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A B S T R A C T   

Flowback and produced water (FPW) generated by hydraulic fracturing operations is highly saline and contains 
elevated concentrations of ions including calcium and magnesium. Here, we investigate the use of FPW as a 
source of calcium and magnesium for carbon dioxide (CO2) removal and storage in carbonate minerals. We 
performed pH titration experiments to precipitate calcium and magnesium from three FPW samples from Alberta 
and Saskatchewan, Canada. Depending on the pH (8.5–12), calcite (CaCO3) and brucite [Mg(OH)2], with oc
casional aragonite (CaCO3) and portlandite [Ca(OH)2] precipitate from FPW within 24 h of exposure to atmo
spheric pCO2 at ~18 ◦C. Our experiments demonstrate that pH adjustments are an effective means of 
precipitating calcium and magnesium carbonates and hydroxides from FPW, but that relying solely upon passive 
removal of CO2 from air is limiting to carbonation. We estimate that carbonation of all calcium and magnesium 
from brines produced in conventional and hydraulic fracturing operations in Canada could store up to 1,010 Mt 
CO2 annually. Carbonation rates could be improved by using higher pCO2 gases, such as flue gases from fossil 
energy generation (via CO2 capture), gas streams produced by Direct Air Capture plants or using novel looping 
technologies.   

1. Introduction 

Limiting anthropogenic climate warming to 1.5 ◦C requires a com
bination of energy efficiency, deep decarbonization, Carbon Dioxide 
Removal (CDR) from the atmosphere and Carbon Capture Utilization 
and Storage (CCUS) to reach net zero greenhouse gas (GHG) emissions 
by 2050 (IPCC, 2018). 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 aqueous CO2 to precipitate carbonate minerals 
(Gerdemann et al., 2007; Gislason et al., 2010; Harrison et al., 2013; 
Kelemen and Matter, 2008; Lackner et al., 1995; Park and Fan, 2004; 
Renforth et al., 2009; Schuiling and Krijgsman, 2006; Seifritz, 1990; 
Wilson et al., 2006, 2009, 2010). Sources of Ca and Mg for mineral 
carbonation can include alkaline wastes, such as mafic and ultramafic 
rocks and mine tailings (Assima et al., 2013, 2014; Harrison et al., 2013; 
Oskierski et al., 2013; Park and Fan, 2004; Pronost et al., 2012; 

Renforth, 2019; Seifritz, 1990; Wilson et al., 2009, 2010), steel slag 
(Huijgen et al., 2005; Renforth, 2019), red mud (Renforth, 2012, 2019; 
Yadav et al., 2010), and cement (Fernández Bertos et al., 2004; Renforth 
et al., 2012; Xi et al., 2016). These feedstocks typically contain high 
abundances of Mg- and Ca-silicate minerals, that must first be dissolved 
to release the Ca and Mg for carbonate mineral formation (Power et al., 
2013), and occasional lower abundances of Mg- and Ca-hydroxides and 
oxides that react readily with CO2 under ambient conditions (Assima 
et al., 2013, 2014; Harrison et al., 2013; Hövelmann et al., 2012; Power 
et al., 2013; Pronost et al., 2012; Ruiz-Agudo et al., 2013; Wilson et al., 
2010; Zhao et al., 2010). Chemical treatments, such as pH-swing 
methods (Park and Fan, 2004), are typically required to promote the 
dissolution of more recalcitrant silicate minerals and to improve con
version to carbonate minerals. As such, dissolution of feedstock minerals 
tends to be the rate-limiting step when using solid waste as feedstocks 
(Power et al., 2013). In addition, surface passivation of solid feedstocks, 
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non-ideal water saturation during reactions, and clogging of pore spaces 
due to rapid precipitation can hinder the efficiency of mineral carbon
ation in porous rock media (Harrison et al., 2015). These limitations can 
be circumvented by using an aqueous feedstock or hydroxide and oxide 
minerals that already contain highly reactive Mg and Ca. 

