkalinity for further carbonation. This pH value was selected because it 

allows for brucite precipitation while using a minimum amount of NaOH (after Zhu et al., in 

preparation)42. A total of 94.4 mL and 93.9 mL of 1 M NaOH solution was added to 1.2 L of FPW 

in each of Experiments CA and CB, respectively. The pH-modified solutions were then sealed 

within plastic sidearm flasks to restrict interaction with the laboratory atmosphere for 

approximately 40 minutes while installing the experimental apparatus. The conductivity of 

solution in both experiments was generally stable between 190 –210 mS/cm for their entire duration 

(Figure B-2A). The pH of both experiments at t = 0 min (right before supplying 10% CO2) had 

dropped to a value of 10.4 (Figure 2-1), which is attributed to the precipitation of solid phase(s) 

following pH titration. After CO2 gas was supplied to the pH-adjusted FPW, the pH value of 

solution decreased between t = 0 –10 min from a value of 10.4 (CA and CB) to either 9.7 (CA) or 

9.9 (CB). The pH changed more slowly between t = 10–15 min, declining from 9.9 to 9.7 in 
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Experiment CA and increasing slightly from 9.7 to 9.8 in Experiment CB. pH values then 

decreased dramatically between t = 15–40 min and plateaued at a value of approximately 6.4 (CA) 

and 6.3 (CB) from t = 90  min until the experiments were stopped at 1650 min (27.5 hours).  

The DIC samples of brines were collected immediately at each sampling time point during the 

experiments and were sealed with parafilm before the measurements at Trent University a week 

after. The concentrations of DIC in the original solutions were 1.82 mg C/L (CA) and 0.64 mg C/L 

(CB) (Figure 3-1B, Tables B-7 and B-8). DIC concentrations in both experiments remained 

relatively unchanged between t = 0–40 min. At t = 40 min, the concentration of DIC increased to 

36.9 mg C/L (CA) and 35.8 mg C/L (CB). The DIC concentration of Experiment CA increased 

progressively to a maximum value of 69.0 mg C/L at t = 90 min and that of Experiment CB reached 

a maximum of 63.9 mg C/L at t = 240 min. DIC values decreased thereafter and plateaued at 28.9 

mg C/L (CA) and 55.7 mg C/L (CB). 

The alkalinity (Figure B-2B) of the solutions was measured as [HCO3
-] + 2[CO3

2-] after each 

sampling. When pH = 6.0–6.4, the alkalinity is approximately equal to [HCO3
-]. Alkalinity values 

(reported as mg C/L) follow a similar trend to those obtained for the concentration of DIC, but are 

typically greater in magnitude (Figure 3-1).  In Experiments CA and CB, the alkalinity of the initial 

brine before titration was 11.9 mg C/L and 10.4 mg C/L, respectively. In Experiment CA, the 

alkalinity increased rapidly following injection of CO2 gas and then decreased from 252.8 mg C/L 

to 28.8 mg C/L from t = 0–30 min. Thereafter, the alkalinity of Experiment CA increased to an 

average value of 73.7 ± 15.6 mg C/L between t = 50–1650 min. In Experiment CB, the alkalinity 

declined following initial injection of CO2 from 251.8 mg C/L to 37.4 mg C/L, and then maintained 

an average value of 24.4 ± 6.7 mg C/L between t = 40–1650 min. The difference in the steady-

state alkalinity values for Experiments CA and CB are likely attributable to CO2 degassing and the 
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amount of time that had passed before alkalinity was measured after sampling: measurements were 

performed approximately 5 minutes after sampling for Experiment CA, whereas alkalinity was 

measured ~27.5 hours after sampling for Experiment CB.  
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FIGURE 3-1. Time dependence of (A) solution pH and (B) concentration of DIC. The inset in 

(A) shows the region of the pH–t plot bounded by the dashed vertical line through t = 100 min. 

Plots of ICP-MS results for Ca and Mg concentrations over time are given in Figure 3-2. 

Considering the dilution caused by NaOH addition before carbonation experiments, the Ca 

concentrations of the original, diluted FPW samples can be recalculated as 9,480 ± 100 ppm (CA) 

and 9,240 ± 180 ppm (CB). The measured Ca concentrations were 9,360 ± 160 ppm (CA) and 

8,950 ± 110 ppm (CB) at t = 0 min, just before addition of 10% CO2 into experiments. The small 

decrease in Ca concentration following addition of NaOH, but prior to addition of CO2 gas, could 

be associated with the formation of the white precipitate; however, these values are within error, 

suggesting that most if not all Ca remained in solution. The concentration of Ca progressively 

decreased to 7,800 ± 190 ppm from t = 0–40 min (CA) and to 7,660 ± 60 ppm from t = 0–30 min 

(CB). The Ca concentration in Experiment CA stabilized from t = 40 min at 7,820 ± 240 ppm, 

whereas that of CB stabilized from t = 30 min at a value of 7,640 ± 160 ppm. The final Ca 

concentrations reflected removal of 13.4% (CA) and 14.9% (CB) of this element from the FPW.  

Accounting for dilution with 1 M NaOH, the Mg concentrations of the original brines were 737 ± 

23 ppm (CA) and 727 ± 26 ppm (CB). Mg concentrations decreased to 210 ± 6 ppm (CA) and 214 

± 8 ppm (CB) following titration (t = 0 min) such that 71.5% and 70.5%, respectively, of the Mg 

originally in solution had been removed by the precipitate. As the carbonation experiment 

proceeded, the concentration of Mg progressively increased to 720 ± 17 ppm (CA) and 681 ± 17 

ppm (CB) from t = 0–40 min and then stabilized at average values of 715 ± 18 ppm (CA) between 

t = 40–1650 min and 698 ± 18 ppm (CB) between t = 50–1650 min. Approximately 0.03% (CA) 

and 0.04% (CB) of the Mg originally in solution had been removed from the brines when the 

solution reached steady state.  
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Sr concentrations were 860 ± 15 ppm (CA) and 856 ± 29 ppm (CB) following titration with 1 M 

NaOH (t = 0 min). The Sr concentrations had declined to average values of 820 ± 20 ppm (CA) 

and 810 ± 19 ppm (CB) by t = 15 min in both experiments and did not change significantly between 

t = 15–1650 min. The concentration of Si (Figure B-3) shows the same trend as observed for Mg. 

Si was below the detection limit (5.5–5.6 ppm) between t = 0–25 min for both experiments. In 

Experiment CA, its concentration increased from t = 0–40 min and then plateaued at a value of 9.7 

± 1.1 ppm from 40 minutes until the end of the experiment. In Experiment CB, the concentration 

of Si increased from t = 0–50 minutes and thereafter plateaued at a value of 9.8 ± 0.5 ppm.  
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FIGURE 3-2. Mg and Ca concentrations as a function of time. Analytical errors are plotted as one 

standard deviation. One standard deviation of the average Mg and Ca concentrations when 

reaching steady state is shaded in blue (Experiment CA) and greyish orange (Experiment CB). The 

lower boundary of analytical errors of Experiment CA when reaching steady state is plotted as 

horizontal blue dashed line: area shaded in orange above the line is within one standard deviation 

of the averaged concentration of Experiment CA when reaching steady state. 
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3.4.2 Composition of precipitates 

Precipitates were characterized using XRD, SEM and ICP-MS. XRD results indicate brucite 

precipitated immediately upon addition of 1M NaOH to FPW in both experiments. No other 

crystalline phase was observed in the precipitates at t = 0 min. At t = 5–30 min, calcite was 

observed in addition to brucite (Figures 3-3, S4 and S5). The abundance of calcite increased from 

0 to 100 (wt%) and brucite decreased from 100 to 0 (wt%) between t = 0–40 min (Tables B-9 and 

B-10). No brucite was detected using XRD in either experiment after 40 minutes, and calcite 

remained the only detectable crystalline phase from t = 40–1650 min.  

 

FIGURE 3-3. Representative XRD patterns of the precipitates during carbonation experiments. 

The most intense peaks of calcite (C) and brucite (B) are labelled with their Miller indices. XRD 

patterns of all precipitates from the experiments are provided in the Appendix B.  
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SEM imaging (Figure B-6A) shows that the precipitates from Experiment CA at t = 0 min are 

composed of ~100 nm brucite crystals. EDX spectra (Figure B-6B) indicate that Si and Mn are 

commonly associated with brucite. Figure B-6C shows larger (~2 µm) calcite rhombs sampled at 

t = 240 min. Calcite precipitates consistently contained minor amounts of Mg, Sr and S (Figure B-

6D).  

 

3.4.3 Stable carbon and oxygen isotopes 

δ13C and δ18O values were obtained for nine samples of calcite from Experiment CA and ten 

samples from Experiment CB (Figure 3-4 and Tables B-7 and B-8). The most negative δ13C values, 

-39.7‰ (CA) and -46.6‰ (CB) were obtained at t = 30 min and t = 15 min, respectively. The δ13C 

values of calcite became more positive in both experiments until the values stabilized between        

-32.8‰ and -31.6‰ (CA) and -33.2‰ and -33.5‰ (CB) after t = 270 min. In general, the δ18O 

values of calcite became more positive over time, increasing from values of 11.1‰ (CA) and 9.9‰ 

(CB) at t = 30 min to values in the range of 15.6–18.0‰ (CA) and 17.1–18.1‰ between t = 150–

1650 min.  

The δ13C values of DIC were analyzed for seven samples of solution from Experiment CA and 

eight samples from Experiment CB (Figure 3-4A and Tables B-7 and B-8). DIC concentrations at 

t < 50 min were too low to permit δ13C analyses. At t = 50 min, the δ13C values were -36.4‰ (CA) 

and -36.2‰ (CB). δ13C values of DIC became progressively more positive from t = 50–150 min 

and plateaued from t = 150–1650 min between values from -24.4‰ to -21.0‰ (CA) and -25.7‰ 

to -23.9‰ (CB).  
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The δ18O values of H2O were analyzed for thirteen samples of solution from Experiments CA and 

CB (Figure 3-4B and Tables B-7 and B-8). The original brines had the most positive δ18O values 

1.5‰ (CA) and 0.7‰ (CB). After adjusting solution pH by addition of 1M NaOH, the δ18O values 

decreased to -0.3‰ (CA) and -0.5‰ (CB) at t = 0 min, respectively. Following the injection of 

CO2, the δ
18O values became progressively more negative, reaching values of -0.8‰ (CA) and         

-1.1‰ (CB) at t = 1650 min, respectively.  
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FIGURE 3-4. Stable carbon of oxygen isotope data as a function of time: (A) δ13C values of DIC 

in brines and calcite; (B) δ18O values of water and calcite; and (C) ∆13CDIC–calcite with respect to 

time. Uncertainties are smaller than the symbols employed. 
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3.4.4 Carbon capture over time 

Calcite (CaCO3) was the only crystalline phase detected at steady state using XRD and SEM. 

Owing to the low initial DIC concentration in FPW, the equation for CO2 captured in precipitates 

can be simplified to Eq. (1): 

Ca2+ (aq) + CO2 (g) + H2O (l) → CaCO3 (s) + 2H+ (aq)  Eq. (1) 

Ca concentrations obtained using ICP-MS (Tables B-9 and B-10) can therefore be used to track 

CO2 capture and storage by calcite precipitation. Because precipitation of Ca was negligible 

following pH titration, the amount of Ca precipitated as calcite at time t can be estimated from Eq. 

(2): 

Δ[Ca2+]t = [Ca2+]to - [Ca2+]t  Eq. (2) 

where [Ca2+]to is the concentration of Ca in solution at to = 0 min and [Ca2+]t is the concentration 

of Ca in the solution at time t. These values are then used to obtain the mass of CO2 stored (Fig. 

6) using the 1:1 molar proportion of CO2:Ca from Eq. (1). The results indicate that CO2 removal 

reaches a maximum value at steady state after t = 40 min (CA) and t = 30 min (CB). The maximum 

values for carbon capture obtained in these experiments are 1.71 ± 0.25 g CO2/L (CA) and 1.41 ± 

0.21 g CO2/L (CB). 
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Figure 3-5. CO2 stored as a function of time between (A) t = 0–1650 min and (B) t = 0–200 min. 

Solid blue (CA) and orange (CB) horizontal lines show the average amount of CO2 captured at 

steady state. Blue (CA) and orange (CB) shaded areas indicate 1σ of the average values. The blue 

dashed line indicates the lower boundary of the blue-shaded area denoting 1σ error in Experiment 

CA. 
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3.5 Discussion 

3.5.1 Efficiency of carbonation 

The initial concentration of Ca in Experiments CA and CB was, respectively, 11.8 times and 12.7 

times greater than the Mg concentration (Tables B-9 and B-10 and Figure B-3). Assuming 

carbonation of Mg and Ca in FPW will produce minerals with a 1:1 molar ratio of metal cation to 

CO2 (i.e., nesquehonite, MgCO3·3H2O, and calcite), the CO2 sequestration potential of Ca in our 

FPW samples is 7.13 (CA) and 7.68 (CB) times greater than that provided by Mg. If all the 

dissolved Ca and Mg were carbonated, the duplicate FPW samples used in our study offer 

carbonation potentials of 12.6 ± 0.2 g CO2/L (CA) and 12.3 ± 0.2 g CO2/L (CB), in which Ca can 

store 11.2 ± 0.1 g CO2/L and 10.9 ± 0.2 g CO2/L while Mg can store 1.43 ± 0.04 g CO2/L and 1.41 

± 0.05 g CO2/L. Our carbonation experiments indicate that supplying 10% CO2 in N2 gas into pH-

modified FPW precipitates calcite rapidly at the expense of brucite dissolution, which sacrifices 

the CO2 capture potential of Mg. Furthermore, 86.6% (CA) and 85.1% (CB) of Ca initially present 

in the FPW remained in solution after the experiments reached steady state. The maximum yield 

of brucite was observed at t = 0 min in both experiments with 71.5% (CA) and 70.5% (CB) of 

aqueous Mg having been precipitated. If all the precipitated brucite can be carbonated an additional 

1.05 ± 0.06 g CO2/L (CA) and 1.02 ± 0.09 g CO2/L (CB) would be captured by per liter of FPW. 

Thus, modifying our methods to preserve and carbonate the precipitated brucite would increase 

CO2 storage in Experiment CA from an observed value of 1.71 ± 0.25 g CO2/L to 2.76 ± 0.31 g 

CO2/L (+61.4%). Similarly, CO2 storage in Experiment CB would increase from 1.41 ± 0.21 g 

CO2/L to 2.43 ± 0.30 g CO2/L (+72.3%). Even without optimization, the carbonation efficiency 

observed for our study is 13.4% (1.71 ± 0.25 g CO2/L, CA) and 14.9% (1.41 ± 0.21 g CO2/L, CB) 

of the initial Ca in the FPW. 
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Other mineral carbonation studies have successfully stored CO2 under ambient conditions through 

dissolution of highly reactive Ca-bearing solids, such as lime (CaO) and portlandite [Ca(OH)2], 

and less reactive phases, such as wollastonite (CaSiO3), followed by precipitation of calcite or 

vaterite. For instance, Ho et al.136 demonstrated that carbonation of Ca-rich (37.9 wt%) synthetic 

concrete fines yields 0.19 g CO2/g of dissolved concrete fines when reacted with 14% CO2 in N2 

gas in aqueous solution. In addition, Jo et al.137 showed that the efficiency of Ca carbonation in 

leachates extracted from CaO-rich coal fly ashes, which had Ca concentrations between 106–1,073 

ppm, can be ~9% using 99.9% CO2 gas. These and other aqueous carbonation experiments 

requiring extraction of Ca (and Mg) from solid feedstocks generally produce leachates containing 

orders of magnitude lower Ca concentrations than those already available in FPW (e.g., average 

of 10,100 ppm used in this study). This use of FPW as a carbonation feedstock is thus advantageous 

because it does not require use of additional water resources and a greater mass of CO2 can be 

sequestered per litre. 

Many studies have observed the formation of hydrated Mg-carbonates, such as lansfordite 

(MgCO3·5H2O), nesquehonite (MgCO3·3H2O), dypingite [Mg5(CO3)4(OH)2·~5H2O] and 

hydromagnesite [Mg5(CO3)4(OH)2·4H2O] from carbonation of brucite during weathering of 

ultramafic rocks and mine tailings111,138,139 and in laboratory experiments3,6,7,61,140–142 done at 

ambient conditions. Although the aqueous conditions in our experiments at t = 0 min were similar 

to those employed in previous studies of brucite carbonation, they did not produce hydrated Mg-

carbonates following injection of 10% CO2. We performed PHREEQC modelling to investigate 

the factors preventing formation of hydrated Mg-carbonate minerals from brucite. Water chemistry 

data from t = 90 min of both experiments were used for modelling because DIC had reached a 

maximum value and ion concentrations had stabilized by this time point.   
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3.5.2 Geochemical modelling to optimize carbonation efficiency 

Although the pitzer.dat database is generally more suitable for modelling solutions with high ionic 

strength, it lacks thermodynamic data for many aqueous species compared to the phreeqc.dat 

database, making it less accurate for modelling the saturation indices of minerals for FPW.77 As 

such, the results described here were obtained using the phreeqc.dat database. First, models were 

made to predict DIC concentrations for pH-amended FPW in equilibrium with atmospheric CO2 

(0.04%) and 10% CO2 in N2. The FPW used in our experiments should contain 27.0 mg C/L (CA) 

and 26.6 mg C/L (CB) of total inorganic carbon, when in equilibrium with atmospheric CO2. When 

in equilibrium with 10% CO2, the FPW should contain 64.6 mg C/L (CA) and 63.8 mg C/L (CB) 

of total inorganic carbon. These results are similar to those measured for the concentration of DIC 

in Experiments CA and CB at t = 90 min (Figure 3-1B), indicating that the pH-modified FPW was 

close to equilibrium with respect to CO2 at the time DIC sample was collected, which was sampled 

immediately during the experiment at t = 90 min. At the same time, hydrated Mg-carbonates 

(nesquehonite, dypingite and hydromagnesite) remained undersaturated at t = 90 min in both 

experiments. Increasing the pH of the modelled solutions at t = 90 min in PHREEQC indicates 

that this is the major control that limits preservation and carbonation of brucite in both experiments. 

Hydromagnesite reaches supersaturation between pH 10.0–10.5 (CA) and 9.5–10.0 (CB), 

dypingite reaches supersaturation between pH 10.5–11.0 (CA and CB), and nesquehonite cannot 

reach supersaturation only by adjusting solution pH, instead DIC must be increased as well to form 

nesquehonite. Overall, modelling results indicate that pH > 10 must be maintained to drive 

conversion of brucite to hydrated Mg-carbonates and to continue calcite precipitation during 

reaction with a continuous supply of 10% CO2.  
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SEM-EDX (Figure B-6) and ICP-MS (Figure B-3) results indicate that Si was associated with 

brucite precipitates that formed following titration of FPW to pH 10.5, suggesting the formation 

of a Mg-silicate phase. Thermodynamic modelling with PHREEQC indicates that the FPW 

becomes supersaturated with respect to kerolite [Mg3Si4O10(OH)2·nH2O], a low-temperature talc-

like phase, at pH > 10.4. Previous studies have observed the formation of poorly ordered or 

amorphous Mg-rich phyllosilicates in saline and alkaline lakes at ambient conditions.143 Tosca and 

Macdonald144 and Tosca and Masterson145 observed formation of poorly crystalline kerolite from 

solutions with high pH and high Mg/Si ratios at 25 °C –– conditions that are similar to those in our 

experiments. No silicate minerals were observed in our XRD patterns; therefore, the Mg-silicate 

phase is likely to be amorphous, nanocrystalline and/or present below the detection limit of the 

conditions we used to collect diffraction data (typically <0.5 wt% for most phases). 