Flowback and produced waters (FPW) are fluids produced from hy
draulic fracturing wells by the oil and gas industry. FPW is a mixture of 
formation brine (>95 vol.%), hydraulic fracturing fluids, and dissolved 
rock constituents in the fracturing fluids (Alessi et al., 2017; Flynn et al., 
2019; Folkerts et al., 2019; He et al., 2018; Lester et al., 2015; String
fellow et al., 2014). Produced Waters (PW) from hydraulic fracturing 
wells are fracturing fluids that return to the surface at later stages during 
the production period. PW contain higher concentrations of total dis
solved solids (TDS) and lower concentrations of organic constituents 
than FPW (Folkerts et al., 2019). PW also includes formation waters that 
are brought to the surface by conventional oil and gas wells (Rostron 
et al., 2002), and that have compositions close to those of subsurface 
formation brines. Herein, we refer to FPW as a collective term for 
wastewater that is produced by hydraulic fracturing wells, and we use 
PW for water that is generated by conventional oil and gas wells. 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 (Alessi et al., 2017; Flynn et al., 2019; 
Folkerts et al., 2019; He et al., 2018; Lester et al., 2015; Rostron et al., 
2002; Stringfellow et al., 2014; Zhong et al., 2019; Zolfaghari et al., 
2016a). The alkaline earth metals in FPW are primarily sourced from 
dissolved carbonate minerals in host rocks (Harrison et al., 2017; 
Herz-Thyhsen et al., 2019). FPW has been identified to have sub-lethal 
effects and acute toxicity on aquatic animals; these effects are mainly 
attributed to the high TDS and the dissolved organic content of FPW 
(Folkerts et al., 2019, 2020; He et al., 2017; Weinrauch et al., 2021; 
Zolfaghari et al., 2016b). The compositions of FPW and PW vary from 
one geologic formation to another, across different locations within the 
same formation, and by production time, with large volumes of low-TDS 
water generated in the early stage of production and progressively 
higher-TDS water produced in the later stages until the solution chem
istry represents that of the in-situ formation brine (Rostron et al., 2002; 
Zhong et al., 2019; Ziemkiewicz and He, 2015); nonetheless, the TDS of 
such waters is typically tens to thousands of times greater than the limit 
for agricultural irrigation (100s–1000s mg/L) (Canadian Council of 
Ministers of the Environment). Therefore, spills (Zhong et al., 2021) and 
improper disposal of FPW/PW are potentially detrimental to ecosystems 
and can affect surface water and groundwater systems. 

Concentrations of Ca and Mg in FPW generated from hydraulic 
fracturing wells range from 10s to 10,000s ppm and 1s–1,000s ppm, 
respectively (Rostron et al., 2002; Zhong et al., 2019, 2021; Ziemkiewicz 
and He, 2015), which makes FPW/PW attractive resources for mineral 
carbonation. Druckenmiller and Maroto-Valer (2005) demonstrated 
rapid formation of calcite (CaCO3) from initially acidic FPW samples 
under elevated temperature (75 ◦C and 150 ◦C) and pressure (41.4 bar 
and 103 bar) at a pH value of ~9 in experiments designed to simulate 
Carbon Capture and Storage (CCS) in a saline aquifer. Ferrini et al. 
(2009) 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 flue gases. They 
used synthetic, Mg-rich and Ca-poor brines to demonstrate precipitation 
of the hydrated Mg-carbonate mineral, nesquehonite (MgCO3⋅3H2O), 
under high salinity conditions. 

In this study, we use FPW samples from a hydraulically fractured 
well and PW samples from a conventional well, from the Western Ca
nadian Sedimentary Basin (WCSB), to evaluate the possibility of using 
Ca- and Mg-rich FPW and PW as feedstocks for mineral carbonation. 
Based on previously published analyses, these samples predominantly 
consist of formation water, and they contain minor amounts of hydraulic 
fracturing fluid additives (Folkerts et al., 2019; He et al., 2018; Rostron 
et al., 2002; Zhong et al., 2019). With the additives in FPW and PW and 

their excess salinity, it can be challenging to model the aqueous speci
ation and the saturation indices (SI) of hypersaline fluids with respect to 
different minerals. Therefore, we have used benchtop experiments to 
adjust the initially acidic pH of FPW and PW samples and empirically 
assess which conditions are most favourable for precipitation of car
bonate minerals at atmospheric pCO2 and ambient temperature. We 
report detailed geochemical analyses of mineral precipitates and solu
tion chemistry, and we assess the utility of thermodynamic modelling to 
predict the most suitable conditions for brine carbonation. Our experi
ments were designed to test conditions for storage sites and treatment 
plants for FPW and PW that could be built near water hubs in regions 
with active hydraulic fracturing operations. Based on our results, we 
provide estimates for the mineral carbonation potential of FPW and PW 
in Canada as well as guidance for design and optimization of 
industrial-scale carbonation of FPW, PW and other waste brines under 
ambient conditions. 