Because aqueous silica competes with DIC for Mg during mineral carbonation, it is important to 

account for the role of silicic acid, H4SiO4. For instance, an investigation using Mg isotopes 

revealed that >70% of Mg released from dissolved basalts in the Carbfix project was precipitated 

as Mg-phyllosilicates instead of carbonate minerals.146 Owing to the decrease in pH when 10% 

CO2 was supplied to our experiments, the concentrations of aqueous Si increased over time, which 

indicates that the Mg-silicate phase(s) dissolved back into the solution. We did not observe any 

association of Si with the calcite precipitated following brucite dissolution at circumneutral pH 

(Figure B-6). Our elemental analyses (Figure B-3 and Tables B-9 and B-10) indicate the 

concentrations of Mg in the FPW samples are almost 100 times greater than those of Si, which 

would lead only to a small decrease in the efficiency of Mg carbonation even if all the aqueous 

silica in FPW were to form Mg-phyllosilicates. As a result, maintaining pH > 10 to promote brucite 
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carbonation and continuous formation of calcite would not sacrifice much of the carbonation 

potential of Mg in FPW to the formation of Mg-silicate clays. 

 

3.5.3 Stable isotopic compositions of solution and precipitates 

Precipitation of carbonate minerals preferentially takes up isotopically heavier 13C from DIC, 

which results in precipitates with more positive δ13C values.147–149 However, our δ13C results 

indicate that calcite was isotopically lighter than the DIC in FPW at the time of analysis (Figure 

3-4C and Tables B-7 and B-8). The average values for ∆13CDIC–calcite were 10.3 ± 2.1‰ (CA) and 

8.5 ± 1.1‰ (CB) at steady state from t = 150–1650 min (Figure 3-4C), which cannot be explained 

by equilibrium isotope fractionation (103lnCaCO3–HCO3
-
 = 2.0‰ at t = 18.0 °C)150 or kinetic isotopic 

fractionation associated with differences in precipitation rate (ε13CCaCO3–HCO3
-
 = 0.4–3.4‰ at 25 

°C)151. One possible cause of the unusual isotopic signatures in DIC and calcite is degassing of 

aqueous CO2 from solutions between sampling and during measurement of stable carbon isotopes. 

For instance, loss of CO2 gas was observed during sampling by Sade et al. (2020)148 who obtained 

a similar result to that reported here: following partial degassing, the residual DIC was more 

enriched in 13C than the witherite (BaCO3) that had precipitated from the original DIC pool. 

At Earth’s surface conditions, CO2 degasses from natural waters when there is a dramatic decrease 

in pCO2 at the air–water interface. This commonly occurs at the groundwater–stream interface in 

watersheds and during transport of CO2-saturated water from upstream to downstream.149,152–156 

Deirmendjian and Abril152 demonstrated that when pCO2 is decreased rapidly from 4.1% or 4.7% 

to atmospheric concentration (~0.04%), degassing of DIC from CO2-saturated solutions (pH < 7.2) 

can result in an enrichment of 13C in DIC of 7.8 ± 0.9‰ and 12.3 ± 1.2‰, respectively, with greater 
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enrichments associated with greater differences in pCO2. As such, it is likely that some DIC was 

lost as CO2 gas during sampling and filtration of FPW, when pCO2 shifted from 10% to 

atmospheric level. The measured values for δ13C of DIC in our study most likely reflect the isotopic 

composition of aqueous carbonate species after degassing whereas the δ13C values of calcite reflect 

the composition of the DIC pool before degassing. Hence, the impact of degassing is only reflected 

in the δ13C values of DIC. 

A linear mixing model can be used to estimate how much DIC was degassed from our experiments. 

As the δ13C values of both DIC and calcite reached steady state from t =150–1650 min, we can 

assume equilibrium fractionation of stable carbon isotopes between calcite and DIC before 

degassing. Here, we also assume that isotopic equilibrium is reached between degassed CO2 and 

the residual pool of DIC left in solution. The fraction of DIC left in solution after degassing (fDICf) 

can thus be calculated by mass-balance using Eq. (3): 

δ13CDICf • fDICf + δ13CCO2f • (1– fDICf) = δ13CDICi     Eq. (3) 

The pH value of the FPW solutions at steady state (t = 150–1650 min) was ~6.1, where bicarbonate 

(HCO3
-) is the dominant DIC species. The initial carbon isotopic compositions of DIC samples 

before degassing, δ13CDICi, can be estimated from measured values for δ13Ccalcite using the 

equilibrium carbon isotopic fractionation factor of Deines et al.150: δ13CDICi = δ13Ccalcite – 

103lncalcite–HCO3
- = δ13Ccalcite – 2.0‰ at 18.0 °C. Similarly, the value for δ13CDICi can also be 

determined using the following equation assuming isotopic equilibrium during degassing of CO2: 

δ13CDICf = δ13CDICi – 103lnHCO3
-
–CO2(g) = δ13CDICi – 8.7‰ at 18.0 °C based on the equilibrium 

carbon isotopic fractionation factor from Mook et al.157. δ13CDICf and δ13Ccalcite are measured values 

for the stable carbon isotopic composition of the residual DIC pool following degassing and of 



 53 

calcite precipitated before degassing, respectively, at a given sampling time, t. Calculated values 

for, fDICf range from 0.4–0.5 (average = 0.42) for Experiment CA and from 0.4–0.5 (average = 

0.45) for Experiment CB, which means that more than half the CO2 that was dissolved into solution 

was lost to degassing. 

Geochemical modelling using PHREEQC with the phreeqc.dat database indicates that the 

equilibrium concentration of DIC at pCO2 = 10% is 64.6 mg C/L (CA) and 63.8 mg C/L (CB) at 

18.0 °C. When the DIC is in equilibrium with atmospheric CO2 (0.04%), the concentration 

decreases to 27.0 mg C/L (CA) and 26.6 mg C/L (CB) at 18.0 °C (plotted in Figure 3-1B). Thus, 

our modelling predicts that 42%, or fDICf = 0.42, of the DIC that was in solution at pCO2 =10% 

would remain following equilibration with the much lower partial pressure of atmospheric CO2. 

This result provides a very close match to the values obtained using stable isotope data and our 

linear mixing model. Therefore, the extent of CO2 degassing is completely controlled by its 

solubility with respect to CO2 partial pressure, which we have shown can be predicted accurately 

with geochemical modelling.  

Alkalinity (Figure B-2) was measured at different times for Experiments CA and CB following 

sample collection. Alkalinity values of samples from Experiment CA were measured within 30 

minutes of sampling whereas those for Experiment CB were measured ~27 hours after sampling.  

Figure B-2 shows that the alkalinity of samples from Experiment CA are closer to the modelled 

equilibrium DIC values for pCO2 = 10% whereas the alkalinity values for Experiment CB are 

consistent with the modelled equilibrium DIC concentration at pCO2 = 0.04%. Therefore, the 

results indicate that degassing was complete, and that DIC had re-equilibrated with the atmosphere, 

within 27 hours of stopping the supply of 10% CO2 gas. 
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3.5.4 Implications for process design to enhance FPW carbonation 

Our study shows that FPW can be used for CO2 capture and storage via mineralization at ambient 

conditions. The process used here can be refined to access more of the carbonation potential of 

FPW by: (1) Adding more base (e.g., NaOH) to keep pH > 10  in order to maintain saturation with 

respect to brucite, to drive continued precipitation of calcite and to keep CO2 in solution; (2) 

Considering a separation step where brucite precipitated at t = 0 min is filtered and removed from 

FPW prior to CO2 injection so that it can be carbonated in a separate process using a lower, optimal 

water–rock ratio (i.e., after Assima et al.158; Harrison et al.62; Hamilton et al.159; McQueen et al.88). 

Increasing the flowrate of gaseous CO2
160, stirring the solutions during carbonation and trialing 

the use of more economic base treatments (e.g., NH3) may also be beneficial. 

Our experiments demonstrate that calcite precipitated from duplicate FPW samples stored 1.71 ± 

0.25 g CO2/L (CA) and 1.41± 0.21 g CO2/L (CB). Removing and carbonating brucite before calcite 

precipitation would increase the amount of storage to 2.76 ± 0.31 g CO2/L (CA) and 2.43 ± 0.30 g 

CO2/L (CB). Optimizing the process to carbonate all of the dissolved Ca and Mg in this FPW 

would store a maximum of 12.6 ± 0.2 g CO2/L (CA) and 12.3 ± 0.2 g CO2/L (CB). Unlocking the 

full carbonation potential of FPW might be achieved with the combination of high pCO2 gas 

streams from Direct Air Capture plants135 or looping methods161. Notably, the oil and gas industry 

in North America generates FPW at a scale of 10s–100s Mt annually.38 Despite the heterogeneity 

of FPW across formations and countries38,72,133, completely unlocking its carbonation potential 

could sequester at least kT–Mt CO2 annually133.                                                                       
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CHAPTER 4: Conclusions and Future Directions 

4.1. Conclusions 

It is hard to make predictions about mineral precipitation from FPW as it contains complex 

inorganic and organic compounds. Therefore, two batch-experiments were designed and carried 

out to systematically investigate the effects of pH and pCO2 on mineral precipitation and the 

efficiency of CO2 capture. I used the results of these experiments to estimate the annual CO2 

sequestration potential of the FPW produced in Canada, China, and the US. To my knowledge, 

this is the first assessment of this resource for its CO2 sequestration potential considering the rate 

and efficiency at ambient conditions. Furthermore, I documented the fate of B, Ba, Fe, Li, Mn, Ni, 

Pb, S, Si, Sr, and Zn during carbonation of FPW to assess whether this process provides co-benefits 

for water treatment and metal resource recovery.  

The first set experiments (Chapter 2) investigated the effect of pH (8.5–12.0, n = 8) on mineral 

precipitation and the efficiency of cation extraction from FPW using CO2 removal from laboratory 

air. By recording the mass and analysing the mineralogy of precipitates, it was possible to measure 

the amount of CO2 captured by the precipitates as well the maximum carbonation potential 

achievable by carbonating residual hydroxide minerals. Direct measurement of the amounts of Ca 

and Mg removed from solutions allowed another measure of CO2 removal as well as estimates of 

maximum sequestration potential assuming all Ca and Mg is carbonated to calcite/aragonite and 

nesquehonite, respectively. 

Precipitates from these experiments consisted of calcite, brucite, and occasionally aragonite and 

portlandite. Whether calcite or aragonite is more likely to precipitate from FPW depends on the 

Ca and Mg ratio of the original brines. Contrastingly, the precipitation of portlandite is only 

dependent on pH and it was only observed at pH > 12.0. In spite of the high ionic strength of the 
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FPW samples, PHREEQC modeling with the phreeqc.dat database was used to successfully 

predict the mineralogy of precipitates. This style of modelling could therefore be applied to support 

design and optimization of industrial-scale FPW carbonation reactions. 

Chapter 2 also calculates (1) the minimum amount of CO2 captured by carbonate precipitates, (2) 

the potential to sequester CO2 when hydroxide precipitates are carbonated, and (3) the mass of CO2 

that can be sequestered if Ca and Mg removed from solution and carbonated. All three of these 

values increase with increasing pH. At pH 12.0, these three values reach 0.99 g CO2/L, 3.87 g 

CO2/L, and 7.94 g CO2/L, respectively, from the average values of the four brine samples used in 

the first set of experiments. The average maximum potential of CO2 capture of these four brine 

samples, 7.94 gCO2/L, could be multiplied many times over if the precipitates were deployed in 

an efficient Ca- and Mg-looping plant, where multiple cycles of air capture by the precipitates and 

calcining were applied.  

The second set of experiments, described in Chapter 3, explored whether increasing the supply of 

CO2 into FPW enhances the rate and efficiency of CO2 capture via mineral carbonation at ambient 

conditions. A 10% CO2 in N2 gas mix was used, which is within the range of CO2 concentrations 

in flue gas134. The pH of the FPW samples was adjusted to 10.5, at which both brucite and calcite 

were observed to precipitate in Chapter 2. The mineral carbonation reaction reached steady-state 

and maximum CO2 capture was achieved within 40 minutes. Brucite dissolved during the reaction 

and calcite was the only mineral phase that contributed to CO2 sequestration, which had an average 

value of 1.56 ± 0.32 g CO2/L of FPW. This represents a ~9-fold increase in the amount of CO2 

sequestered using 10% CO2 gas compared to the amount of atmospheric CO2 captured by 

precipitates (0.174 g CO2/L) at the same pH (Chapter 2). In addition, both the atmospheric and 10% 

CO2 experiments showed that elements including Ba, Br, Cu, Fe, Li, Mn, S, Sr, Pb, and Zn are 
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immobilized by the precipitates during mineral carbonation. The immobilized elements have 

potential to be recovered for use or simply removed from the FPW.  

The longevity of CO2 solubility trapping in FPW was examined using stable carbon isotopes and 

the concentration of dissolved inorganic carbon. The results of stable carbon isotopic modeling 

and PHREEQC modeling indicate that the concentrated CO2 injected into FPW degassed to reach 

the equilibrium DIC concentration with respect to the pCO2 of the atmospheric (~0.04%) within 

24 hours. Thus, to prevent release of CO2, the rate of supply needs to be controlled and it must be 

stopped once the reaction reaches steady state. Moreover, stable carbon isotopes provide evidence 

that CO2 dissolution and mineral precipitation reactions reached equilibrium within 270 minutes 

even though an average of 85.9 % of the Ca and all the Mg remained in solution. Therefore, there 

is an opportunity to sequester more CO2 with the remaining Ca and Mg in the solutions either by 

increasing the pH of the initial solutions or by titrating base throughout the carbonation reaction.  

The results of Chapter 2 confirm the proposal of Ferrini et al.37 that the Mg cations in hydraulic 

flowback and produced water can be used for CO2 capture at ambient conditions. This thesis shows 

for the first time that both Ca and Mg can be extracted from FPW by elevating the solution pH and 

that most of the CO2 sequestration potential of FWP is associated with Ca, which is easier to 

precipitate at circumneutral pH than Mg. At atmospheric pCO2, precipitation of hydroxide phases 

from FPW indicates that mineral precipitation outpaces CO2 dissolution within the 24-hour 

timeframe of these experiments. Thus, at atmospheric pCO2, CO2 supply is the rate-limiting step. 

The results of Chapter 3 then showed that increasing the pCO2 to 10% overcame the slow rate of 

CO2 dissolution, allowing both DIC concentration and mineral precipitation to reach equilibrium 

within 270 minutes and yielding a 9-fold increase in the amount of CO2 sequestered. Hence, the 

efficiency of CO2 capture was improved, and the reaction time of mineral carbonation was 
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shortened. However, there was still 85.9% of the initial Ca remaining in solution at steady state 

because the system was alkalinity-starved, which is attributed to the rapid consumption of 

alkalinity by calcite precipitation and the lack of alkalinity input during the carbonation reactions. 

The low concentrations of alkalinity observed when the reaction reached steady state, and a 

maximum value was observed for CO2 capture, can be overcome by addition of basic chemicals 

(i.e. NaOH). In conclusion, increasing both pH and pCO2 is needed to promote efficient and rapid 

mineral carbonation using FPW. 

4.2. Future Directions 

The experimental design and the combination of pH and CO2 conditions used in this thesis might 

not reflect the optimal conditions or the most economic solutions needed to fully unlock the 

carbonation potential FPW. Therefore, further research needs to be conducted to optimize the 

efficiency of mineral carbonation using FPW and to assess whether it is economically feasible to 

implement at scale. 

The unresolved challenges identified in this thesis include: 

(1) The Ca and Mg in FPW were not fully extracted for mineral carbonation. Maximizing 

extraction of both Ca and Mg is also difficult to achieve at the same time. At elevated pCO2, the 

pH of FPW must be maintained ≥ pH 8.0 to supply sufficient alkalinity until calcite precipitation 

goes to completion. As calcite was observed to precipitate at the expense of brucite dissolution at 

elevated pCO2, remedies need to be found to fully utilize both the Ca and Mg from FPW for 

mineral carbonation. The optimal combination of pH and pCO2 needed to simultaneously 

carbonate brucite and produce calcite should be explored. Alternatively, step-by-step extraction of 

Mg as brucite followed by Ca as calcite should also be considered. 
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(2) A comprehensive database, including the annual production volume and water chemistry of 

hydraulic fracturing flowback and produced waters, by formation and country, is needed before a 

more accurate estimation of CO2 sequestration potential in FPW can be made. Similarly, the 

potential of brine carbonation should be extended to other, more plentiful waste waters produced 

by the oil and gas industry. 

(3) The use of basic reagents (NaOH in this thesis) is needed to elevate pH and supply alkalinity 

for FPW carbonation. It will be important to assess the use of more economical reagents for this 

purpose. For example, utilizing low-cost alkaline industrial waste materials (e.g. hydrotalcite 

supergroup minerals from mine wastes) could be explored to deliver atmospheric CO2 and 

alkalinity into solution during anion exchange and partial dissolution in FPW while buffering the 

system.3 

(4) The delivery of high pCO2 gases into the aqueous system needs to be carefully controlled and 

terminated when the carbonation reaction is complete to avoid release of CO2 back to the 

atmosphere. 

(5) Finally, Life Cycle Assessment and Techno-economic Analysis (LCA/TEA) is needed to assess 

the viability of this process for implementation as a CDR method for the oil and gas sector that 

both capitalizes on existing industry knowledge in CCS while valorizing abundant FPW as a 

resource. 
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APPENDIX A 

Supplementary Information for CHAPTER 2: 

Hydraulic fracturing flowback and produced water as a feedstock for carbon dioxide removal or 

emissions reduction via mineral carbonation  

 

A1 Materials 

 

FPW1a and FPW1b were collected December 19, 2016, 324 h after well simulation. FPW2 was 

collected December 6, 2016, 16 h after well stimulation. FPW1a and FPW1b are subsamples of 

FPW1 (a 32 L drum of stratified brine) that were collected separately to assess heterogeneity within 

the sample. The proportion of injected water, chemical additives, and formation water in the 

flowback fluids at different stage are reviewed in Stringfellow et al. (2014)1 and He et al. (2017)2. 

Flowback samples (FPW1a, FPW1b, and FPW2) were stored in polypropylene buckets, and the 

samples were stratified into organics on the top layer, red suspended solids in the intermediate 

layer, and aqueous components on the bottom layer. FPW samples were collected from the bottom 

layer with Stripette. As we only interested in utilizing the dissolved inorganic components of the 

brines in this study, samples were placed to stagnation prior to sampling. FPW1a and FPW1b were 

collected for separate batch, and the heterogeneity of them will be discussed.  
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TABLE A-1. Information of the brine samples in this study. 