2. Methodology 

Three samples of FPW and one sample of PW were used as carbon
ation feedstocks. The FPW samples, FPW1a, FPW1b and FPW2, were 
collected from a single horizontally drilled and hydraulically fractured 
well in 2016 at 54◦ 28.9′ N, 117◦ 10.4′ W from the Duvernay Formation, 
Alberta, Canada. The PW sample (PW1), described as sample ‘U of A 
01–159B’ by Rostron et al. (2002), was collected in 2001 at 49◦17.7′ N, 
102◦50.3′ W from the Red River Formation in the Kingsford field, Sas
katchewan, Canada. Table S1 provides a summary of the compositions 
and sources of these brine samples. 

Prior to titration experiments, 300 mL of samples FPW1a and PW1 
and 600 mL of samples FPW1b and FPW2 were filtered with Basix™ 
0.22 μm polyethersulfone (PES) membranes to remove suspended par
ticles and stored in polypropylene Nalgene® bottles. Aliquots (30 mL) of 
each filtered sample were titrated with 1.0 M NaOH to pH values be
tween 8.5 and 12.0 (n = 8, in increments of 0.5 pH units; Table S1), 
which favors precipitation of carbonate and hydroxide minerals, in 
polypropylene containers using a Thermo Scientific Orion Star T910 
Auto-titrator. Immediately following titration, all pH-modified brines 
were stirred at 50 rpm to react with atmospheric CO2 at room temper
ature (18.0 ± 2.0 ◦C) for 24 hours. The electrical conductivity (EC) and 
pH of the four initial brines were measured immediately following the 
titration, and after the reaction was complete. Precipitates were sepa
rated from solutions after 24-hours of reaction and characterized using 
X-ray diffraction (XRD) and scanning electron microscopy (SEM) with 
energy dispersive X-ray (EDX) spectroscopy. Quantitative phase analysis 
with the Rietveld method (Bish and Howard, 1988; Hill and Howard, 
1987; Rietveld, 1969) was done using XRD patterns. The elemental 
compositions of separated precipitates and brines were determined 
using inductively coupled plasma mass spectrometry (ICP-MS/MS). 
Equilibrium speciation modelling was done using PHREEQC version 3 
(Parkhurst and Appelo, 2013) with the phreeqc.dat database, which has 
been recommended for modelling reactions in high ionic strength hy
draulic fracturing brines (Haase et al., 2013). Please refer to Supple
mentary Information Section S2 for detailed information about 
experimental procedures and analytical methods. 

3. Results and discussion 

3.1. Evolution of solution chemistry 

All the FPW and PW samples contained elevated concentrations of 
alkaline earth metals that form carbonate minerals. Initial elemental 
concentrations of the four brine samples are summarized in Table 1. Ca 
concentrations in untreated FPW1a, FPW1b, FPW2, and PW1 were 
11,000 ± 100 ppm, 10,800 ± 290 ppm, 8180 ± 40 ppm, and 17,300 ±
310 ppm, respectively. Mg concentrations in FPW1a, FPW1b, FPW2 and 
PW1 were 793 ± 46 ppm, 841 ± 15 ppm, 699 ± 26 ppm and 1920 ±
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110 ppm, respectively. 
The initial pH values of FPW1a, FPW1b, FPW2 and PW1 were 5.1, 

5.2, 6.1, and 6.0, respectively (Table 1). The pH of all brines decreased 
by 0.5–1.0 units within 24 hours of mineral precipitation and comple
tion of the titration experiments (Fig. S1B). Exceptions were observed 
for FPW1a and PW1 at pH 12.0: following titrations, the pH of FPW1a 
increased from 12.0 to 13.0 whereas that of PW1 remained constant at 
pH 12.0, even after 24 hours of reaction (Fig. S1B). The increase in pH 
for FPW1 and PW1 is likely attributed to an overshoot in NaOH addition 
during titration. The initial dissolved inorganic carbon (DIC) concen
trations of FPW1a, FPW1b, FPW2, and PW1 were between 0.79 and 
2.45 mg C/L (Table 1). The DIC concentrations of all pH-modified brines 
after 24 hours of reaction with air were still less than 10 mg C/L 
(Fig. S1C). No clear trend for DIC versus pH endpoint of titration was 
observed for any of the four brines. However, DIC reached a maximum 
value at pH 8.5 for FPW1a and FPW2 and decreased as the solutions 
were titrated to higher pH. 

In general, the concentrations of both Ca and Mg decreased with 
increasing pH endpoint of titration after 24 hours of reaction with at
mospheric CO2 (Fig. 1). At a pH endpoint of 12.0, the Ca concentrations 
remaining in FPW1a, FPW1b, FPW2, and PW1 were 28.1%, 84.4%, 
72.5% and 41.6% of that in the original brines, respectively. The greater 
magnitude of decrease in Ca concentrations in FPW1a and PW1 could be 
due to the overshoot in pH that was observed following titration (see 
Fig. S1). 

Mg concentrations in the pH-modified brines after reaction for 24 
hours remained at approximately the same level as the original brines 
when the pH endpoint values of titration were between 8.5 and 10.0, 
depending on the sample (Table 1 and Fig. 1). Mg concentrations 
decreased abruptly at pH endpoint values between 10.0 and 11.0 for 
most samples (i.e., FPW1a, FPW1b, FPW2) and between 8.5 and 10.0 for 
PW1. When the pH endpoint values for all samples were 11.0 or greater, 
the Mg concentrations after reaction with atmospheric CO2 were below 

the sample-specific detection limits of ICP-MS/MS measurements, which 
ranged from 84.5 to 90.0 ppm (Table S5). At those pH endpoint values, 
and accounting for analytical detection limits, less than 10.8% (FPW1a), 
10.5% (FPW1b), 12.1% (FPW2), and 4.5% (PW1) of the Mg must have 
remained in solution (Table S5). Mg concentrations (Fig. 1) that are 
below the detection limits are plotted only intending to illustrate the 
trend of Mg concentration as a function of pH endpoint. The concen
trations of other elements can be found in Table 1. 

3.2. Mineralogy of precipitates 

White, cloudy precipitates were first observed in all four brines when 
the pH endpoint of titration was between 9.0 and 9.5. Samples of the 
precipitates were recovered 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 
(PW1). The precipitates were analyzed with XRD Figs. 2 and S2(Figs. 2 
and S2) for mineral identification and quantitative phase analysis using 

Table 1 
Initial pH, EC, DIC concentrations, and ion concentrations (ppm) in the original 
brines determined using ICP-MS/MS and ion chromatography (IC) analyses. 
Analytical uncertainties are given (in brackets). ICP-MS/MS and IC data are 
reported to 3 significant figures.   

FPW1a FPW1b FPW2 PW1 

pH 5.1 5.2 6.1 6.0 
EC (mS/cm) 205.1 220.5 189.2 231.7 
DIC (mg C/L) 0.79 (0.98) 2.45 (0.98) 2.30 (0.98) 2.31 (0.98) 
Major Na 65800 

(1500) 
48000 (1000) 39500 (400) 91900 (2500) 

Ca 11000 (100) 10800 (290) 8180 (40) 17300 (310) 
Cl 139000a 108000 

(4500) 
93600 
(2500) 

194000a 

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)  

a Concentration measured with IC. 