Sample 

ID 

Formation Collection 

time 

(after well 

simulation) 

Total 

dissolved 

solid 

(ppm) 

Specific 

gravity 

Total 

organic 

carbon 

(ppm) 

Titration pH 

FPW 1a 

Duvernay 

Formation,  

Alberta 

324 h 188,000* 1.13 143.8 

pH 8.5-12 (n=8, in 

increments of 0.5) 

FPW 1b 
pH 8.5-12 (n=8, in 

increments of 0.5) 

FPW 2 16 h 153,000* 1.10 506.0 
pH 8.5-12 (n=8, in 

increments of 0.5) 

PW 

Red River 

Formation, 

Saskatchewan 

N/A 299,523º 1.19 N/A 
pH 8.5-12 (n=8, in 

increments of 0.5) 

 

 º Data from Rostron et al. (2002)3. Detailed sample information can refer to Sample U of A 

01- 159B in this paper. 

* Analyzed through evaporation method. 

 

 
 

A2 Methods 

A2.1 Titration Experiment Procedures 

Experiments were conducted in series: samples of FPW1a and PW were titrated in one batch and 

samples of FPW1b and FPW2 were treated in a second batch of experiments. The samples of 

FPW2 and FPW1b are duplicated at each pH endpoint while FPW1a and PW did not due to the 

limited supplies of PW. FPW1a and FPW1b were collected at different batch from same drum and 

have slightly variations in solution chemistry. Each titration was ended when the measured pH 

reached a value within 0.03 units of the targeted value. Immediately following titration, samples 

were stirred at 50 rpm and allowed to react for 24 h at 18 ± 2 °C at atmospheric pCO2, which was 

405 (±82) – 470 (±84) ppm in our laboratory over the course of these experiments. Containers were 

sealed with pierced Parafilm to minimize evaporation while maintaining contact with atmosphere. 

Stirring was stopped after 24 h and precipitates and supernatants were separated through 

centrifugation at 7500 rpm for 5 minutes. Prior to centrifugation, samples were weighed before 
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and after reaction to monitor mass changes due to addition of NaOH, evaporative loss of H2O, and 

gain of CO2. A total of 46 samples were titrated and reacted (Table A-1). Among those samples, 

precipitates were observed in 34 samples and 33 samples were of sufficiently large mass to be 

recoverable (Table A-6). The control samples are the original FPW1a, FPW1b, FPW2, and PW 

that were stirred concurrently with the experimental samples at the same experimental conditions.  

 

Precipitates were washed with ultrapure Milli-Q water (>18.2 M) three times and centrifuged at 

7500 rpm for 5 minutes after each rinse and separation. They were then dried in desiccator 

containing Drierite for 1 week and weighed. Supernatant samples were filtered with 0.22 m 

syringe filters and stored in 50 mL polypropylene Falcon tubes at 4 °C prior to analyses. The 

electrical conductivity (EC) and pH of the initial brines and brines after reaction were measured 

with a Thermo Scientific Orion Star A215 pH/Conductivity Meter. Both the auto-titrator and pH 

probe were calibrated with pH 4, 7, and 10 standard solutions, and the conductivity probe was 

calibrated with 12.88 μS/cm and 1413 μS/cm EC standard solutions. Calibrations were done daily. 

Relative humidity (RH) fluctuated between 8.0%–17.0% during the experiments; RH values were 

recorded using a NIST-traceable hygrometer.   

 

A2.2 Scanning Electron Microscopy 

An aliquot of titration precipitates was mounted in stub using carbon tape and coated with gold 

(Au) or carbon (C). Scanning Electron Microscope (SEM) images and Energy-dispersive X-ray 

spectra of samples are obtained using Zeiss Sigma 300 VP Field Emission Scanning Electron 

Microscope, equipped with a Bruker energy dispersive X-ray spectroscopy (EDS) system, in the 

Department of Earth and Atmospheric Sciences Scanning Electron Microscope Laboratory at the 
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University of Alberta. For SEM images and major element analysis, the operation voltage is 10 

kV. For transitional metal analysis, the EDS spectra were obtained with an operation voltage of 15 

kV and a measurement time of 5 minutes. 

 

A2.3 Powder X-Ray Diffraction 

Powder X-ray diffraction (XRD) patterns of the precipitates and red suspended solid samples are 

obtained in the X-ray Diffraction Laboratory at the department of Earth and Atmospheric Sciences 

of the University of Alberta. An aliquot of the precipitates was air-dried at room temperature and 

hand-ground using an agate mortar and pestle. Samples were front-loaded into zero background 

plates. Patterns were collected using a Rigaku Ultima IV q–q powder X-ray diffractometer 

equipped with a D/Tex Ultra detector and a cobalt source that was operated at 38 kV and 38 

mA. XRD patterns were collected from 5–80°2q using a step size of 0.02° 2q at a rate of 

1.2°2q/minute. Mineral phase identification was conducted using the DIFFRAC.EVA XRD phase 

analysis software (Bruker) with reference to the International Center for Diffraction Data Powder 

Diffraction File 4+ database (ICDD PDF4+). Rietveld refinement4–6 with XRD data were used to 

determine mineral abundances with TOPAS 5 (Bruker). Fundamental parameters peak fitting7 was 

used for all phases. Anisotropic peak broadening of brucite nanoparticles was fitted using the 

Stephens’ model8. The phases abundance is semi-quantitative analysis based on the Rietveld 

refinement of the XRD patterns 4-6, in which Rwp is a measure of the quality of the modelled fit to 

observed XRD patterns. The precipitates at pH 9.5 from FPW1a were only analyzed with SEM 

and the precipitates at 9.5 from FPW2 were only analyzed with XRD. 

 

A2.4 Inductively Coupled Plasma Mass Spectrometry  
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The concentration of ions in the brines and precipitates were analyzed with an Agilent 8800 Triple 

Quadrupole ICP-MS/MS. The brines samples were diluted approximately 910 times for Na and 83 

times for other elements using 18 MΩ MilliQ water and then acidified using 12 mL trace metal 

grade nitric acid per 10 mL sample. The tune mode, scan type and units of the analytes for the 

brine samples during the ICP-MS analysis are listed in Table A-2. External standard solutions and 

a blank were matrix match with the brines by adding 100,000 ppm NaCl solutions. The external 

standards were analyzed every 10 samples at the start, middle, and the end of each run. 

 

The precipitates from titration experiments were reacted with 2.5 mL 37% HCl for 8 hours at room 

temperature (18 ± 2°C) and then placed in a water-bath at 75 °C for 1h. The remaining samples 

were then dissolved in aqua regia by adding 0.83 ml of 67% (w/w) trace metal grade HNO3 and 

then were heat-activated in water bath at 60°C for 1 hour. The resulting solutions were heated for 

another 8 hours until approximately 2 mL of solution was left. Prior to the analysis, the samples 

were diluted to 50 mL with a solution of 2% HCl and 0.5% HNO3. The analytes, tune mode, scan 

type and the internal standard of the ICP-MS run for the precipitates are listed in Table A-3. 

Samples were aspirated with a micromist nebulizer and nickel/copper cones. To account for the 

instrumental drift, internal standard solutions (Table A-2, A-3) with the concentration of 1 ppm 

were added to each sample utilizing an inline addition system. The external standards were 

analyzed every 10 samples at the start, middle, and the end of each run. The analytical errors are 

given as one standard deviation, calculated from three replicated measurements during ICP-MS 

analyses. Values are reported as three significant figures. 
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TABLE A-2. Tune mode, scan type, and internal standard (ISTD) of the analytes in the ICP-MS 

analysis of the brine samples. 

Analyte Q1 Q2 Tune Mode Scan Type ISTD 

Li 7 7 No Gas MS/MS 45 Sc 

B 11 11 No Gas MS/MS 45 Sc 

Na 23 23 He MS/MS 115 In 

Mg 24 24 He MS/MS 45 Sc 

Al 27 27 He MS/MS 45 Sc 

Si 28 28 H2 MS/MS 45 Sc 

K 39 39 He MS/MS 45 Sc 

S 32 48 O2 MS/MS 74 Ge 

Cl 35 37 H2 MS/MS 115 In 

Ca 40 40 H2 MS/MS 45 Sc 

Mn 55 55 He MS/MS 74 Ge 

Fe 56 56 He MS/MS 74 Ge 

Co 59 59 He MS/MS 74 Ge 

Ni 60 60 He MS/MS 74 Ge 

Cu 63 63 He MS/MS 74 Ge 

Zn 66 66 He MS/MS 74 Ge 

Br 79 79 He MS/MS 74 Ge 

Sr 88 88 He MS/MS 74 Ge 

Ba 137 137 He MS/MS 115 In 

Pb 208 208 No Gas MS/MS 209 Bi 
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TABLE A-3. Tune mode, scan type, and internal standard (ISTD) of the analytes in the ICP-MS 

analysis of the precipitates.  

Analytes Q1 Q2 Tune Mode Scan Type ISTD 

Li 7 7 No Gas MS/MS 45 Sc 

B 11 11 No Gas MS/MS 45 Sc 

Mg 24 24 He MS/MS 45 Sc 

Al 27 27 He MS/MS 45 Sc 

Si 28 28 H2 MS/MS 45 → 45 Sc 

P 31 47 O2 MS/MS 74 Ge 

S 32 48 O2 MS/MS 74 → 88 Ge 

Mn 55 55 He MS/MS 74 Ge 

Fe 56 56 H2 MS/MS 74 → 74 Ge 

Co 59 59 He MS/MS 74 Ge 

Ni 60 60 He MS/MS 74 Ge 

Cu 63 63 He MS/MS 74 Ge  

Zn 66 66 H2 MS/MS 74 Ge 

Sr 88 88 He MS/MS 74 Ge 

Cd 111 111 He MS/MS 115 In 

Pb 208 208 No Gas MS/MS 209 Bi 

 

 

 

A2.5 Other Solution Chemistry Analyses 

The chloride (Cl-) concentration in the brines was analyzed with a Dionex DX-6 Ion 

Chromatography (IC) at the University of Alberta BASL Laboratory. The method was based on 

EPA method 300.19. The total dissolved solid (TDS) of FPW1a, FPW1b, and FPW2 were analyzed 

through evaporation method. The relative density of the brine samples and 1M NaOH solution 

were calculated from the eq (1):  

RD= ms/mMilliQ     (1) 

where RD = relative density, ms = mass of 10 mL sample and mMilliQ = mass of 10 mL MilliQ 

water. The mass of the 10 mL samples was obtained through pipetting 1000 ul of each solution for 
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10 times. Prior to analyses, the samples were filtered with 0.22 µm syringe filters. Results of the 

above analyses are listed in Table A-1. 

 

A2.6 Geochemical Modelling of Titration Experiments 

The titration experiments of the brines were modelled with USGS PHREEQC version 310. The 

models we developed aim to predict the saturation state of minerals in the studied brines at various 

pH conditions. The modelling with PHREEQC applied phreeqc.dat, which using ion-dissociation 

method for the calculation of ion activity. Although the pitzer.dat11 has activity models that target 

high ionic strength solutions, the modelling of the saline solutions using pitzer.dat do not yield 

lower uncertainties than using phreeqc.dat.12 In addition, the more complete thermodynamic 

database, including aqueous complexes and mineral precipitates, in phreeqc.dat gives more 

accurate calculations of solution chemistry than pitzer.dat. The geochemical modelling calculates 

the saturation index (SI) of Ca-carbonates (aragonite, calcite, disordered dolomite), Ca-hydroxides 

(portlandite), hydrated Mg-carbonates (dypingite, nesquehonite, and hydromagnesite), Mg-

carbonate (magnesite) and Mg-hydroxides (brucite). It also calculates the SI of kerolite and 

manganite, which are observed in the precipitates of the titration experiments. Some 

thermodynamic data are not included in the phreeqc.dat and were added from wateq4f.dat in the 

PHREEQC package and other sources (Table A-4). For comparison, modelling was also 

performed with pitzer.dat, which shows that the pH at which SI = 0 for the above phases are almost 

identical to the pH (less than 0.25 unit difference) calculated using phreeqc.dat.  
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TABLE A-4. Solubility product for disordered dolomite, hydromagnesite, kerolite, and dypingite 

in addition to the pitzer.dat database in this study. 

Mineral phase Equation T(°C) log Ksp Source 

Brucite Mg(OH)2 + 2H+ = Mg2+ + 2H2O  16.84 wateq4f.dat 

     

Disordered 

dolomite 

CaMg(CO3)2 =  

Ca2+ + Mg2+ + 2CO3
2-  -17.09 wateq4f.dat 

     

Dypingite 

Mg5(CO3)4(OH)2·5H2O = 

5Mg2+ + 4CO3
2- + 2OH- + 5H2O 25 

−34.94 ± 

0.58 

Harrison et al. 

(2019)13 

Hydromagnes

ite 

Mg5(CO3)4(OH)2·4H2O + 2H+ =  

5Mg2+ + 4CO3
2- + 6H2O  −8.762 wateq4f.dat 

     

Kerolite 

Mg3Si4O10(OH)2·H2O + 6H+ = 

3Mg2+ + 4SiO2 (aq) + 5H20 25 

25.79 ± 

0.24 Stoessell (1988)14 

     

Magnesite MgCO3 = Mg2+ + CO3
2-  −8.029 wateq4f.dat 

     

Nesquehonite 

MgCO3·3H2O = Mg2+ + CO3
2- + 

3H2O  −5.621 wateq4f.dat 

 

A3 Results 

Water chemistry of brines in titration experiments are summarized in Table A-5 and A-6 and 

Figure A-1. Characterization of the precipitates yielded from titration experiments involves phase 

identification (Figure A-2, A-3, A-6), estimation of the phase abundance (Table A-7), crystal 

morphology (Figure A-4, A-5, A-7–A-9), elemental composition (Figure A-5, A-7–A-9, Table A-

8), yield of Ca and Mg in precipitates (Figure A-11). Modelling titration experiment of FPW1a 

with its original water chemistry (Figure A-10) successfully predict the observed precipitated 

phases. Table A-9 and A-10 summarize the annual FPW production by countries and estimated 

annual CO2 capture by countries, respectively. 
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The average value of the TDS in FPW1a and FPW1b, which are subsamples of FPW1, are 188,000 

ppm. The TDS of FPW2 and PW are 153,000 ppm and 299,523 ppm, respectively. Table A-5 

shows the concentrations of 20 analytes. Na, K, and Cl comprise ~95% of the total ions. The 

concentration of Al in all brine samples are below the detection limit. Elevated concentrations (> 

ppb–ppm level) of Cu, Fe, Mn, Ni, Pb, and Zn in some FPW and PW samples may be potentially 

toxic to the aquatic life and soil organisms,15 but may offer opportunities for the critical metal 

recovery. The concentrations of the transition metals, Mn, Pb, and Zn, in untreated FPW1a are 

4.37 ± 0.07 ppm, 0.107 ± 0.001 ppm, and 0.734 ± 0.031 ppm, respectively. The Mn and Pb 

concentrations in untreated FPW1b are 4.37 ± 0.10 ppm and 0.191 ± 0.001 ppm, respectively, and 

the Zn concentration is below the detection limit. The Mn concentration of untreated FPW2 is 1.68 

± 0.05 ppm while the concentrations of Pb and Zn are below the detection limits. Mn, Pb and Zn 

are present at abundances of 0.195 ± 0.008, 0.0816 ± 0.0006 and 1.05 ± 0.06 ppm, respectively, in 

the untreated PW. The concentrations of Cu, Fe, and Ni are either below or close to the detection 

limits.    

The EC values of all FPW and PW samples decreased as the pH endpoint values of titration 

increased with the onset of mineral precipitation (Figure A-1).  
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TABLE A-5. Ion concentrations (ppm) in the original brines determined using ICP-MS and IC 

analyses. Analytical uncertainties are given (in brackets). ICPMS and IC are reported as 3 

significant figures.  

  FPW1a FPW1b FPW2 PW 

Major Na 65800 (1500) 48000 (1000) 39500 (400) 91900 (2500) 

Ca 11000 (100) 10800 (290) 8180 (40) 17300 (310) 

Cl 139000* 108000 (4500) 
93600 

(2500) 
194000* 

Minor Br 284 (5) 254 (6) 208 (8) 497(17) 

 K 1940 (30) 1860 (50) 1630 (62) 4170 (70) 

 Mg 793 (46) 841 (15) 699 (26) 1920 (110) 

 Sr 1050 (30) 952 (16) 759 (20) 595 (11) 

Trace Al <0.0429 4.70 (0.43) 4.71 (0.13) <0.0384 

 B 92.1 (1.8) 80.3 (1.3) 76.1 (0.1) 111 (2) 

 Ba 3.20 (0.20) 3.11 (0.11) 3.37 (0.12) 14.9 (0.5) 

 Cu <0.488 <0.275 <0.266 0.0435 (0.0012) 

 Fe 0.264 (0.008) 1.74 (0.02) 2.07 (0.06) 0.100 (0.002) 

 Li 48.4 (1.0) 32.4 (0.3) 27.3 (0.3) 59.0 (0.6) 

 Mn 4.37 (0.07) 4.37 (0.10) 1.68 (0.05) 0.195 (0.008) 

 Ni <0.572 <0.275 <0.266 <0.512 

 P <0.0458 BDL BDL <0.0411 

 Pb 0.107 (0.001) 0.191 (0.001) <0.178 0.0816 (0.0006) 

 S 87.3 (2.7) 76.9 (2.4) 88.5 (0.3) 85.8 (6.9) 

 Si 9.20 (1.10) 225 (6) 190 (3) 3.80 (0.10) 

 Zn 0.734 (0.031) <1.56 <1.51 1.05 (0.06) 

*Concentration measured with IC. 
†BDL: below sample-specific detection limit. 
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FIGURE A-1. (A) Electrical conductivity, (B) pH after reaction with atmospheric CO2, and (C) 

dissolved inorganic carbon plotted versus pH endpoint of titration experiments. Values measured 

in the untreated brines appear in grey-shaded fields. Generally, precipitates (Ppt.) were observed 

(shaded in blue) between pH 9.0 and 9.5; calcite (Cal) or aragonite (Arg), brucite (Brc), and Mg-

silicate (M-Slc) were identified (shaded in red) in the precipitates between pH ~9.5 and ~10.0. 

Portlandite (Por) was identified (dark blue dashed line) in the precipitates at pH ~12.0 for FPW1a 

and PW but was not observed for FPW1b or FPW2. 
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TABLE A-6. Mg concentrations (ppm) based on ICP-MS and sample-specific detection limits. 

Column 4 indicates the maximum percentage of total Mg left in solution at 11.5–12.0 (FPW1a), 

12.0 (FPW1b), 12.0 (FPW2) and 11.0–12.0 (PW). 

Sample Mg Conc. (ppm) Detection limit (ppm) 
Detection limit/ 

Mg conc. in original brine 

FPW1a pH 11.5 30.4 85.7 10.8% 

FPW1a pH 12.0 28.8 87.4 11.0% 

FPW1b pH 12.0-1 37.7 89.8 10.7% 

FPW1b pH 12.0-2 30.8 88.3 10.5% 

FPW2 pH 12.0-1 48.9 84.5 12.1% 

FPW2 pH 12.0-2 49.5 85.3 12.2% 

PW pH 11.0 62.5 86.9 4.5% 

PW pH 11.5 30.2 87.2 4.5% 

PW pH 12.0 29.7 90.0 4.7% 

     

 

The yield, mineralogy, and phase abundance of precipitates from titration experiments are 

summarized in Table A-7. Calcite is the most abundant phase at pH 10.0 (85.6 wt%), and brucite 

(74.1–83.1 wt%) is most abundant phase at pH 10.5–11.5 in the precipitates from FPW1a. 

Portlandite (28.3 wt%) precipitated and calcite (43.5 wt%) became the most abundant phase in 

FPW1a at pH 12.0. Calcite is the most abundant phase at pH 10.0 and brucite (72.9–80.4 wt%) is 

the most abundant phase between pH 10.5–12.0 in the precipitates from FPW1b. Overall, 

hydroxide phases (brucite and portlandite) were the dominant phases in precipitates at pH > 10.5 

(FPW1a, FPW1b and FPW2) and pH > 9.5 (PW). Carbonate phases (aragonite and calcite) were 

present at their highest abundances at pH 9.5–10.0 (FPW1a), 10.0 (FPW1b), 9.5–10.0 (FPW2), 

when precipitation had just begun. Calcite is the most abundant phase in the precipitates at pH 

10.0 whereas brucite was the most abundant phase at pH 10.5–12.0 (54.9–77.6 wt%) in the 

precipitates from FPW2, except for one duplicate experiment at pH 10.5 which contained 38.9 wt% 

brucite. Brucite (47.8–97.0 wt%) was the most abundant phase at pH 9.5–12.0 in the precipitates 
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from PW. Aragonite had its highest abundance at pH 9.5 (29.5 wt%) and became a minor phase at 

pH 10.0–12.0 (0.3–7.3 wt%). The abundance of calcite (0.1–28.1 wt%) increased as a function of 

pH in the precipitates from pH 9.5–12.0 in PW. Portlandite (16.8 wt%) precipitated from PW at 

pH 12.0.  
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FIGURE A-2. XRD patterns for precipitates from (A) FPW1a and (B) PW. a: aragonite (CaCO3); 

b: brucite [Mg(OH)2]; c: calcite (CaCO3); and p: portlandite [Ca(OH)2]. The most intense and 

diagnostic peaks of each phase are labelled at either the pH where they first appeared or when their 

wt% >10%.  
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FIGURE A-3. XRD patterns for precipitates from duplicate experiments using (A) FPW2 and (B) 

FPW1b. Patterns for duplicate experiments are displayed using the same colour. a: aragonite 

(CaCO3); b: brucite [Mg(OH)2]; c: calcite (CaCO3); and p: portlandite [Ca(OH)2]. The most 

intense and diagnostic peaks of each phase are labelled at either the pH where they first appeared 

or when their wt% >10%.  
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TABLE A-7. Yield of precipitates, mineralogy, and phase abundance following titration 

experiments. 

Sample pH Yield 

(g/L) 

Aragonite 

(wt%) 

Brucite 

(wt%) 

Calcite 

(wt%) 

Portlandite 

(wt%) 

Total 

(wt%) 

 

*Rwp (%) 

FPW1a 9.5 n/a†     M      

FPW1a 10.0 0.9   14.4 85.6   100.0 4.3 

FPW1a 10.5 2.2   81.6 18.4   100.0 4.1 

FPW1a 11.0 2.3   83.1 16.9   100.0 4.2 

FPW1a 11.5 3.1   74.1 25.9   100.0 5.3 

FPW1a 12.0 7.7   28.2 43.5 28.3 100.0 4.7 

FPW1b-1 10.0 n/a†    M      

 FPW1b-2  10.0 n/a†    M      

FPW1b-1 10.5 2.3   73.6 26.4   100.0 7.7 

 FPW1b-2  10.5 2.2   79.8 20.2   100.0 5.6 

FPW1b-1 11.0 2.9   76.8 23.2   100.0 4.9 

 FPW1b-2  11.0 2.8   72.9 27.1   100.0 10.0 

FPW1b-1 11.5 3.0   79.7 20.4   100.0 5.5 

 FPW1b-2  11.5 2.9   78.5 21.5   100.0 5.6 

FPW1b-1 12.0 3.4   76.1 23.9   100.0 8.6 

 FPW1b-2  12.0 3.6   80.3 19.7   100.0 5.1 

 FPW2-1 9.5‡  n/a†    M      

  FPW2-1  10.0  0.2†    M      

 FPW2-2 10.0  0.3†    M      

  FPW2-1  10.5 0.3   54.9 45.1   100.0 7.3 

 FPW2-2 10.5 0.6   38.9 61.1   100.0 7.9 

  FPW2-1  11.0 1.3   77.6 22.4   100.0 6.0 

 FPW2-2 11.0 1.7   66.0 33.1   100.0 5.4 

  FPW2-1  11.5 2.3   69.7 30.3   100.0 5.2 

 FPW2-2 11.5 1.9   67.9 32.1   100.0 5.3 

  FPW2-1  12.0 2.8   62.2 37.8   100.0 4.8 

  FPW2-2  12.0 2.5   65.2 34.8   100.0 4.7 

PW 9.5 0.5 29.5 70.4 0.1   100.0 3.3 

PW 10.0 4.0 3.1 96.7 0.2   100.0 7.6 

PW 10.5 4.5 0.6 97.0 2.4   100.0 8.2 

PW 11.0 5.2 0.3 96.1 3.6   100.0 6.9 

PW 11.5 5.6 0.3 88.9 9.5 1.3 100.0 8.2 

PW 12.0 11.3 7.3 47.8 28.1 16.8 100.0 5.0 
*Rwp is the weighted pattern residual, a function of the least-squares residual. 
†Precipitate samples were too small to conduct XRD and, in cases where no value for yield is reported, too small to 

weigh without substantial sample loss. 
‡A poorly crystalline to amorphous Mg-silicate phase was observed in this sample using SEM. 
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EDX spectra (Figures A-5B, A-7C and A-8C) show incorporation of S and Sr into calcite. The S 

is likely present in the form of carbonate associated sulfate (CAS) where SO4
2- tetrahedra 

experience limited substitution for triangular carbonate groups (CO3
2-) in the calcite structure16–17. 

The observed Sr2+ is likely housed within Ca2+ sites in calcite as we did not observe precipitation 

of strontianite18–19.   

 

Acicular crystals of aragonite were observed in precipitates that formed from PW at pH 9.5. 

Brucite occurs as hexagonal plates, or spheroidal aggregates of plates, on the order of several 100s 

of nm in size at pH 10.0–12.0 (FPW1a), 10.5–12.0 (FPW1b and FPW2), and 9.5–12.0 (PW). 

Brucite becomes more abundant in precipitates from FPW1a, FPW1b, FPW2 and PW with 

increasing pH (Table A-7, Figure A-4). It was challenging to identify and image portlandite within 

aggregates of brucite, which have similar morphologies, and calcite, which has a similar EDX 

spectrum. Halite (NaCl), an artifact of the drying process, is occasionally observed as an 

evaporative coating on precipitate grains. 
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FIGURE A-4. Secondary electron SEM images of the precipitates from FPW1a at (A) pH 9.5, (B) 

pH 10.0, (C) pH 10.5 and (D) pH 12.0. 
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FIGURE A-5. Secondary electron SEM image (A) and EDX spectra (B and C) of the precipitates 

in FPW1a at pH 9.5. B: EDX spectra S- and Sr-rich calcite and trace amount of brucite. C: EDX 

spectra of a mixture of brucite, a Mg-silicate and trace amount of Mn-, Fe-, and Zn- phase(s). 

Sample is coated with carbon. 

 

 

FIGURE A-6. XRD pattern of the precipitate at pH 9.5 from FPW2.  



 102 

 

 

 

FIGURE A-7. Representative secondary electron SEM image (A) illustrates the phase distribution 

and morphology of the precipitates from FPW1b at pH 10.0–12.0. B: EDX spectra of a mixture of 

brucite, Mg-silicate, and trace amount of halite; C: EDX spectra S- and Sr-rich calcite.  

 

FIGURE A-8. Representative secondary electron SEM image (A) illustrates the phase distribution 

and morphology of the precipitates from FPW2 at pH 10.0–12.0. B: EDX spectra of a mixture of 

brucite, Mg-silicate, and trace amount of calcite and a Mn-rich phase; C: EDX spectra S- and Sr-

rich calcite and trace amount of a Mg-silicate. 
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FIGURE A-9. Secondary electron SEM images of the precipitates from PW at pH 9.5 (A) pH 10.5 

(B) and pH 12.0 (C). D: EDX spectrum of the precipitates at pH 12.0. The samples are coated with 

gold (which labelled in blue on the EDX spectrum). The phase abundance illustrated by the images 

cannot represents the trend as a function of pH in the precipitates from PW. Image (B) can 

represent the phase distribution and morphology in the precipitates at pH 10.5–11.5. 
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The modelling (Figure A-10) predicts that aragonite/calcite reach saturation at pH ~7.5, whereas 

the total precipitate yield become measurable (≥ 0.5g/L) at pH 9.0, when the prediction from 

PHREEQC indicates that the SI of aragonite/calcite reach maximum (SI = 1.9). The lag between 

the pH value when SI = 0 from prediction and the pH value of observed mineral precipitation can 

be attributable to one or more factors below: (1) mass of precipitates is smaller than the detection 

limit of scale; (2) activation barriers at low SI prohibit calcite nucleation and crystal growth; and 

(3) overestimation of SI due to the limitation of applying phreeqc.dat to model solution with high 

ionic strength. The modelling predicts brucite and portlandite respectively become saturation at 

pH ~9.5 and ~12.0, which generally matches (pH difference < 1.0 unit) the observation that brucite 

and portlandite precipitated at pH 10.0 and 12.0.  
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FIGURE A-10. The saturation index (SI) of mineral phases, calculated by PHREEQC phreeqc.dat, 

when titrating original FPW1a (applying solution chemistry in Table A-5) to pH 5.0 to 13.0. The 

modelling results predict that aragonite (CaCO3), brucite [Mg(OH)2], calcite (CaCO3), disordered 

dolomite [CaMg(CO3)2], kerolite [Mg3Si4O10(OH)2·H2O], portlandite [Ca(OH)2], manganite 

(MnOOH), magnesite (MgCO3), nesquehonite (MgCO3·3H2O), hydromagnesite 

[Mg5(CO3)4(OH)2·4H2O], and dypingite [Mg5(CO3)4(OH)2·5H2O]. Solid plots represent phases 

precipitated, and dashed plots represent phases did not precipitate. In the titration experiment of 
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FPW1a, brucite, calcite, Mg-silicates, and portlandite were observed to precipitate at the pH 10.0 

(vertical dashed red), 9.0 (vertical dashed yellow), 9.5 (vertical dashed grey), and 12.0 (vertical 

dashed dark blue), respectively. Precipitates were observed to form at pH 9.0 (vertical dashed light 

blue). 
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FIGURE A-11. Yield of (A) Ca and (B) Mg in precipitates from the titration experiments. Yield 

was calculated from the mass of precipitate and stoichiometric calculations using Rietveld 

refinement results.  Generally, precipitates (Ppt.) were observed (shaded in blue) between pH 9.0 

and 9.5; calcite (Cal) or aragonite (Arg), brucite (Brc), and Mg-silicate (M-Slc) were identified 



 108 

 

 

(shaded in red) in the precipitates between pH ~9.5 and ~10.0. Portlandite (Por) was identified 

(dark blue dashed line) in the precipitates at pH ~12.0 for FPW1a and PW but was not observed 

for FPW1b or FPW2 

We digested 14 precipitate samples, 3 precipitates from each of FPW1a and PW and 4 from each 

of FPW1b and FPW2, for ICP-MS analysis to investigate the immobilization of Al, B, Ba, Co, Cu, 

Fe, Li, Mn, Ni, P, Pb, S, Si, Sr, and Zn by precipitates (Table A-8) as well as assess the reliability 

of our XRD results. Figure A-12 shows that Ca (R2 = 0.84) and Mg (R2 = 0.95) concentrations 

calculated using stoichiometry and Rietveld refinement results have a strong positive linear 

correlation with concentrations measured directly using ICP-MS. Our results indicate that the use 

of the Rietveld method tends to overestimate the yield of Ca (by 30,100 ppm) and Mg (by 30,700 

ppm), which might be due in part to the presence of the poorly crystalline to amorphous Mg-

silicate phase.  

Our ICP-MS results (Table A-8) show high Si concentrations (>1,000 ppm) in the precipitates. 

PHREEQC modelling (Figure A-10) indicates kerolite [Mg₃Si₄O₁₀(OH)₂·H₂O], a hydrated talc-

like 2:1 phyllosilicate mineral reaches supersaturation when pH > 7.0 in FPW1a. EDX spectra 

commonly show the presence of Si in association with Mg in the precipitates (Figure A-5, A-7, A-

8) and a trioctahedral 2:1 phyllosilicate phase is detectable in the pH 9.5 precipitates from FPW2 

(Figure A-6), confirming it to be a poorly-crystalline, Mg-rich clay mineral such as stevensite. 

Zeyen et al. (2015)20 reported precipitation of a kerolite/stevensite-like phase in alkaline crater 

lakes in Mexico where modelling indicated kerolite was supersaturated. Tosca et al. (2011)21 

synthesized a poorly crystalline Mg-silicate phase at 25 °C from Mg2+ and SiO2(aq)-rich solutions 

at pH > 8.7. Thus, it is not unexpected that a kerolite/stevensite-like phase precipitated in our 
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experiments given the relatively high concentrations of Si (100s of ppm) in some brines (Table A-

5). 

The precipitates remove transition metals and other elements from brines. ICP-MS analysis of the 

precipitates (Tables A-8) shows that B and S concentrations in the precipitates are on average of 

1,500 ppm and 406 ppm, respectively. Limited substitution of borate and sulfate anions for 

carbonate groups in Ca-carbonate minerals was observed at alkaline pH.16–17,22–23 The Ca 

concentration in the precipitates is on average 95,300 ppm, and B and S together can only consume 

up to 0.02 wt% of Ca that captures CO2 in the precipitates from mineral carbonation. The P 

concentrations in the untreated brines and precipitates are all below the detection limit of our 

analyses. Most of the anions that form minerals with Ca and Mg are present at comparatively much 

lower abundance, indicating that the influence of B, P, S and Si species on CO2 capture potential 

of most FPW and PW should be negligible.  

The transition metals, Fe, Mn, and Zn, are sometimes associated with aggregates of brucite and 

the kerolite/stevensite-like phase (Figure A-5C, A-7B and A-8B). The Na and Zn peaks in EDX 

spectra overlap with one another; however, because Na is always present in halite in these 

precipitate samples, the absence of a Cl peak (or a low intensity Cl peak) can be used to positively 

identify Zn (e.g., Figure A-5C). ICP-MS has a lower detection limit than EDX, giving more 

detailed information about transition metal incorporation into precipitates. ICP-MS results show 

that Pb (0–17.9 ppm) and the first-row transition metals Co (0–6.00 ppm), Fe (0–2,050 ppm), Mn 

(62.2–2,820 ppm), Ni (0–49.5 ppm) and Zn (28.0–253 ppm) become concentrated in the 

precipitates (Table A-8). The concentration of Cu in the untreated brines (Table A-5) and 

precipitates (Table A-8) is below the detection limit, except in the precipitates produced at pH 12.0 

from FPW1a (19.4 ppm). According to the Goldschmidt’s rules, Mg in brucite can be replaced by 
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Co, Cu, Fe, Mn, Ni, and larger cations such as Sr and Zn can substitute for Ca in calcite and 

aragonite. Our PHREEQC results (Figure A-11) suggest that the manganite (MnOOH) is 

supersaturated at pH > 9 for FPW1a, hence Mn and other first row transition metals might also 

precipitate as (oxy)hydroxide phases when the pH of brines is elevated. The Fe in the precipitates 

is likely associated with Fe-(oxy)hydroxides, which were observed to form from the same brine 

samples in a previous study24. Fe-(oxy)hydroxides are well known to sequester a wide variety of 

trace metals via both adsorption and absorption.25–26 Other possible trapping mechanisms might be 

through sorption of Co, Cu, Mn, Ni, Pb, and Zn onto the surface of brucite27–28 or substitution of 

Co, Fe, Mn, and Zn for Ca in calcite29. It is known that transition metals are retained by hydrated 

Mg-carbonate minerals, such as nesquehonite and hydromagnesite, during carbonation of 

transition-metal-bearing brucite,30–31 as such we can expect these elements to remain immobilized 

during further carbonation of brine precipitates. Further work would be needed to pinpoint which 

phases host trace metals, and by what mechanisms, in order to design and optimize solutions for 

metal removal or metal recovery.  
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TABLE A-8. The concentration (ppm) of trace elements in the precipitates with ICP-MS analysis. Error is reported as 1 standard deviation (in brackets). 

Values are reported as 3 significant figures. 

Sample pH Al   B Ba Co Cu Fe Li Mn Ni P Pb S Si Sr Zn 

FPW1a 10.5 192 

(1) 

670 

(11) 

BDL BDL BDL 460 

(4) 

BDL 1760 

(30) 

7.54 

(0.3) 

BDL 11.3 

(0.2) 

168 

(10) 

3940 

(10) 

325 

(10) 

130 

(4) 

FPW1a 11.5 93.4 

(0.4) 

1720 

(8) 

16.5 

(3.4) 

BDL BDL 316 

(5) 

BDL 2510 

(10) 

BDL BDL 12.9 

(0.0) 

761 

(26) 

5320 

(20) 

1150 

(20) 

153 

(4) 

FPW1a 12 BDL 230 

(6) 

2.29 

(1.13) 

BDL 19.4 

(0.3) 

152 

(2) 

BDL 541 

(4) 

BDL BDL 3.48 

(0.11) 

97.6 

(7.9) 

1580 

(50) 

708 

(13) 

28.0 

(2.6) 

FPW1b 10.5 BDL 2640 

(20) 

8.31 

(3.24) 

2.73 

(0.30) 

BDL 358 

(10) 

BDL 180 

(3) 

6.14 

(0.21) 

BDL 17.9 

(0.1) 

549 

(20) 

3670 

(100) 

802 

(16) 

225 

(2) 

FPW1b 11 BDL 2170 

(20) 

9.13 

(2.04) 

3.25 

(0.59) 

BDL 422 

(4) 

BDL 164 

(7) 

5.82 

(0.64) 

BDL 13.1 

(0.4) 

800 

(14) 

3870 

(100) 

868 

(8) 

158 

(5) 

FPW1b 11.5 BDL 1900 

(20) 

7.62 

(1.54) 

2.08 

(0.36) 

BDL 233 

(5) 

BDL 62 (1) 4.77 

(0.36) 

BDL 11.8 

(0.1) 

592 

(34) 

2910 

(40) 

941 

(12) 

138 

(3) 

FPW1b 12 BDL 943 

(12) 

BDL 2.16 

(0.08) 

BDL 214 

(4) 

BDL 4310 

(20) 

6.44 

(0.25) 

BDL 9.61 

(0.21) 

288 

(15) 

2340 

(20) 

482 

(13) 

113 

(4) 

FPW2 10.5 5450 

(20) 

3210 

(30) 

22.1 

(1.1) 

6.00 

(0.15) 

BDL 2050 

(20) 

BDL 1940 

(10) 

49.5 

(4.9) 

BDL BDL 576 

(24) 

825 

(190) 

1050 

(10) 

253 

(14) 

FPW2 11 BDL 2390 

(20) 

16.0 

(3.1) 

2.32 

(0.47) 

BDL 1370 

(5) 

BDL 1530 

(20) 

6.21 

(1.01) 

BDL 1.63 

(0.11) 

678 

(4) 

3910 

(30) 

1120 

(20) 

107 

(0) 

FPW2 11.5 BDL 1700 

(20) 

13.8 

(5.2) 

2.32 

(0.20) 

BDL 485 

(14) 

BDL 1260 

(5) 

11.9 

(0.8) 

BDL BDL 678 

(14) 

3500 

(30) 

1130 

(20) 

89.3 

(6.8) 

FPW2 12 55.9 

(0.9) 

854 

(7) 

8.14 

(2.46) 

1.35 

(0.07) 

BDL 382 

(11) 

BDL 2820 

(20) 

11.3 

(0.8) 

BDL BDL 340 

(15) 

2410 

(80) 

792 

(13) 

84.0 

(0.5) 

PW 10.5 BDL 1730 

(50) 

13.9 

(1.4) 

BDL BDL BDL BDL 1950 

(20) 

BDL BDL 3.66 

(0.10) 

BDL 1330 

(30) 

412 

(10) 

116 

(3) 

PW 11.5 30.1 

(0.7) 

664 

(9) 

BDL BDL BDL BDL BDL 1710 

(30) 

3.00 

(0.51) 

BDL 2.62 

(0.08) 

98.4 

(2.6) 

1000 

(50) 

42.0 

(0.7) 

92.4 

(3.1) 

PW 12 28.5 

(1.6) 

187 

(8) 

2.57 

(0.40) 

BDL BDL BDL BDL 1430 

(10) 

BDL BDL BDL 55.2 

(3.7) 

902 

(34) 

183 

(7) 

50.2 

(1.6) 
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FIGURE A-12. Comparison of the yield of Ca and Mg as calculated using Rietveld refinement 

results versus results of direct measurement using ICP-MS analysis. The solid red lines plot y = x. 