Fig. 1. Ca and Mg concentrations (ICP-MS/MS) of brine samples after reaction 
with atmospheric CO2 for 24 hours as a function of pH endpoint of titration. The 
ionic concentrations of pH-modified brines and controls have been corrected for 
evaporative loss of water. The Ca and Mg concentrations of FPW1b and FPW2 
are average values of duplicate samples. The error bars for Ca and Mg con
centrations of FPW1a and PW1 are calculated based on standard deviation of 
ICP-MS/MS measurements. The error bars for FPW1b and FPW2 are the 
analytical error on each duplicate averaged, given as ± one standard deviation. 
Error bars smaller than the labels are not shown. 
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Rietveld refinements (Table 2). Exceptions are the precipitates from 
FPW1a at pH 9.5, FPW1b at pH 10.0, and FPW2 at pH 9.5 and 10.0, 
which were only analyzed with SEM-EDX and/or qualitative XRD 
(Table 2), because it was not possible to perform phase quantification 
due to their very small mass (<< 1 mg of precipitates per 30 mL of FPW). 
SEM images (Figs. 3–5) show aggregates of 1–3 μm subhedral to euhe
dral calcite rhombohedra, which are commonly coated in plates of 
brucite and portlandite with the occasional presence of a poorly crys
talline Mg-silicate phase, possibly similar to kerolite 
[Mg3Si4O10(OH)2⋅nH2O] or stevensite [(M+

2x)(Mg3-x☐x) 

Si4O10(OH)2⋅nH2O]. 
The precipitates that formed at pH 9.5 from FPW1a (Table 2, Figs. 3 

and 4A) contain major amounts of calcite and trace amounts of brucite 
and a poorly crystalline Mg-silicate phase. At pH 9.5 in FPW2, both 
calcite and a poorly crystalline Mg-silicate phase were detected using 
XRD (Fig. S3). The precipitates formed at pH 9.5 from PW1 contain 
brucite, aragonite and a trace amount of calcite. Precipitates from FPW 
samples at pH 10.0–10.5 contain both calcite and brucite in varying 
abundances (Table 2). XRD results show that both calcite and brucite are 
present in precipitates at pH values between 10.0 and 12.0 FPW1a, 
FPW1b, and FPW2. In contrast, precipitates from PW1 at pH 9.5–11.5 
also contain aragonite in addition to brucite and calcite. At pH 12.0, the 
precipitates from FPW1a are composed of calcite (43.5 wt.%), por
tlandite [Ca(OH)2] (28.3 wt.%) and brucite (28.2 wt.%), whereas the 

precipitates from PW1 are composed of brucite (47.8 wt.%), calcite 
(28.1 wt.%), portlandite (16.8 wt.%) and aragonite (7.3 wt.%). Por
tlandite was not observed in precipitates generated from FPW1b or 
FPW2. Overall, the Rietveld refinement results (Table 2) show that 
phase abundance depends on both titration pH and brine chemistry. 

Equilibrium speciation modelling using PHREEQC (Fig. S4) was 
performed to predict the SI of the original FPW1a brine titrated to 
endpoint pH values of 8.5–12.0, with respect to brucite, aragonite, 
calcite, portlandite, kerolite and other relevant minerals. The model 
results are consistent with laboratory observations of the precipitated 
phases during carbonation at ambient conditions. Notably, the differ
ence between the modelled endpoint pH of titration, where SI = 0 (i.e., 
chemical equilibrium conditions) with respect to precipitated minerals, 
and the endpoint pH of titration where minerals precipitated in exper
iments, is typically between 0 and 1.5 pH units (see Section S3 of Sup
plementary Information for more detail). 

3.3. Yield of Ca and Mg and the mass of CO2 storage in precipitates 

The mass of Ca and Mg (the ‘yield’) and the mass of CO2 stored in the 
precipitates can be calculated using Eqs. (1)–(3), respectively: 

Ca yield =
∑n

i=1
[
Cai × %phasei × Myield

Vbrine
] (1) 

Fig. 2. XRD patterns for precipitates from (A) FPW1a and (B) PW1. 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 where their abundance is greater than 10 wt.%. 
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Mg yield=
∑n

i=1
[
Mgi × %phasei × Myield

Vbrine
] (2)  

mass of CO2 stored =
∑n

i=1

[
CO2i × %phasei × Myield

Vbrine

]

(3)  

where, Cai and Mgi are the respective weight percent abundances of Ca 
and Mg in a given precipitate mineral, i, using its stoichiometric formula; 
CO2i refers to weight percent abundance of CO2 (in carbonate groups) in 
phase i; %phasei is the abundance of phase i, as estimated using Rietveld 
refinement; Myield (g) is the total mass of precipitates yielded during the 
experiments; and Vbrine (L) is the volume of brine. The method we 
applied here assumes ideal endmember stoichiometry and that all pha
ses are well crystallized. The calculated results for Ca and Mg yields and 
the mass of CO2 sequestered are plotted as a function of pH endpoint of 
titration in Figs. S5 and 6, respectively. 