The dashed blue lines are the lines of best fit to the data.  

 

The estimation of CO2 capture by annual FPW production in different countries are based on the 

annual FPW productions in the studies summarized in Table A-9. Table A-10 displays the 

calculation of CO2 capture capacity by mass with the historical FPW production in Canada, China 

and the US at different titration pH (10.5–12.0) of the brines according to the experimental data in 

this study.  
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TABLE A-9. Estimates for FPW production in Canada, China and the USA. 

Country Year Total FPW production 

(L) 

Source Formation(s) 

Canada 2020 6.68  1010 Zolfaghari et al., 

in preperation32 

Western Canadian  

Sedimentary Basin 

China 2014–2015 2.16  109 
Zhong et al., 

(2021)33 
Sichuan Basin 

USA 2019 3.56  1011 
Zolfaghari et al., 

in preperation32 

Appalachian, Anadarko,  

Denver, Fort Worth, 

Permian, Powder River, San 

Joaquin, Texas-Gulf, and 

Williston Basins 

 

 

TABLE A-10. Calculation for the estimation of CO2 capture capacity by mass with the historical 

FPW production in Canada, China and the US.  

 Adjust solution pH  

and react at ambient  

condition for 1 day 

 If all the hydroxides 

 from adjusting solution 

 pH is carbonated 

 If all the Ca and Mg 

removed in solutions  

are carbonated 

 

  

 

pH 

Canada  

(kton) 

US  

(kton) 

China  

(kton)  

Canada  

(kton) 

US  

(kton) 

China  

(kton) 

 Canada  

(kton) 

US  

(kton) 

China  

(kton) 

10.5 4.70 52.7 0.319  59.3 665 4.03  117 1310 7.94 

11.0 6.01 67.3 0.408  71.5 802 4.86  132 1480 8.99 

11.5 9.16 103 0.622  99.7 1120 6.77  196 2200 13.3 

12.0 31.7 355 2.25  123 1380 8.36  252 2830 17.1 
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A4 Future Direction 

FPW disposal and storage commonly occurs adjacent oil and gas production fields, as such mineral 

carbonation via CDR coupled to Ca/Mg looping could be done on site or in wastewater disposal 

plants (Figure 3-3). Further research needs to be conducted to maximize the efficiency of mineral 

carbonation using FPW. Firstly, the effect of increased pCO2 needs to be examined as means to 

overcome the slow uptake of atmospheric CO2 into solution. Alternatively, other alkaline industrial 

waste materials (e.g. hydrotalcite supergroup minerals from mine wastes34) could be explored to 

deliver atmospheric CO2 and alkalinity into solution during anion exchange and partial dissolution 

in FPW. The use of mineral wastes such as these might reduce the cost of reagents, particularly 

NaOH, for mineral carbonation. Secondly, a comprehensive database, including the annual 

production volume and water chemistry of hydraulic fracturing flowback and produced waters by 

formation and country needs to be developed for a more accurate estimation of carbon capture 

potential. Finally, LCA/TEA is needed to assess the viability of this process for implementation 

as a CDR method for the oil and gas sector that both capitalizes on existing industry knowledge in 

CCS while valorizing abundant FPW as a resource.  
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APPENDIX B 

Supporting Information for CHAPTER 3: 

Accelerating mineral carbonation with hydraulic fracturing flowback and produced water using 

high pCO2 gas 

 

B1 Methods 

Duplicate carbonation Experiments CA and CB supplied a 10% CO2/90% N2 gas mix to pH-

modified FPW at a constant flow rate of 250 mL/min for 27.5 hours under ambient laboratory 

conditions. A combination of X-ray diffraction (XRD), scanning electron microscopy (SEM), 

inductively coupled plasma mass spectrometry (ICP-MS), alkalinity, dissolved inorganic carbon, 

and stable carbon and oxygen isotope analyses were performed to characterize the precipitate and 

solution samples collected at each sampling point during the experiments. 
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B1.1 Experimental Apparatus 

A schematic depiction of the experimental setup used in Experiments CA and CB is shown in 

Figure B-1. 

 

Figure B-1. Schematic diagram of carbonation experiments.  

 

B1.2 Inductively Coupled Plasma Mass Spectrometry  

The concentrations of ions in the brines and precipitates were analyzed with an Agilent 8800 Triple 

Quadrupole ICP-MS/MS. Brine samples were diluted approximately 910 times for Na and 83 

times for other elements using > 18.2 MΩcm MilliQ water and then acidified using 12 μL trace 

metal grade nitric acid per 10 mL of diluted sample. The tune mode and scan type during the ICP-

MS analysis, as well as the units of the analytes, are listed in TABLE B-1. External standard 

solutions and a blank were matrix matched with the brines by adding 2,000 ppm NaCl to these 

standards. External standards were analyzed every 10 samples at the start, middle, and end of each 

run. 
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Precipitates were reacted with 2.5 mL of 37% HCl for 8 hours at room temperature (18 °C) and 

then reacted for a further 1 h in a water bath at 75 °C. Any remaining solids were then dissolved 

in aqua regia by adding 0.83 mL of Fisher Scientific® 67% (w/w) HNO3 (TraceMetalTM Grade) 

and were then heat-activated in a water bath at 60°C for 1 hour. The resultant solutions were heated 

for another 8 hours until approximately 2 mL of solution was left. Prior to analysis, the remaining 

solutions were diluted to 50 mL with a solution of 2% HCl and 0.5% HNO3. The analytes, tune 

mode, scan type and the internal standards used during ICP-MS analysis of precipitates are listed 

in TABLE B-2. Samples were aspirated with a micromist nebulizer and nickel/copper cones. 

Internal standard solutions (TABLES B-1 and B-2) were used to account for instrumental drift: 1 

ppm of 45Sc, 74Ge, 115In or 209Bi were added to each sample utilizing an inline addition system.  
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Table B-1. Analytes, tune mode, scan type, and internal standards (ISTD) used in ICP-MS analysis 

of brine samples. 

Analyte Q1 Q2 Tune Mode Scan Type ISTD 

Li 7 7 No Gas MS/MS 45 Sc 

B 11 11 No Gas MS/MS 45 Sc 

Na 23 23 He MS/MS 115 In 

Mg 24 24 He MS/MS 45 Sc 

Al 27 27 He MS/MS 45 Sc 

Si 28 28 H2 MS/MS 45 Sc 

K 39 39 He MS/MS 45 Sc 

P 31 47 O2 MS/MS 74 Ge 

S 32 48 O2 MS/MS 74 Ge 

Ca 40 40 H2 MS/MS 45 Sc 

Ti 47 47 He MS/MS 74 Ge 

Cr 52 52 He MS/MS 74 Ge 

Mn 55 55 He MS/MS 74 Ge 

Fe 56 56 He MS/MS 74 Ge 

Co 59 59 He MS/MS 74 Ge 

Ni 60 60 He MS/MS 74 Ge 

Cu 63 63 He MS/MS 74 Ge 

Zn 66 66 He MS/MS 74 Ge 

Br 79 79 He MS/MS 74 Ge 

Sr 88 88 He MS/MS 74 Ge 

As 75 91 O2 MS/MS 74 Ge 

Ba 137 137 He MS/MS 115 In 

Pb 208 208 No Gas MS/MS 209 Bi 
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Table B-2. Analytes, tune mode, scan type, and internal standards (ISTD) used in ICP-MS analysis 

of precipitate samples. 

Analyte Q1 Q2 Tune Mode Scan Type ISTD 

Li 7 7 No Gas MS/MS 45 Sc 

B 11 11 No Gas MS/MS 45 Sc 

Mg 24 24 He MS/MS 45 Sc 

Si 28 28 H2 MS/MS 45 → 45 Sc 

S 32 48 O2 MS/MS 74 → 88 Ge 

Mn 55 55 He MS/MS 74 Ge 

Fe 56 56 H2 MS/MS 74 → 74 Ge 

Co 59 59 He MS/MS 74 Ge 

Ni 60 60 He MS/MS 74 Ge 

Zn 66 66 He MS/MS 74 Ge 

Sr 88 88 He MS/MS 74 Ge 

Pb 208 208 No Gas MS/MS 209 Bi 

 

B1.3 Powder X-Ray Diffraction 

Forty-six precipitate samples were ground by hand under anhydrous ethanol using an agate mortar 

and pestle. Each sample was mounted as an ethanol slurry onto a zero-background quartz plate. 

Once samples had air-dried, powder X-ray diffraction (XRD) patterns were collected using a 

Bruker D8 Advance θ–θ  powder X-ray diffractometer equipped with a LYNXEYE XE-T 1D 

Position Sensitive Detector in the Environmental Economic Geology Laboratory, University of 

Alberta. Data acquisition was done using a Co X-ray tube that was operated at 35 kV and 40 mA. 

All patterns were collected over a 2θ range of 3–80° using a step size of 0.02° 2θ and a dwell time 

of 1–4 second/step. Longer acquisition times were generally used for smaller samples. 

 

Mineral phase identification was conducted using the DIFFRAC.EVA XRD phase analysis 

software (Bruker) with reference to the International Center for Diffraction Data Powder 

Diffraction File 4+ database (ICDD PDF4+). Rietveld refinements1–3 employing XRD data were 
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done with TOPAS 5 (Bruker) to determine relative mineral abundances, to estimate crystallite size 

and strain, and to refine the unit cell parameters for each phase.  The goniometer zero error for the 

diffractometer was determined via refinement using an XRD pattern of NIST SRM 660b LaB6, 

which has a very precisely known unit cell parameter. By holding the calibrated zero error fixed 

during refinements of unknown samples, we were able to determine unit cell parameters and peak 

positions for constituent minerals accurately and precisely. 

 

Minimum and maximum values were used to constrain unit cell parameters and crystallite size and 

strain to physically meaningful values within the framework of the Double-Voight approach4. The 

method of Stephens5 was used to model anisotropic peak broadening for calcite 

(hexagonal/rhombohedral). Because XRD data were collected from thin slurries, rather than 

‘infinitely thick’ powder mounts, our quantitative phase analysis (QPA) results should be 

considered ‘semi-quantitative’. The accuracy of Rietveld QPA results in this system was assessed 

using ICP-MS results for Ca and Mg concentrations in precipitates (Zhu et al., in preparation; 

Chapter 2)5, and the estimated elemental concentrations obtained using XRD results compare 

favourably with measured values from ICP-MS (R2 = 0.84 for Ca and R2 = 0.95 for Mg). 

 

B1.4 Scanning Electron Microscopy 

Aliquots of selected precipitate samples were mounted on aluminum (Al) stubs using carbon tape 

and coated with gold (Au) or carbon (C). Scanning Electron Microscope (SEM) images and 

Energy-Dispersive X-ray Spectra (EDS) of samples were obtained using a Zeiss Sigma 300 

Variable Pressure Field Emission Scanning Electron Microscope, equipped with a Bruker energy 

dispersive X-ray spectroscopy (EDS) system, in the Scanning Electron Microscope Laboratory at 
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the Department of Earth and Atmospheric Sciences, University of Alberta. An operating voltage 

of 10 kV was used to obtain SEM images and EDS data for major elements (e.g., C, Mg, Ca). EDS 

data were obtained using an operating voltage of 15 kV and a measurement time of 5 minutes for 

trace transition metals. 

 

B1.5 Alkalinity and Dissolved Inorganic Carbon 

The alkalinity of solutions was measured immediately after the collection of each sample using 

the spectroscopic method of Sarazin et al.6. Absorbance of samples was measured with a Hach 

UV-VIS spectrophotometer and a calibration curve produced via dilution of a 0.01 M NaHCO3 

solution. Dissolved inorganic carbon (DIC) concentrations were determined using a CO2 

coulometer (CM5017, UIC Inc, USA) in the School of the Environment, Trent University. This 

instrument measures the absolute mass of inorganic carbon in a sample. A 1 mL aliquot of each 

sample was loaded into a 25 mL glass flask and acidified with 2 N H2SO4 (10 mL) at 50 °C and 

the evolved CO2 gas was directed to a colorimetric cell. A pre-scrubber solution (KOH 45 v/v%) 

was used to remove any CO2 present in the carrier gas (100 mL/min) and a post scrubber (AgNO3 

3 v/v%) was used to remove H2S, SOx, and/or halogens from the gas stream, which can form as a 

result of the sample acidification. The colorimetric cell was partially filled by an aqueous solution 

containing monoethanolamine, a colorimetric indicator, and two electrodes (platinum and silver). 

As CO2 reacted with monoethanolamine to form a titratable acid (hydroxyethylcarbamic acid), 

electrochemically generated OH– in the platinum electrode neutralized the solution until it returned 

to its original color or original percent transmittance. The color change of the solution was 

measured as a percent transmittance (%T) using a photodetector and was proportional to the 

concentration of hydroxyethylcarbamic acid formed and, therefore, equivalent to the amount of 
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inorganic carbon injected into the cell. The analytical errors of DIC measurements were 

determined by least squares regression. The regression statistics (TABLE B-3) and ANOVA table 

(TABLE B-4) of the least squares regression from 12 calibration points are listed below. 

Table B-3. Regression statistics for the least squares fit to the calibration curve for DIC analyses.  

Regression coefficient R 0.99727662 

R Square 0.994560657 

Adjusted R Square 0.994016722 

Standard Error 1.654899921 

Observations 12 

Intercept -0.48875 

Intercept Standard Error 1.013415096 

Gradient  0.917286434 

Gradient Standard Error 0.021451742 

 

Table B-4. ANOVA table for the least squares fit to the calibration curve for DIC analyses.  

 df SS MS F Significance F 

Regression 1 5007.584429 5007.58443 1828.457245 1.17441E-12 

Residual 10 27.3869375 2.73869375   

Total 11 5034.971367    
 

B1.6 Stable Carbon and Oxygen Isotope Analyses  

The δ13C values of dissolved inorganic carbon (DIC) in brines, the δ18O values of water in brines 

and the δ13C and δ18O values of precipitated carbonate minerals were analyzed at Ruhr-Universität 

Bochum. 

 

The δ13C values of DIC were determined from CO2 released by reacting samples with 85% 

phosphoric acid in He-flushed glass vials at room temperature for 24 hours. Aliquots of carbonate 

samples (90–110 µg) were dried in an oven at 105 °C to remove moisture for at least 24h and then 

reacted with phosphoric acid at 70 °C. Before reaction with phosphoric acid, both water samples 
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and solid carbonate samples were placed in GC Pal autosampler (CTC Analytics) and each sample 

vial was pre-flushed with He to remove air. The stable carbon and oxygen isotopic compositions 

of evolved CO2 gas were measured with a ThermoFisher Scientific MAT253 mass spectrometer 

equipped with a ConFloIV and a GasBenchII. Certified standards, IAEA-603 and NBS18, were 

used for two-point calibration. δ13C values are reported using the delta (δ) notation in permil (‰) 

relative to Vienna Pee Dee Belemnite (VPDB). 

 

δ18O values of water were obtained from brine samples that were stored with zero headspace in 

1.5-mL septum vials. These samples were stored in a refrigerator at 5 °C until analysis. Water 

samples were placed in ThermoFisher Scientific AS3000 autosampler and analysed with a CF-

IRMS253plus equipped with a ConFloIV and a TC/EA by converting H2O into H2 and CO gases. 

The temperature of the TC/EA reactor and GC column were maintained at 1400 °C and 90 °C, 

respectively. Standardization of two in-house reference solutions was accomplished using 

VSMOW2, SLAP2 and GRESP reference solutions (IAEA). The 1σ reproducibility of in-house 

(internal) water standards is: δ2H: ± 1.1‰ and δ18O: ± 0.17‰ (n =31). δ18O values are reported 

using the delta (δ) notation in permil (‰) relative to Vienna Standard Mean Ocean Water 

(VSMOW). 

 

B1.7 Geochemical Modelling  

Saturation indices for relevant minerals were modelled using aqueous geochemistry data and 

USGS PHREEQC version 3 (Parkhurst and Appelo7). The phreeqc.dat database, which uses the 

ion-dissociation method for the calculation of ion activity, was used for this purpose. Although the 

pitzer.dat database uses an activity model targeting high ionic strength solutions, the modelling of 
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saline solutions using pitzer.dat does not yield lower uncertainties than using phreeqc.dat.8 

Previous studies of high ionic strength solutions have found that the abundant thermodynamic data 

of elements and aqueous complexes afforded by phreeqc.dat gives similar results for the 

calculation of aqueous complexes as pitzer.dat (Zhu et al, in preparation; Chapter 2)5. Here we 

consider the saturation indices (SI) of hydrated Mg-carbonates {dypingite 

[Mg5(CO3)4(OH)2·~5H2O]; hydromagnesite [Mg5(CO3)4(OH)2·4H2O] and nesquehonite 

(MgCO3·3H2O)}, magnesite (MgCO3), calcite (CaCO3), strontianite (SrCO3), and kerolite 

[Mg3Si4O10(OH)2·H2O] (TABLE B-5). 

 

Table B-5. Solubility products for nesquehonite, dypingite, hydromagnesite and kerolite used in 

addition to the solubility data already available in the phreeqc.dat database. 