The total yield of precipitates (mass of precipitates per unit volume 
of the solution) increases as a function of pH for all the brine samples 
(Table 2). For example, the total yield of precipitates in FPW1a doubled 
when the titration pH increased from 10.0 (0.9 g/L) to 10.5 (2.2 g/L) 
and is more than 8 times greater at pH 12.0 (7.7 g/L) than at pH 10.0. 
The first occurrence of large increases in the total yield of precipitates 
corresponds to the increasing production of brucite. Differences in total 
yield and the mineralogy of precipitates can be attributed to the amount 
of TDS, which decreases according to the order: PW1 > FPW1a >
FPW1b > FPW2 (Table 1). The total yield of precipitates at any given pH 
value followed the same trend. The second significant increase in total 
precipitate yield, which occurred between pH 11.5 and 12.0 in FPW1a 

and PW1, was due to the precipitation of portlandite and calcite. 
Overall, the yields of Ca and Mg in the precipitates increase with 

increasing pH (Fig. S5). 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 PW1 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 sharply increases in the precipitates between pH 10.0 and 10.5 in 
FPW1a, FPW1b and FPW2 and from pH 9.5–10.0 in PW1. Among the 
studied brines, the yield of Mg shows a strong correlation with the 
original Mg concentration in the brine samples. PW1 has a higher Mg 
yield than FPW1a, FPW1b and FPW2. In contrast, the yield of Ca in 
precipitates has no correlation with the initial Ca concentration in the 
brines. Caution is called for when using Rietveld refinement results to 
assess the mass balance for Ca, Mg, and CO2 in solid samples because 
XRD data provide only an indirect description of crystal chemistry 
(Wilson et al., 2006). As such, fourteen precipitate samples (Table S6) 
were digested in acid for ICP-MS/MS analysis to further examine their 
elemental compositions. XRD and acid digestion results for Ca and Mg 
abundances are in agreement (Fig. S6). Thus, Eq. (3) can be used to 
provide an accurate estimate of CO2 removal from air provided all of the 
precipitate can be recovered to measure yield with an analytical bal
ance. The amount of CO2 stored by precipitates (Fig. 6A, Eq. (3)) is 
almost entirely controlled by calcite precipitation, as calcite is the only 
carbonate phase in precipitates. Maximum values for CO2 removal from 
air were obtained at pH 12: 1.46 g CO2/L (FPW1a), 0.34 g CO2/L 
(FPW1b), 0.42 g CO2/L (FPW2), and 1.76 g CO2/L (PW1). If the hy
droxide minerals (brucite and portlandite) in precipitates were 
completely converted to carbonate minerals (nesquehonite and calci
te/aragonite) via exposure to atmospheric CO2 or a higher pCO2 gas 

Table 2 
Yield of precipitates, mineralogy, and phase abundances following titration experiments.  

Sample pH Yield (g/L) Aragonite (wt.%) Brucite (wt.%) Calcite (wt.%) Portlandite (wt.%) Total (wt.%) aRwp (%) 

FPW1a 9.5 n/ab  td Md    

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/ab   Md    

FPW1b-2 10.0 n/ab   Md    

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 9.5c n/ab   Md    

FPW2-1 10.0 0.2b   Md    

FPW2-2 10.0 0.3b   Md    

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 
PW1 9.5 0.5 29.5 70.4 0.1  100.0 3.3 
PW1 10.0 4.0 3.1 96.7 0.2  100.0 7.6 
PW1 10.5 4.5 0.6 97.0 2.4  100.0 8.2 
PW1 11.0 5.2 0.3 96.1 3.6  100.0 6.9 
PW1 11.5 5.6 0.3 88.9 9.5 1.3 100.0 8.2 
PW1 12.0 11.3 7.3 47.8 28.1 16.8 100.0 5.0  

a Rwp is the weighted pattern residual, a function of the least-squares residual, obtained by Rietveld refinement. 
b Precipitate samples were too small to conduct Rietveld refinement and, in cases where no value for yield is reported, too small to weigh without substantial sample 

loss. 
c A poorly crystalline to amorphous Mg-silicate phase was observed in this sample using SEM and/or XRD. 
d M denotes a major phase indicated by SEM and/or XRD when the samples were too small to conduct Rietveld refinements; t indicates a trace amount of phase. 
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stream, the mass of CO2 stored by precipitates (Fig. 6B) would increase 
to 4.38 g CO2/L (FPW1a), 2.43 g CO2/L (FPW1b), 1.69 g CO2/L (FPW2), 
and 6.98 g CO2/L (PW1) at pH 12.0. 