Mineral phase Equation 
T 

(°C) 
log Ksp 

Source 

Nesquehonite MgCO3·3H2O = Mg2+ + CO3
2- + 3H2O  –5.621 wateq4f.dat 

Dypingite 
Mg5(CO3)4(OH)2·5H2O = 

5Mg2+ + 4CO3
2- + 2OH- + 5H2O 

25 −34.94 ± 0.58 
 

Harrison et al. (2019)9 

Hydromagnesite 
Mg5(CO3)4(OH)2·4H2O + 2H+ =  

5Mg2+ + 4CO3
2- + 6H2O 

 –8.762 wateq4f.dat 

Kerolite 
Mg3Si4O10(OH)2·H2O + 6H+ = 

3Mg2+ + 4SiO2 (aq) + 5H20 
25 25.79 ± 0.24 Stoessell (1988)10 

 

 

B2 Results 

Elemental concentrations of aqueous species in the original brine samples are given in (Table B-

6). Conductivity (Figure B-2A), bicarbonate alkalinity (Figure B-2B), dissolved inorganic carbon 

(DIC), carbon isotope composition of DIC, oxygen isotope composition of brines, mass change, 

pH, temperature, and relative humidity values during the carbonation experiments are reported in 

Tables B-7 and B-8. Concentration of Ca, Mg, and Si of brine samples during the experiments are 
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reported Figure B-3. Characterization of precipitates included phase identification (Figures B-4–

B-6) and quantification of mineral abundances using XRD (Table B-9 and B-10). Geochemical 

modelling was used to calculate the SI of carbonate minerals when elevate brine pH prior to 

injection of CO2 gas is displayed in Figure B-7. Mass change as a function of time and total yield 

of precipitates are displayed in Figure B-8. 

Table B-6. The concentration (conc.) of elements in the original FPW in Experiments CA and CB 

based on ICP-MS analysis. Detection limit (DL) is reported when measurements are below the 

detection limit (BDL). All values are reported to 3 significant figures. 

 
Experiment CA Experiment CB 

Element Conc. 

(ppm) 

Error† 

(ppm) 

DL  

(ppm) 

Conc. 

(ppm) 

Error† 

(ppm) 

DL  

(ppm) 

Na 56900* 1960 
 

56900* 1950 
 

Ca 10200 100 
 

9930 170 
 

Cl 124000* 
 

124000* 
 

Br 243 7 
 

230 5 
 

K 1850 0 
 

1790 40 
 

Mg 791 25 
 

780 28 
 

Sr 934 25 
 

927 24 
 

Al BDL 2.71 BDL 2.70 

As BDL 1.25 BDL 1.24 

B 70.9 0.2 
 

68.4 1.4 
 

Ba 3.82 0.07 
 

3.79 0.17 
 

Cr BDL 0.704 BDL 0.699 

Co 0.0539 0.0075 
 

0.0522 0.0220 
 

Cu BDL 0.883 BDL 0.876 

Fe BDL 3.52 BDL 3.50 

Li 35.1 0.2 
 

35.2 0.5 
 

Mn 3.54 0.12 
 

3.46 0.15 
 

Ni BDL 2.92 BDL 2.90 

P BDL 6.55 BDL 6.50 

Pb 0.0879 0.00 
 

0.0879 0.0005 
 

S 59.7 0.4 
 

56.2 1.4 
 

Si 12.6 0.4 
 

11.5 0.4 
 

Ti 0.340 0.589 
 

BDL 0.325 

Zn 1.98 0.08 
 

2.26 0.09 
 

*Na and Cl concentrations are only used for the estimation of ionic strength in PHREEQC modelling, and 

the results are from Zhu et al. (in preparation)5. 

†Error is reported as 1 standard deviation. Detection limit (DL) is sample specific.  
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Figure B-2. Values for (A) conductivity (mS/cm) and (B) HCO3
–

 alkalinity in mg C/L) during the 

carbonation experiment
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Table B-7.  Results of mass change (Δm), pH, temperature, relative humidity (RH) and stable isotope analysis for Experiment CA. Mass 

change (Δm) during experiments is calculated following the equation Δmn = mf(n-1) - mi(n), where n represents nth sampling.  Analytical 

errors for stable isotope data are reported as 2 (in brackets). 
Sample ID Time  

(min) 

mi  

(g) 

mf  

(g) 

Δm  

(g) 

pH T  

(°C) 

RH  

(%) 

DIC 

(mg C/L) 

δ13CVPDB  

DIC 

(‰) 

δ13CVPDB 

calcite 

(‰) 

δ18OVSMOW 

calcite 

(‰) 

δ18OVSMW  

brine 

(‰) 

CA10-original - - - - 6.0 - - 1.8 - - - 1.5(0.2) 

CA10t0 0 2852.1 2839.5 - 10.4 17.5 16.0 1.3 - - - -0.3(0.2) 

CA10t5 5 2838.8 2803.2 0.7* 10.1 17.4 16.0 - - - - -0.5(0.2) 

CA10t10 10 2804.6 2790.8 -1.4 9.7 17.4 16.0 0.7 - - - - 

CA10t15 15 2791.5 2786 -0.7 9.8 17.4 16.0 - - - - -0.3(0.2) 

CA10t20 20 2786.2 2775.6 -0.2 9.4 17.4 16.0 0.4 - - - - 

CA10t25 25 2775.9 2768.1 -0.3 8.8 17.4 16.0 0 - - - - 

CA10t30 30 2768 2774.8 0.1 7.9 17.6 16.0 - - -39.7(0.04) 11.1(0.04) -0.2(0.2) 

CA10t40 40 2772.4 2766.9 2.4 6.7 17.5 16.0 36.9 - - - - 

CA10t50 50 2764.8 2759.6 2.1 6.4 17.5 16.0 - -36.3(0.04) -36.5(0.04) 12.6(0.08) -0.2(0.2) 

CA10t60 60 2757.2 2748.1 2.4 6.4 17.6 16.0 - -32.2(0.02) -36.3(0.02) 13.1(0.1) -0.4(0.2) 

CA10t90 90 2745.4 2735.9 2.7 6.4 17.6 16.0 50.9 - - - - 

CA10t120 120 2734.7 2748.3 1.2 6.3 17.4 16.0 50.1 - - - - 

CA10t150 150 2743.5 2756.2 4.8 6.3 17.3 16.0 - -21.0(0.08) -34.1(0.02) 15.6(0.08) -0.7(0.2) 

CA10t180 180 2745.7 2731.4 10.5 6.3 17.3 16.0 50.1 - - - - 

CA10t210 210 2706.3 2718.3 25.1 6.4 17.4 16.0 - -24.4(0.04) -33.4(0.04) 16.4(0.06) -0.7(0.2) 

CA10t240 240 2710.3 2688 8.0 6.3 17.4 16.0 63.9 - - - - 

CA10t270 270 2686.2 2697.2 1.8 6.4 17.5 16.0 - -21.6(0.04) -32.8(0.06) 16.8(0.08) -0.6(0.2) 

CA10t330 330 2686 2639.5 11.2 6.8 17.7 16.0 38.9 - - - - 

CA10t480 480 2636.1 2597.7 3.4 6.3 17.7 16.0 - -21.9(0.1) -32.1(0.04) 17.7(0.08) -0.6(0.2)  

CA10t22h 1320 2591.3 2600 6.4 6.3 16.5 16.0 18.0 - - - - 

CA10t27h 1620 2593.3 2587.4 6.7 6.7 16.8 16.0 - - -31.6(0.04) 18.0(0.06) -0.6(0.2) 

CA10t27.5h 1650 2587.4 - 0.0 64 17.1 16.0 29.8 -23.9(0.06) -31.6(0.08) 18.0(0.04) -0.8(0.2) 

*e.g. Mass change between t = 0–5 minutes is calculated as Δmt5 = Δmft0 – Δmit5. 
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Table B-8. Results of mass change (Δm), pH, temperature, relative humidity (RH) and stable isotope analysis for Experiment CB. Mass 

change (Δm) during experiments is calculated following the equation Δmn = mf(n-1) - mi(n), where n represents nth sampling. Analytical 

errors for stable isotope data are reported as 2 (in brackets). 
Sample ID Time  

(min) 

mi  

(g) 

mf  

(g) 

Δm  

(g) 

pH T  

(°C) 

RH  

(%) 

DIC 

(mg C/L) 

δ13CVPDB  

DIC 

(‰) 

δ13CVPDB  

calcite 

(‰) 

δ18OVSMOW  

calcite 

(‰) 

δ18OVSMOW  

brine 

(‰) 

CB10-original  - - - - 5.7 - - 0.6 - - - 0.7(0.2) 

CB10t0 0 2964.2 2939.0 - 10.4 18.5 22.3 1.0 - - -  -0.5(0.2) 

CB10t5 5 2933.0 2840.5 6.0* 10.0 18.7 22.1 - - - -  -0.6(0.2) 

CB10t10 10 2843.5 2826.6 -3.0 9.9 18.7 22.1 1.5 - - -  - 

CB10t15 15 2829.8 2816.3 -3.2 9.7 18.7 22.2 - - -46.6 (0.04) 12.6(0.04)  -0.6(0.2) 

CB10t20 20 2819.8 2808.0 -3.5 9.2 18.7 22.2 0.9 - - -  - 

CB10t25 25 2810.5 2799.4 -2.5 8.7 18.7 22.3 1.3 - - -  - 

CB10t30 30 2800.9 2793.4 -1.5 8.2 18.7 22.2 - - -38.9(0.04) 9.9(0.06)  -0.8(0.2) 

CB10t40 40 2794.7 2789.7 -1.3 6.7 18.7 22.2 35.8 - - -  - 

CB10t50 50 2790.4 2780.6 -0.7 6.5 18.7 22.2 - -36.2(0.02) -37.8(0.04) 12.9(0.04)  -0.7(0.2) 

CB10t60 60 2780.5 2765.2 0.1 6.4 18.6 22.5 - -32.2(0.04) -37.3(0.02) 14.2(0.06)  -0.8(0.2) 

CB10t90 90 2764.6 2759.7 0.6 6.3 18.6 22.8 69.1 - - -  - 

CB10t120 120 2758.7 2753.7 1.0 6.4 18.3 22.4 62.1 - - -  - 

CB10t150 150 2752.8 2731.3 0.9 6.4 18.5 22.6 - -25.2(0.04) -32.6(0.04) 17.1(0.06)  -0.8(0.2) 

CB10t180 180 2732.9 2721.1 -1.6 6.3 18.5 22.9 68.5 - - -  - 

CB10t210 210 2721.6 2712.8 -0.5 6.3 18.5 22.7 - -25.7(0.02) -32.6(0.02) 17.1(0.06)  -0.9(0.2) 

CB10t240 240 2714.1 2707.3 -1.3 6.3 18.8 23.3 62.5 - - -  - 

CB10t270 270 2707.0 2707.0 0.3 6.3 18.8 23.5 - -24.3(0.02) -33.5(0.06) 18.0(0.06)  -0.9(0.2) 

CB10t330 330 2704.1 2678.9 2.9 6.3 18.3 23.7 60.0 - - -  - 

CB10t480 480 2678.6 2673.4 0.3 6.3 18.1 26.2 - -24.4(0.02) -33.5(0.02) 17.7(0.08)  -0.9(0.2) 

CB10t22h 1320 2661.6 2645.5 11.8 6.1 17.8 27.9 53.8 - - - -  

CB10t27h 1620 2643.0 2627.2 2.5 6.2 18.3 21.2 - -24.2(0.06) -33.2(0.04) 18.0(0.06)  -1.0(0.2) 

CB10t27.5h 1650 2628.2 - -1.0 6.1 18.4 21.0 53.3 -23.9(0.04) -33.5(0.06) 18.1(0.08)  -1.1(0.2) 

*e.g. Mass change between t = 0–5 minutes is calculated as Δmt5 = Δmft0 – Δmit5.  
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Figure B-3. Ca, Mg, and Si concentrations as a function of time. Analytical errors are smaller than 

the symbols. 
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Figure B-4. A: XRD patterns and mineralogy of the precipitates from Experiment CA from t = 0–

30 min. At t = 0 min, the only crystalline phase in precipitates is brucite (denoted B). Both brucite 
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and calcite (denoted C) precipitated from the Experiment CA from t = 5–30 min. B: XRD patterns 

and mineralogy of the precipitates from Experiment CA from t = 40–180 min C: XRD patterns 

and mineralogy of the precipitates from Experiment CA from t = 210 min – 27.5 h. All the 

precipitates between t = 40 min – 27.5 h contains calcite (C) as crystalline phase. Evaporative 

halite (denoted H) was detected in the precipitates at t = 22 h. Figures at the top (D and E) illustrate 

the brucite peak at d = 4.766 Å in the XRD patterns of the precipitates at t = 25 min and t = 30 

min. 
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Figure B-5. A: XRD patterns and mineralogy of the precipitates from Experiment CB from t = 0–

30 min. At t = 0 min, the only crystalline phase in precipitates is brucite (denoted B). Both brucite 
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and calcite (denoted C) precipitated from the Experiment CB from t = 5–30 min. B: XRD patterns 

and mineralogy of the precipitates from Experiment CB from t = 40–180 min C: XRD patterns 

and mineralogy of the precipitates from Experiment CB from t = 210 min–27.5 h. All the 

precipitates between t = 40 min – 27.5 h contains calcite (C) as crystalline phase.  

 

Tables B-9 and B-10 provide a summary of the total yield of precipitate, in units of g/L of FPW, 

and the weight % (wt%) abundances of brucite and calcite in precipitates as a function of time. In 

some cases, a minor amount of halite was detected from XRD patterns. In these cases (CA10t20, 

CA10t25), the amount of halite was normalized out so that mbrucite + mcalcite = 100 wt% in the table 

below.  
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Table B-9. Total yield, mineralogy and phase abundance (wt%) of the precipitates from 

Experiment CA.  

Sample ID Time 

(min) 

Total Yield  

(g/L) 

Brucite  

(wt%) 

Calcite  

(wt%) 

Total 

(wt%) 

Rwp*  

(wt%) 

CA10-original   no precipitate   

CA10t0  0 1.68 100.0  100.0  

CA10t5 5 0.55 91.4 8.6 100.0 12.7 

CA10t10 10 0.24 57.2 42.8 100.0 11.6 

CA10t15 15 1.20 38.9 61.1 100.0 10.5 

CA10t20 20 2.38 3.0 97.0 100.0 14.4 

CA10t25 25 2.41 3.4 96.6 100.0 26.8 

CA10t30 30 2.75 9.3 90.7 100.0 11.8 

CA10t40 40 3.24 
 100.0 100.0  

CA10t50 50 2.85  100.0 100.0  

CA10t60 60 2.52 
 100.0 100.0  

CA10t90 90 2.24 
 100.0 100.0  

CA10t120 120 2.03  100.0 100.0  

CA10t150 150 1.90 
 100.0 100.0  

CA10t180 180 2.56 
 100.0 100.0  

CA10t210 210 2.44  100.0 100.0  

CA10t240 240 3.03 
 100.0 100.0  

CA10t270 270 2.97 
 100.0 100.0  

CA10t330 330 3.16  100.0 100.0  

CA10t480 480 1.77 
 100.0 100.0  

CA10t22h 1320 2.77 
 100.0 100.0  

CA10t27h 1620 2.69  100.0 100.0  

CA10t27.5h 1650 3.27  100.0 100.0  

*Rwp is the weighted pattern residual, a measure of the quality of the least-squares residual. 
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Table B-10. Total yield, mineralogy and phase abundance (wt%) of the precipitates from 

Experiment CB. 

Sample ID Time  

(min) 

Total Yield 

(g/L) 

Brucite 

(wt%) 

Calcite  

(wt%) 

Total 

(wt%) 

Rwp*  

(%) 

CB10-original 
 

 no precipitate  
 

CB10t0 0 1.77 100.0 
 

100.0 
 

CB10t5 5 1.81 92.9 7.1 100.0 14.8 

CB10t10 10 2.70 74.7 25.3 100.0 12.8 

CB10t15 15 2.28 18.0 82.0 100.0 11.2 

CB10t20 20 2.76 7.7 92.3 100.0 16.9 

CB10t25 25 3.80 5.2 94.8 100.0 15.2 

CB10t30 30 3.66 1.1 98.9 100.0 17.6 

CB10t40‡ 40 3.43 
 

100.0 100.0 –‡ 

CB10t50 50 2.69 
 

100.0 100.0 – 

CB10t60 60 2.51 
 

100.0 100.0 – 

CB10t90 90 2.35 
 

100.0 100.0 – 

CB10t120 120 2.79 
 

100.0 100.0 – 

CB10t150 150 2.70 
 

100.0 100.0 – 

CB10t180 180 2.74 
 

100.0 100.0 – 

CB10t210 210 2.82 
 

100.0 100.0 – 

CB10t240† 240 1.92 
 

–† –† – 

CB10t270 270 2.66 
 

100.0 100.0 – 

CB10t330 330 3.44 
 

100.0 100.0 – 

CB10t480 480 2.82 
 

100.0 100.0 – 

CB10t22h 1320 3.37 
 

100.0 100.0 – 

CB10t27h 1620 3.14 
 

100.0 100.0 – 

CB10t27.5h 1650 2.95 
 

100.0 100.0 – 

*Rwp is the weighted pattern residual, a function of the least-squares residual. 
† Sample was lost prior to XRD analysis 
‡ Rietveld refinement with XRD data was not necessary after 40 minutes because samples were 

monomineralic.  
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Figure B-6. SEM SE image (A) and EDX spectrum (B) of brucite from Experiment CA at t = 0 

min. SEM image (C) and EDX spectrum (D) of calcite precipitate from Experiment CA at t = 240 

min. Precipitates from CB have similar morphology and compositions. 

 

A PHREEQC modelling (Figure B-7) was performed to calculate the SI of hydrated Mg-

carbonates in solution at t = 90 min for Experiment CA and CB if solution pH were adjusted to 

more alkaline level. The solution at t = 90 min was chosen for the modelling as the Ca and Mg 

concentration and pH were plateaued, the mineralogy of precipitates was consistent with respect 

to experiment time, and the DIC concentration was at its maximum value. The goal of this 

PHREEQC modelling was to test if the saturation of dypingite, hydromagnesite, and nesquehonite, 

magnesite can be reached through addition of 1M NaOH during the carbonation experiments. To 

maintain the supersaturation state of hydromagnesite, dypnigite, and magnesite, the pH of solution 
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at 90 min in both carbonation experiments is needed to be elevated to ~10.0, ~11.0, and ~7.5, 

respectively. Dypingite cannot reach saturation by only elevating the pH of solution at 90 min. 