Similar trends are observed when ICP-MS/MS results for Ca and Mg 
removal from solution are used (Fig. 6C) for the estimation of the CO2 
sequestration potential of precipitates. The CO2 sequestration potential 
of precipitates would reach 10.1 g CO2/L (FPW1a), 3.34 g CO2/L 
(FPW1b), 3.81 g CO2/L (FPW2), and 14.5 g CO2/L (PW1) at pH 12.0 if 
the removed Ca and Mg can be carbonated to calcite/aragonite and 
nesquehonite, respectively. It should be noted that the CO2 sequestra
tion potential estimated based on Ca and Mg removal with ICP-MS/MS 
results (Fig. 6C) is at least 2-fold that estimated based on precipitates 
with XRD results (Fig. 6B), which is likely due to the partial loss of Ca- 
carbonate or hydroxide precipitate during separation of solid and solu
tion through centrifugation. Thus, XRD results should be used only to 
determine mineralogy and the extent of carbonation, whereas ICP-MS/ 
MS results should be used to measure the amount and efficiency of Ca 
and Mg removal from solution. Finally, if all the Ca and Mg in the four 
brines were carbonated, the maximum amount of CO2 that can be 
sequestered is: 13.5 g CO2/L (FPW1a), 12.2 g CO2/L (FPW1b), 10.9 g 
CO2/L (FPW2), and 22.5 g CO2/L (PW1) (horizontal lines in Fig. 6C). 
Thus, with optimization, the mass of CO2 removed from air using FPW 
and PW1 might be increased by 1–2 orders of magnitude. 

3.4. CO2 dissolution rate limits carbonation of brines 

Our experimental results show that Mg-hydroxide (brucite) was 
preferentially precipitated from brines instead of hydrated Mg- 
carbonate minerals at alkaline pH. We conducted thermodynamic 
modelling (Fig. S4) using the initial solution composition of FPW1a as 
the input parameters and using model pH values between pH 5.0–13.0 to 
assess whether the mineralogy of precipitates obtained in our study can 
be reproduced. The starting DIC value (0.79 ± 0.98 g C/L) used for 
modelling was measured from untreated FPW1a in contact with atmo
spheric pCO2 at room temperature (18 ± 2 ◦C). Model results show that 

the FPW1a solutions at pH 5.0–13.0 were undersaturated with common 
hydrated Mg-carbonate minerals produced during mineral carbonation 
at low temperatures [dypingite, Mg5CO4(OH)2⋅~5H2O; hydro
magnesite, Mg5(CO3)4(OH)2⋅4H2O; and nesquehonite, MgCO3⋅3H2O], 
owing to the low concentration of DIC (Table 1 and Fig. S1C) 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 although it can be catalyzed using carboxyl func
tional groups on abiological substrates or microbial cell walls 
(McCutcheon et al., 2016; Power et al., 2017; Saldi et al., 2009). 

FPW1a solutions at elevated pH are saturated with respect to both 
aragonite and calcite, which is consistent with the observed mineralogy 
of the precipitates, although aragonite was only observed in precipitates 
from PW1 (Table 2). The lack of aragonite in precipitates from FPW 
samples and the variation in abundance of Ca-carbonates might be 
attributed to the combined effects of instantaneous supersaturation and 
the aqueous Mg/Ca ratio (De Choudens-Sánchez and Gonzalez, 2009): 
(1) the PW1 sample (0.18) exhibited a higher molar Mg/Ca ratio than 
the FPW samples (0.12–0.14), which likely resulted in the co-existence 
of aragonite and calcite in PW1 precipitates; (2) as the level of calcite 
supersaturation increased in PW1 with increasing pH, calcite became 
more abundant (Table 2). In addition, the presence of organic additives 
in FPW samples may also have contributed to variations in carbonate 
mineralogy between PW and FPW samples. The formation of portlandite 
[Ca(OH)2] is predicted from geochemical modelling (Fig. S4) at pH 12 
and above, as was observed for FPW1a and PW1. 