 

Figure B-7. Saturation indices (modelled using PHREEQC) of Mg-carbonate minerals in solution 

at t = 90 min for Experiment CA and CB if solution pH were adjusted to greater values. 
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Figure B-8. Evaporative water loss (A) and the total yield of precipitates (B) during the 

carbonation experiments. The negative evaporative loss in A represents the mass gain due to 

conversion of gas to mineral precipitates. 
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APPENDIX C  

 

FIGURE C-1. Sensitivity analysis of saturation index in FPW1a samples at pH 10 using 

phreeqc.dat. The plot shows the change in saturation index of minerals with respect to NaCl 

concentration. The concentration of other elements in the analysis remans consistent with the 

original FPW1a. The sensitivity analysis using PHREEQC shows that the salt concentration in 

aqueous solution affect the saturation state of mineral phases. The saturation index of Mg- and Ca- 

hydroxides and carbonates, and hydrated Mg- carbonates increase in saltier solutions. The 

saturation index of Mn- hydroxides (manganite) has a slight decrease as the solution is saltier. The 

phenomenon of becoming supersaturation in salty solution is refer to as “salt-out” effect, which is 

due to the increasing of cation activities (Zermeno-Motante et al., 2016).   
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Transition metals detected in both solutions are Co (0.05 ± 0.01 ppm), Mn (3.5 ± 0.1 ppm), Pb 

(0.09 ± 0.0006 ppm in CA and 0.08 ± 0.006 ppm in CB), and Zn (2.0 ± 0.1 in CA and 2.3 ± 0.1 in 

CB). Ti concentration is closed to the detection limit in CA (0.3 ± 0.6 ppm) and is below detection 

limit (< 0.03 ppm) in CB.  Anionic elements in the solutions are Br (242.6 ± 7.1 ppm in CA and 

229.8 ± 5.2 ppm in CB), S (59.7 ± 0.4 ppm in CA and 56.2 ± 1.4 ppm in CB), and Si (12.6 ± 0.4 

ppm in CA and 11.5 ± 0.4 ppm in CB). The concentrations of S in the solutions after titration were 

53.3 ± 4.4 ppm and 48.8 ± 1.5 ppm in CA and CB, respectively. It decreased dramatically from t 

= 0–60 min and the trend of decreased slowed down from t = 60–180 min. The value of S 

concentration stabilized at 35.1 ± 1.8 ppm when time reaches 180 min in Experiment CA and at 

32.5 ±1.6 ppm when the experiment reaches 150 min. 

 

The concentration of Mn, Zn, and Pb in FPW decreased immediately after adding 1M NaOH to 

the solutions and as both carbonation experiments progressed, compared to the value in original 

FPW. The concentrations of Mn were equal to or below detection limit (0.5 ppm) from t = 0–1650 

min in CA and from t = 0–480 min in CB. From t = 1320–1650 in CB, the concentrations of Mn 

in solutions ranged from 0.6–0.7 ppm, which is slightly above the detection limit. The 

concentrations of Zn during both CA and CB were below detection limit, which ranges from 1.5–

1.6 ppm, and those of Pb during both experiments were below 0.05 ppm. The concentrations of 

other elements can refer to Table C-1,C-2. 

 

Five samples of precipitates (Table C-3), including the precipitates formed from CA at t = 0 min, 

50 min, 150 min, 330 min, and 1650 min and from CB at t = 1650 min, were digested and analyzed 

with ICP-MS for the concentration of trace elements. Unfortunately, the precipitates from CB at t 

= 0, 50, 150 and 330 min were lost during sample preparation, therefore it is not possible to 

compare the composition of trace elements in the precipitates from the duplicated experiments. 

The results from the ICP-MS indicates metal cations such as Mn (8,790 ± 90 ppm), Fe (900 ± 39 
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ppm), Cu (81.0 ± 8.9 ppm), Zn (2,010 ± 90 ppm), Sr (164 ± 3 ppm), Ba (13.4 ± 4.6 ppm) and Pb 

(67.5 ± 0.2 ppm) were trapped in the precipitates at t = 0 min, when the pH value of solutions was 

at 10.4. After supplying CO2 and as the pH decreased during experiments, the concentrations of Li 

(150–159 ppm), Sr (19,600–24,300 ppm), Ba (178–272 ppm) increased in the precipitates from 

CA at t = 0, 50, 150, and 1650 min. In comparison, the concentrations of Mn (2,180–2,260 ppm), 

Fe (201–283 ppm), Cu (5.6–17.5 ppm), Zn (458–664 ppm), Pb (23.2–28.6 ppm) decreased in the 

precipitates from CA at t = 0, 50, 150, and 1650 min. The concentrations of Li (152 ± 5 ppm), Mn 

(24,700 ± 100 ppm), Fe (290 ± 12 ppm), Zn (659 ± 24 ppm), Sr (25,800 ± 500 ppm), Ba (264 ± 7 

ppm) and Pb (27.0 ± 0.4 ppm) the precipitates from CB at t = 1650 min are consistent with the 

precipitates in general from CA at t = 1650 min. In addition, Ti, Cr, Co, As, Cd, and Ni are not 

detected in the precipitates from both experiments, which is consistent with the results that those 

elements are not detectable in the original FPW.  
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Table C-1. Concentrations (conc.) of elements in FPW as a function of time in Experiment CA based on ICP-MS analysis. Errors are reported as 1. 

Detection limit (DL) is sample-specific. BDL: below detection limit. 

 

T 

(min) 
Li B Mg Al Si K 

Conc. 

(ppm) 

Error  

(ppm) 

DL 

(ppm) 

Conc. 

(ppm) 

Error  

(ppm) 

DL 

(ppm) 

Conc. 

(ppm) 

Error  

(ppm) 

DL 

(ppm) 

Conc. 

(ppm) 

Error  

(ppm) 

DL 

(ppm) 

Conc. 

(ppm) 

Error  

(ppm) 

DL 

(ppm) 

Conc. 

(ppm) 

Error  

(ppm) 

DL 

(ppm) 

0 31.0 0.4 18.8 53.8 0.2 9.7 210.2 6.1 82.2 BDL 2.7 BDL 5.6 1643.7 62.0 84.8 

5 33.6 0.3 18.6 57.9 0.5 9.6 331.4 15.5 81.5 BDL 2.7 BDL 5.5 1606.3 56.3 84.1 

10 31.3 0.3 18.7 53.7 0.2 9.7 511.9 17.0 81.9 BDL 2.7 BDL 5.5 1616.6 64.3 84.5 

15 28.6 0.5 18.5 48.9 0.3 9.6 522.8 23.0 81.1 BDL 2.7 BDL 5.5 1514.3 63.0 83.7 

20 31.8 0.3 18.5 53.0 1.3 9.5 620.2 21.5 80.9 BDL 2.7 BDL 5.5 1629.3 70.8 83.5 

25 37.4 0.8 18.8 61.7 1.3 9.7 662.3 21.6 82.2 BDL 2.7 BDL 5.6 1704.2 52.9 84.8 

30 32.3 0.2 18.6 57.7 0.5 9.6 677.7 20.1 81.7 BDL 2.7 7.8 0.2 5.5 1694.3 58.2 84.3 

40 31.1 0.2 18.8 58.8 0.8 9.7 720.4 17.4 82.4 BDL 2.7 8.9 0.5 5.6 1620.0 59.9 85.0 

50 32.4 0.2 18.7 60.8 0.1 9.7 741.4 21.5 82.1 BDL 2.7 9.6 0.5 5.5 1696.9 52.7 84.8 

60 30.4 0.4 18.6 57.4 0.5 9.6 690.8 25.8 81.5 BDL 2.7 8.3 0.5 5.5 1569.6 50.2 84.1 

90 30.8 0.2 18.6 61.5 0.7 9.6 737.0 34.3 81.4 BDL 2.7 11.9 0.6 5.5 1658.5 66.3 84.0 

120 27.3 0.3 18.6 51.7 0.6 9.6 720.3 26.0 81.3 BDL 2.7 9.3 0.2 5.5 1640.8 65.9 84.0 

150 30.1 0.4 18.7 57.3 0.8 9.7 704.6 22.0 81.9 BDL 2.7 9.5 0.4 5.5 1598.7 58.4 84.5 

180 29.9 0.4 18.7 57.0 1.0 9.7 708.2 25.1 82.0 BDL 2.7 8.7 0.5 5.5 1596.3 45.5 84.7 

210 28.9 0.2 18.6 54.9 0.3 9.6 680.9 20.0 81.6 BDL 2.7 8.3 0.4 5.5 1562.4 49.7 84.2 

240 29.7 0.2 18.8 56.5 0.5 9.7 702.5 26.2 82.4 BDL 2.7 10.8 0.2 5.6 1583.8 47.1 85.0 

270 28.6 0.3 18.8 56.1 0.7 9.7 700.6 22.8 82.5 BDL 2.7 9.0 0.4 5.6 1599.7 59.0 85.1 

330 30.8 0.6 19.2 59.2 1.1 9.9 712.9 21.9 84.0 BDL 2.8 9.2 0.8 5.7 1642.2 52.9 86.7 

480 32.4 0.5 18.6 63.0 1.2 9.6 709.0 23.4 81.5 BDL 2.7 9.5 0.6 5.5 1607.3 42.1 84.1 

1320 34.8 0.3 18.9 66.0 1.0 9.7 741.5 28.8 82.7 BDL 2.7 11.3 0.6 5.6 1704.2 58.1 85.3 

1620 31.2 0.3 18.8 60.3 0.4 9.7 733.5 26.0 82.3 BDL 2.7 10.1 0.5 5.6 1690.3 55.7 85.0 

1650 31.3 0.1 18.7 60.3 0.3 9.6 725.1 21.8 81.7 BDL 2.7 10.9 0.0 5.5 1648.9 59.6 84.3 
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Table C-1 (Continued).  Concentrations (conc.) of elements in FPW as a function of time in Experiment CA based on ICP-MS analysis. Errors are 

reported as 1. Detection limit (DL) is sample-specific. BDL: below detection limit. 

 

T  

(min) 
 P S  Ca  Ti Cr Mn  

Conc. 

(ppm) 

Error  

(ppm) 

DL 

(ppm) 

Conc. 

(ppm) 

Error  

(ppm) 

DL 

(ppm) 

Conc. 

(ppm) 

Error  

(ppm) 

DL 

(ppm) 

Conc. 

(ppm) 

Error  

(ppm) 

DL 

(ppm) 

Conc. 

(ppm) 

Error  

(ppm) 

DL 

(ppm) 

Conc. 

(ppm) 

Error  

(ppm) 

DL 

(ppm) 

0 BDL 6.6 53.3 4.0 25.2 9360.7 160.2 85.6 BDL 0.3 BDL 0.7 BDL 0.5 

5 BDL 6.5 49.9 1.2 24.9 9036.8 91.6 84.8 BDL 0.3 BDL 0.7 BDL 0.5 

10 BDL 6.5 48.9 1.8 25.1 8628.9 69.5 85.3 BDL 0.3 BDL 0.7 BDL 0.5 

15 BDL 6.5 46.2 0.7 24.8 7670.9 107.1 84.4 BDL 0.3 BDL 0.7 BDL 0.5 

20 BDL 6.5 49.4 1.2 24.8 8245.7 76.7 84.3 BDL 0.3 BDL 0.7 BDL 0.5 

25 BDL 6.6 48.3 1.1 25.2 8323.4 103.4 85.6 BDL 0.3 BDL 0.7 BDL 0.5 

30 BDL 6.5 48.5 1.3 25.0 8251.4 109.1 85.0 0.4 0.6 0.3 BDL 0.7 BDL 0.5 

40 BDL 6.6 41.0 1.3 25.2 7798.9 186.2 85.8 0.4 0.6 0.3 BDL 0.7 BDL 0.5 

50 BDL 6.6 40.2 1.7 25.1 7984.0 11.8 85.5 0.4 0.3 0.3 BDL 0.7 BDL 0.5 

60 BDL 6.5 36.8 1.4 25.0 7630.0 137.4 84.9 BDL 0.3 BDL 0.7 BDL 0.5 

90 BDL 6.5 40.2 1.8 24.9 7964.0 177.3 84.8 BDL 0.3 BDL 0.7 BDL 0.5 

120 BDL 6.5 39.0 0.9 24.9 7814.8 15.1 84.7 0.3 0.6 0.3 BDL 0.7 BDL 0.5 

150 BDL 6.5 37.7 1.0 25.1 7624.5 152.6 85.3 0.4 0.6 0.3 BDL 0.7 BDL 0.5 

180 BDL 6.6 33.5 0.7 25.1 7642.9 101.9 85.4 0.4 0.6 0.3 BDL 0.7 BDL 0.5 

210 BDL 6.5 35.6 1.3 25.0 7368.7 92.0 85.0 BDL 0.3 BDL 0.7 BDL 0.5 

240 BDL 6.6 36.0 0.3 25.2 8213.2 138.8 85.8 0.3 0.6 0.3 BDL 0.7 BDL 0.5 

270 BDL 6.6 37.1 1.4 25.2 7538.0 81.1 85.9 0.3 0.6 0.3 BDL 0.7 BDL 0.5 

330 BDL 6.7 34.6 0.2 25.7 7746.1 111.6 87.5 BDL 0.3 BDL 0.7 BDL 0.5 

480 BDL 6.5 33.1 2.4 24.9 7759.3 167.2 84.8 0.3 0.6 0.3 BDL 0.7 BDL 0.5 

1320 BDL 6.6 36.3 1.3 25.3 8058.7 87.7 86.1 0.5 0.8 0.3 BDL 0.7 BDL 0.5 

1620 BDL 6.6 35.2 2.0 25.2 7944.5 76.2 85.7 BDL 0.3 BDL 0.7 0.5 0.0 0.5 

1650 BDL 6.5 34.3 0.7 25.0 8031.2 165.6 85.1 0.4 0.6 0.3 BDL 0.7 0.5 0.0 0.5 
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Table C-1 (Continued). Concentrations (conc.) of elements in FPW as a function of time in Experiment CA based on ICP-MS analysis. Errors are 

reported as 1. Detection limit (DL) is sample-specific. BDL: below detection limit. 

 

 

  Fe Co  Ni Cu  Zn  Br  
T (min) Conc. 

(ppm) 

Error  

(ppm) 

DL 

(ppm) 

Conc. 

(ppm) 

Error  

(ppm) 

DL 

(ppm) 

Conc. 

(ppm) 

Error  

(ppm) 

DL 

(ppm) 

Conc. 

(ppm) 

Error  

(ppm) 

DL 

(ppm) 

Conc. 

(ppm) 

Error  

(ppm) 

DL 

(ppm) 

Conc. 

(ppm) 

Error  

(ppm) 

DL 

(ppm) 

0 BDL 3.5 0.05 0.02 0.06 BDL 2.9 BDL 0.9 BDL 1.6 223.1 5.4 36.2 

5 BDL 3.5 0.05 0.01 0.06 BDL 2.9 BDL 0.9 BDL 1.6 214.4 6.9 35.9 

10 BDL 3.5 0.05 0.01 0.06 BDL 2.9 BDL 0.9 BDL 1.6 217.5 12.8 36.1 

15 BDL 3.5 0.05 0.02 0.06 BDL 2.9 BDL 0.9 BDL 1.5 202.3 7.0 35.8 

20 BDL 3.5 0.05 0.01 0.06 BDL 2.9 BDL 0.9 BDL 1.5 210.4 7.1 35.7 

25 BDL 3.5 0.05 0.03 0.06 BDL 2.9 BDL 0.9 BDL 1.6 214.4 9.5 36.2 

30 BDL 3.5 0.05 0.02 0.06 BDL 2.9 BDL 0.9 BDL 1.6 220.0 10.0 36.0 

40 BDL 3.5 0.05 0.02 0.06 BDL 2.9 BDL 0.9 BDL 1.6 214.8 3.3 36.3 

50 BDL 3.5 0.05 0.01 0.06 BDL 2.9 BDL 0.9 BDL 1.6 213.5 6.4 36.2 

60 BDL 3.5 0.05 0.00 0.06 BDL 2.9 BDL 0.9 BDL 1.6 205.0 8.6 36.0 

90 BDL 3.5 0.05 0.00 0.06 BDL 2.9 BDL 0.9 BDL 1.6 214.1 12.0 35.9 

120 BDL 3.5 0.05 0.01 0.06 BDL 2.9 BDL 0.9 BDL 1.6 212.5 5.9 35.9 

150 BDL 3.5 0.05 0.00 0.06 BDL 2.9 BDL 0.9 BDL 1.6 206.6 3.5 36.1 

180 BDL 3.5 0.05 0.01 0.06 BDL 2.9 BDL 0.9 BDL 1.6 203.1 3.5 36.2 

210 BDL 3.5 0.05 0.01 0.06 BDL 2.9 BDL 0.9 BDL 1.6 199.4 3.4 36.0 

240 BDL 3.5 0.05 0.00 0.06 BDL 2.9 BDL 0.9 BDL 1.6 203.4 7.4 36.3 

270 BDL 3.5 0.05 0.01 0.06 BDL 2.9 BDL 0.9 BDL 1.6 205.2 3.4 36.4 

330 BDL 3.6 0.05 0.00 0.06 BDL 3.0 BDL 0.9 BDL 1.6 208.2 3.8 37.0 

480 BDL 3.5 0.05 0.02 0.06 BDL 2.9 BDL 0.9 BDL 1.6 207.7 3.2 35.9 

1320 BDL 3.6 0.05 0.01 0.06 BDL 2.9 BDL 0.9 BDL 1.6 223.7 4.6 36.4 

1620 BDL 3.5 0.05 0.01 0.06 BDL 2.9 BDL 0.9 BDL 1.6 223.2 4.3 36.3 

1650 BDL 3.5 0.05 0.01 0.06 BDL 2.9 BDL 0.9 BDL 1.6 208.8 6.5 36.0 
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Table C-1 (Continued). Concentrations (conc.) of elements in FPW as a function of time in Experiment CA based on ICP-MS analysis. Errors are 

reported as 1. Detection limit (DL) is sample-specific. BDL: below detection limit. 

 
 Sr As Ba Pb 

T (min) Conc. 

(ppm) 

Error  

(ppm) 

DL 

(ppm) 

Conc. 

(ppm) 

Error  

(ppm) 

DL 

(ppm) 

Conc. 

(ppm) 

Error  

(ppm) 

DL 

(ppm) 

Conc. 

(ppm) 

Error  

(ppm) 

DL 

(ppm) 

0 860.2 15.1 20.9 BDL 1.2 3.6 0.1 1.3 BDL 0.05 

5 831.4 33.1 20.7 BDL 1.2 3.4 0.2 1.3 BDL 0.05 

10 830.1 26.0 20.8 BDL 1.2 3.3 0.1 1.3 BDL 0.05 

15 789.9 32.2 20.6 BDL 1.2 3.1 0.2 1.3 BDL 0.05 

20 807.2 22.9 20.6 BDL 1.2 3.1 0.1 1.3 BDL 0.05 

25 811.9 21.0 20.9 BDL 1.2 3.1 0.1 1.3 BDL 0.05 

30 832.3 22.5 20.8 BDL 1.2 3.1 0.2 1.3 BDL 0.05 

40 816.7 19.7 20.9 BDL 1.3 3.4 0.1 1.3 BDL 0.05 

50 835.9 19.8 20.9 BDL 1.2 3.4 0.1 1.3 BDL 0.05 

60 804.5 23.4 20.7 BDL 1.2 3.2 0.1 1.3 BDL 0.05 

90 836.8 32.5 20.7 BDL 1.2 3.4 0.1 1.3 BDL 0.05 

120 826.5 22.5 20.7 BDL 1.2 3.3 0.1 1.3 BDL 0.05 

150 815.4 17.4 20.8 BDL 1.2 3.4 0.2 1.3 BDL 0.05 

180 796.1 22.9 20.9 BDL 1.2 3.3 0.1 1.3 BDL 0.05 

210 794.5 16.4 20.8 BDL 1.2 3.3 0.1 1.3 BDL 0.05 

240 817.4 25.9 21.0 BDL 1.3 3.3 0.1 1.3 BDL 0.05 

270 813.2 21.3 21.0 BDL 1.3 3.3 0.1 1.3 BDL 0.05 

330 822.7 16.1 21.4 BDL 1.3 3.3 0.1 1.4 BDL 0.05 

480 819.2 22.3 20.7 BDL 1.2 3.3 0.1 1.3 BDL 0.05 

1320 862.9 19.4 21.0 BDL 1.3 3.5 0.2 1.3 BDL 0.05 

1620 861.6 24.9 20.9 BDL 1.3 3.4 0.3 1.3 BDL 0.05 

1650 820.5 19.1 20.8 BDL 1.2 3.4 0.0 1.3 BDL 0.05 
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Table C-2. Concentrations (conc.) of elements in FPW as a function of time in Experiment CB based on ICP-MS analysis. Errors are reported as 1. 

Detection limit (DL) is sample-specific. BDL: below detection limit. 

 

  Li  B Mg  Al  Si  K  
T (min) Conc. 

(ppm) 

Error  

(ppm) 

DL 

(ppm) 

Conc. 

(ppm) 

Error  

(ppm) 

DL 

(ppm) 

Conc. 

(ppm) 

Error  

(ppm) 

DL 

(ppm) 

Conc. 

(ppm) 

Error  

(ppm) 

DL 

(ppm) 

Conc. 

(ppm) 

Error  

(ppm) 

DL 

(ppm) 

Conc. 

(ppm) 

Error  

(ppm) 

DL 

(ppm) 

0 30.2 0.4 18.7 53.3 0.4 9.6 214.2 7.8 81.8 BDL 2.7 BDL 5.5 1631.0 51.8 84.4 

5 30.6 0.3 19.0 56.2 0.7 9.8 339.8 13.1 83.0 BDL 2.7 BDL 5.6 1634.4 43.5 85.7 

10 32.7 0.3 18.4 59.9 0.2 9.5 409.9 11.4 80.7 BDL 2.7 BDL 5.5 1614.2 66.1 83.3 

15 28.2 0.2 19.0 51.7 0.5 9.8 538.2 17.3 83.3 BDL 2.8 BDL 5.6 1571.8 40.4 85.9 

20 29.2 0.2 19.0 51.2 0.5 9.8 616.5 33.8 83.4 BDL 2.8 BDL 5.6 1592.8 45.7 86.0 

25 32.0 0.2 19.0 56.5 0.6 9.8 696.6 19.2 83.1 BDL 2.7 BDL 5.6 1751.9 82.2 85.8 

30 28.3 0.6 18.5 54.7 0.8 9.6 660.0 23.7 81.0 BDL 2.7 6.8 0.3 5.5 1563.4 47.9 83.6 

40 31.6 0.3 18.8 62.8 0.2 9.7 680.9 16.9 82.3 BDL 2.7 8.7 0.5 5.6 1562.9 56.3 85.0 

50 27.2 0.6 18.9 54.1 1.6 9.8 723.9 17.4 82.8 BDL 2.7 9.5 0.4 5.6 1691.5 40.3 85.4 

60 32.3 0.2 18.7 64.9 0.3 9.7 722.2 34.9 82.0 BDL 2.7 9.5 0.1 5.5 1649.5 42.4 84.7 

90 29.1 0.3 18.6 60.2 0.1 9.6 708.0 36.5 81.5 BDL 2.7 9.9 0.1 5.5 1609.1 76.9 84.1 

120 29.7 0.2 18.7 59.1 0.4 9.7 705.2 26.0 82.1 BDL 2.7 10.2 0.6 5.5 1625.3 91.3 84.8 

150 28.0 0.0 18.4 56.8 0.3 9.5 656.1 23.7 80.6 BDL 2.7 10.2 0.2 5.4 1520.5 61.7 83.1 

180 27.4 0.6 18.8 56.7 0.4 9.7 679.6 32.3 82.4 BDL 2.7 9.8 0.2 5.6 1548.0 51.7 85.0 

210 27.5 0.4 18.7 57.0 0.8 9.7 683.1 33.1 81.9 BDL 2.7 10.0 0.2 5.5 1555.9 71.4 84.5 

240 29.3 0.4 19.2 60.1 0.7 9.9 707.8 25.5 83.9 BDL 2.8 10.0 0.1 5.7 1617.6 80.5 86.6 

270 29.7 0.2 18.9 59.4 1.1 9.8 707.6 27.9 83.0 BDL 2.7 9.0 0.3 5.6 1609.5 62.2 85.6 

330 29.0 0.4 18.5 56.6 0.6 9.5 696.8 24.2 80.8 BDL 2.7 10.0 0.6 5.5 1596.5 74.6 83.4 

480 32.6 0.2 18.6 65.3 0.6 9.6 706.3 27.1 81.5 BDL 2.7 10.4 0.4 5.5 1619.1 41.6 84.1 

1320 22.3 0.1 18.6 48.4 0.6 9.6 686.2 19.8 81.7 BDL 2.7 10.3 0.1 5.5 1591.0 55.4 84.3 

1620 28.0 0.1 19.2 57.4 0.6 9.9 690.9 27.0 84.0 BDL 2.8 10.0 0.2 5.7 1576.3 53.8 86.7 

1650 28.4 0.2 18.9 57.4 0.6 9.8 699.3 27.9 82.9 BDL 2.7 9.4 0.5 5.6 1588.4 64.7 85.5 
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Table C-2 (Continued). Concentrations (conc.) of elements in FPW as a function of time in Experiment CB based on ICP-MS analysis. Errors are 

reported as 1. Detection limit (DL) is sample-specific. BDL: below detection limit. 

 

 
  P S  Ca  Ti Cr Mn  

T (min) Conc. 

(ppm) 

Error  

(ppm) 

DL 

(ppm) 

Conc. 

(ppm) 

Error  

(ppm) 

DL 

(ppm) 

Conc. 

(ppm) 

Error  

(ppm) 

DL 

(ppm) 

Conc. 

(ppm) 

Error  

(ppm) 

DL 

(ppm) 

Conc. 

(ppm) 

Error  

(ppm) 

DL 

(ppm) 

Conc. 

(ppm) 

Error  

(ppm) 

DL 

(ppm) 

0 BDL 6.5 48.8 1.5 25.0 8953.7 111.6 85.1 0.3 0.6 0.3 BDL 0.7 BDL 0.5 

5 BDL 6.6 45.0 2.2 25.4 8709.1 8.2 86.5 BDL 0.3 BDL 0.7 BDL 0.5 

10 BDL 6.4 47.4 0.5 24.7 8431.2 64.2 84.1 0.3 0.3 BDL 0.7 BDL 0.5 

15 BDL 6.6 41.9 1.1 25.5 7917.5 72.7 86.7 0.4 0.6 0.3 BDL 0.7 BDL 0.5 

20 BDL 6.7 45.0 1.6 25.5 8031.8 220.2 86.8 BDL 0.3 BDL 0.7 BDL 0.5 

25 BDL 6.6 45.2 0.6 25.4 8089.8 85.6 86.6 BDL 0.3 BDL 0.7 BDL 0.5 

30 BDL 6.5 33.1 1.5 24.8 7659.8 57.4 84.4 BDL 0.3 BDL 0.7 BDL 0.5 

40 BDL 6.6 37.3 0.6 25.2 7346.7 78.1 85.7 BDL 0.3 BDL 0.7 BDL 0.5 

50 BDL 6.6 42.2 0.7 25.3 8114.8 82.5 86.2 BDL 0.3 BDL 0.7 BDL 0.5 

60 BDL 6.6 35.5 1.0 25.1 7746.9 118.6 85.4 BDL 0.3 BDL 0.7 BDL 0.5 

90 BDL 6.5 36.8 0.7 24.9 7739.3 49.5 84.8 BDL 0.3 BDL 0.7 BDL 0.5 

120 BDL 6.6 36.9 0.7 25.1 7824.4 79.6 85.5 0.3 0.6 0.3 BDL 0.7 BDL 0.5 

150 BDL 6.4 33.2 1.7 24.7 7810.7 41.6 83.9 BDL 0.3 BDL 0.7 BDL 0.5 

180 BDL 6.6 34.1 1.3 25.2 7406.0 80.9 85.8 BDL 0.3 BDL 0.7 BDL 0.5 

210 BDL 6.5 33.3 0.8 25.1 7511.8 37.5 85.3 BDL 0.3 BDL 0.7 BDL 0.5 

240 BDL 6.7 32.6 1.2 25.7 7719.5 155.3 87.4 0.4 0.6 0.3 BDL 0.7 BDL 0.5 

270 BDL 6.6 31.9 0.4 25.4 7553.3 107.4 86.4 0.3 0.6 0.3 BDL 0.7 BDL 0.5 

330 BDL 6.5 29.8 0.1 24.7 7493.9 150.6 84.2 0.4 0.3 0.3 BDL 0.7 BDL 0.5 

480 BDL 6.5 31.9 1.1 24.9 7677.1 65.2 84.8 0.4 0.6 0.3 BDL 0.7 BDL 0.5 

1320 BDL 6.5 34.2 1.7 25.0 7907.7 48.6 85.0 0.3 0.6 0.3 BDL 0.7 0.6 0.0 0.5 

1620 BDL 6.7 33.6 2.1 25.7 7646.5 17.1 87.5 BDL 0.3 BDL 0.7 0.7 0.0 0.5 

1650 BDL 6.6 29.9 1.4 25.4 7583.2 100.9 86.3 0.4 0.6 0.3 BDL 0.7 0.7 0.0 0.5 
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Table C-2 (Continued). Concentrations (conc.) of elements in FPW as a function of time in Experiment CB based on ICP-MS analysis. Errors are 

reported as 1. Detection limit (DL) is sample-specific. BDL: below detection limit. 

 
 Fe Co  Ni Cu  Zn  Br  

T (min) Conc. 

(ppm) 

Error  

(ppm) 

DL 

(ppm) 

Conc. 

(ppm) 

Error  

(ppm) 

DL 

(ppm) 

Conc. 

(ppm) 

Error  

(ppm) 

DL 

(ppm) 

Conc. 

(ppm) 

Error  

(ppm) 

DL 

(ppm) 

Conc. 

(ppm) 

Error  

(ppm) 

DL 

(ppm) 

Conc. 

(ppm) 

Error  

(ppm) 

DL 

(ppm) 

0 BDL 3.5 0.05 0.03 0.06 BDL 2.9 BDL 0.9 BDL 1.6 211.4 7.5 36.1 

5 BDL 3.6 0.05 0.01 0.06 BDL 3.0 BDL 0.9 BDL 1.6 218.6 9.4 36.6 

10 BDL 3.5 0.05 0.03 0.06 BDL 2.9 BDL 0.9 BDL 1.5 210.1 5.0 35.6 

15 BDL 3.6 0.05 0.01 0.06 BDL 3.0 BDL 0.9 BDL 1.6 206.1 8.8 36.7 

20 BDL 3.6 0.05 0.00 0.06 BDL 3.0 BDL 0.9 BDL 1.6 208.4 10.9 36.8 

25 BDL 3.6 0.05 0.01 0.06 BDL 3.0 BDL 0.9 BDL 1.6 223.4 10.9 36.7 

30 BDL 3.5 0.05 0.01 0.06 BDL 2.9 BDL 0.9 BDL 1.5 199.5 2.7 35.7 

40 BDL 3.5 0.05 0.02 0.06 BDL 2.9 BDL 0.9 BDL 1.6 203.6 3.5 36.3 

50 BDL 3.6 0.05 0.01 0.06 BDL 3.0 BDL 0.9 BDL 1.6 193.8 3.6 36.5 

60 BDL 3.5 0.05 0.02 0.06 BDL 2.9 BDL 0.9 BDL 1.6 209.8 14.4 36.2 

90 BDL 3.5 0.05 0.00 0.06 BDL 2.9 BDL 0.9 BDL 1.6 210.8 9.0 35.9 

120 BDL 3.5 0.05 0.01 0.06 BDL 2.9 BDL 0.9 BDL 1.6 202.7 8.7 36.2 

150 BDL 3.5 0.05 0.02 0.06 BDL 2.9 BDL 0.9 BDL 1.5 181.9 6.4 35.5 

180 BDL 3.5 0.05 0.01 0.06 BDL 2.9 BDL 0.9 BDL 1.6 204.4 9.1 36.3 

210 BDL 3.5 0.05 0.02 0.06 BDL 2.9 BDL 0.9 BDL 1.6 200.9 7.8 36.1 

240 BDL 3.6 0.05 0.02 0.06 BDL 3.0 BDL 0.9 BDL 1.6 200.0 6.8 37.0 

270 BDL 3.6 0.05 0.01 0.06 BDL 3.0 BDL 0.9 BDL 1.6 202.9 9.9 36.6 

330 BDL 3.5 0.05 0.01 0.06 BDL 2.9 BDL 0.9 BDL 1.5 196.9 7.0 35.6 

480 BDL 3.5 0.05 0.01 0.06 BDL 2.9 BDL 0.9 BDL 1.6 203.2 9.9 35.9 

1320 BDL 3.5 0.05 0.01 0.06 BDL 2.9 BDL 0.9 BDL 1.6 208.0 10.2 36.0 

1620 BDL 3.6 0.05 0.01 0.06 BDL 3.0 BDL 0.9 BDL 1.6 208.1 2.0 37.1 

1650 BDL 3.6 0.05 0.01 0.06 BDL 3.0 BDL 0.9 BDL 1.6 204.9 5.7 36.6 

 



 157 

Table C-2 (Continued). Concentrations (conc.) of elements in FPW as a function of time in Experiment CB based on ICP-MS analysis. Errors are 

reported as 1. Detection limit (DL) is sample-specific. BDL: below detection limit. 

 

  Sr As Ba  Pb  

T (min) 
Conc. 

(ppm) 

Error  

(ppm) 

DL 

(ppm) 

Conc. 

(ppm) 

Error  

(ppm) 

DL 

(ppm) 

Conc. 

(ppm) 

Error  

(ppm) 

DL 

(ppm) 

Conc. 

(ppm) 

Error  

(ppm) 

DL 

(ppm) 

0 855.7 28.7 20.8 BDL 1.2 3.6 0.2 1.3 BDL 0.05 

5 859.6 27.8 21.1 BDL 1.3 3.5 0.1 1.3 BDL 0.05 

10 841.3 20.1 20.5 BDL 1.2 3.4 0.1 1.3 BDL 0.05 

15 799.7 17.2 21.2 BDL 1.3 3.2 0.1 1.4 BDL 0.05 

20 813.1 31.0 21.2 BDL 1.3 3.2 0.1 1.4 BDL 0.05 

25 851.9 22.0 21.1 BDL 1.3 3.3 0.1 1.3 BDL 0.05 

30 783.6 15.0 20.6 BDL 1.2 3.3 0.1 1.3 BDL 0.05 

40 793.8 16.0 20.9 BDL 1.3 3.3 0.1 1.3 BDL 0.05 

50 828.6 13.1 21.1 BDL 1.3 3.5 0.1 1.3 BDL 0.05 

60 815.8 29.3 20.9 BDL 1.2 3.4 0.2 1.3 BDL 0.05 

90 820.7 32.2 20.7 BDL 1.2 3.4 0.2 1.3 BDL 0.05 

120 826.8 31.4 20.9 BDL 1.2 3.3 0.2 1.3 BDL 0.05 

150 764.8 22.1 20.5 BDL 1.2 3.2 0.1 1.3 BDL 0.05 

180 807.9 36.6 20.9 BDL 1.3 3.3 0.1 1.3 BDL 0.05 

210 795.0 38.0 20.8 BDL 1.2 3.2 0.2 1.3 BDL 0.05 

240 802.3 22.4 21.3 BDL 1.3 3.4 0.1 1.4 BDL 0.05 

270 826.8 24.9 21.1 BDL 1.3 3.3 0.1 1.3 BDL 0.05 

330 809.7 15.6 20.6 BDL 1.2 3.2 0.05 1.3 BDL 0.05 

480 812.8 21.4 20.7 BDL 1.2 3.3 0.1 1.3 BDL 0.05 

1320 798.2 21.5 20.8 BDL 1.2 3.2 0.05 1.3 BDL 0.05 

1620 810.8 31.7 21.4 BDL 1.3 3.3 0.05 1.4 BDL 0.05 

1650 825.9 21.4 21.1 BDL 1.3 3.3 0.2 1.3 BDL 0.05 
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Table C-3. The concentrations (conc.) of trace elements in the precipitates from Experiment CA and CB in ppm. Analytical error is reported as 1 

standard deviation. All values are reported as 3 significant figures. 

Sample Name 

 Li  Mg P S   Ca   

Conc. (ppm) 
Error Conc. 

Error (ppm) Conc. (ppm) Error (ppm) Conc. (ppm) 
Error Conc. 

Error (ppm) 
(ppm) (ppm) (ppm) (ppm) 

CA t = 0 min < 99.2 1150000   18800 < 150 885 219 4800 50 

CA t = 50 min 159 2      3780     150 < 59.5 9580 230 1020000 8000 

CA t = 150 min 167 6 3140 190 < 87.9 9780 1140 922000 4000 

CA t = 27.5 h 150 2 3640 140 < 70.6 15100 200 1130000 10000 

CB t = 27.5 h 152 5 3610 130 < 73.2 15500 700 1080000 10000 

  

Ti  Cr  Mn    Fe   Co  

Conc. (ppm) Error (ppm) Conc. (ppm) Error (ppm) Conc. (ppm) Error (ppm) Conc. (ppm) 
Error Conc. 

Error (ppm) 
(ppm) (ppm) 

CA t   = 0 min < 0.903 < 14.7 8790 90 900 39 < 9.91 

CA t = 50 min < 0.361 < 5.88 2180 40 248 12 < 3.96 

CA t = 150 min < 0.533 < 8.68 2180 30 201 21 < 5.85 

CA t = 27.5 h < 0.429 < 6.98 2260 30 283 17 < 4.70 

CB t = 27.5 h < 0.444 < 7.23 2470 60 290 12 < 4.87 

  

 Cu  Zn   Br    Sr    As   

Conc. (ppm) Error (ppm) Conc. (ppm) Error (ppm) Conc. (ppm) Error (ppm) Conc. (ppm) 
Error Conc. 

Error (ppm) 
(ppm) (ppm) 

CA t = 0 min 81.0 8.9 2010 90 29400 2400 163 2 < 21.1 

CA t = 50 min 5.58 0.81 462 13 13200 760 20700 600 < 8.43 

CA t = 150 min 12.3 2.0 458 14 18500 1730 19600 400 < 12.5 

CA t = 27.5 h 17.5 1.2 664 24 15400 750 24300 600 < 10.0 

CB t = 27.5 h 6.78 1.67 659 24 14700 300 25800 500 < 10.4 

  

 Cd Ba   Pb   Ni   

Conc. (ppm) Error (ppm) Conc. (ppm) Error (ppm) Conc. (ppm) Error (ppm) 
Conc.  

Error (ppm)     
(ppm) 

CA t = 0 min < 4.43 13.4 4.6 67.5 0.2 < 5.38     
CA t = 50 min < 1.77 178 4 24.9 0.1 < 2.11     
CA t = 150 min < 2.61 182 3 23.2 0.3 < 3.12     
CA t = 27.5 h < 2.10 272 9 28.6 0.3 < 2.51     
CB t = 27.5 h < 2.18 264 7 27 0.4 < 2.60     