The nanoscale morphology of hexagonal platelets and rosettes of 
both brucite (e.g., Fig. 3C, D and 5A) and portlandite crystals (e.g., 
Fig. 5C) reflects rapid precipitation, as do the broad diffraction peaks 
observed for these phases in XRD patterns (Figs. 2 and S2). Although this 
morphology should provide a large reactive surface area for carbonation 
reactions (Fernández Bertos et al., 2004; Harrison et al., 2015), our re
sults show that at pH > 10.5 (FPW1a, FPW1b and FPW2) and pH > 9.5 
(PW1) precipitates contain a greater abundance of hydroxide phases 

Fig. 3. 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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than carbonate phases (Table 2). The rapid precipitation of reactive 
brucite and portlandite indicates that hydroxide mineral precipitation 
outpaces the dissolution of atmospheric CO2 into brines. Carbon limi
tation in this system can likely be overcome by promoting the dissolu
tion of CO2 gas and increasing DIC concentration using a concentrated 
supply of high pCO2 gas (Harrison et al., 2013; Wilson et al., 2010) while 
maintaining elevated pH conditions through addition of basic solutions. 
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 within one of two 
pH intervals, provided elevated pH 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 por
tlandite and brucite or (2) at pH > 10.5 (FPW1a, FPW1b, FPW2, and 
PW1) where nanocrystalline hydroxide minerals [brucite (Harrison 
et al., 2013; Wilson et al., 2010; Zhao et al., 2010) and/or portlandite 

(Ruiz-Agudo et al., 2013)] are most favoured to form but would require 
further carbonation using higher CO2-concentration gases with a greater 
mineral/water ratio. The latter strategy has potential to utilize the full 
carbonation potential of the brine by carbonating Mg as well as Ca; 
however, a greater amount of base is needed to achieve this outcome and 
further modifications need to be made to maximize the CO2 sequestra
tion capacity. It should be noted that the exact pH ranges for these re
actions will possibly depend on the ionic strength of a specific brine. 
Future experiments are needed to systematically test the impacts of ionic 
strength on the extent and nature of mineral precipitation. The expense 
and embodied carbon involved in using NaOH to achieve the desired pH 
will also need to be considered as part of a Life Cycle Assessment (LCA) 
and Techno-Economic Analysis (TEA). 

Fig. 4. (A) Secondary electron SEM 
image of the precipitates in FPW1a at pH 
9.5: (1) EDX spectrum indicates S- and 
Sr-bearing calcite and brucite mixture; 
(2) EDX spectrum of a mixture of brucite, 
a Mg-silicate and trace amounts of Mn, 
Fe, and Zn, which are likely associated 
with (hydr)oxide phase(s). (B) Secondary 
electron SEM image showing 
morphology of precipitate minerals from 
FPW1b at pH 10.5: (3) EDX spectrum of a 
mixture of brucite, a Mg-silicate phase 
and halite; (4) EDX spectrum of S- and 
Sr-bearing calcite. (C) Secondary elec
tron SEM image of precipitates from 
FPW2 at pH 10.5: (5) EDX spectrum of a 
mixture of brucite, a Mg-silicate phase, 
calcite with either Mn incorporation into 
one or more of these minerals and/or the 
presence of a Mn-(hydr)oxide phase; (6) 
EDX spectrum of S-bearing calcite and a 
lesser amount of a Mg-silicate phase.   
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3.5. Prospects for implementation of brine carbonation in the oil and gas 
sector 

Oil and gas operations including extraction, processing, and distri
bution were directly responsible for ~5.2 Gt CO2 equivalent (CO2e) 
emissions in 2018, which is ~15% of total global emissions (Interna
tional Energy Agency, 2018). The Canadian oil and gas sector was 
directly responsible for 191.4 Mt CO2e of emissions in 2019 and the 
transportation sector, which is fueled predominantly by oil and gas, 
contributed another 185.8 Mt CO2e, representing 52% of the 730 Mt 
CO2e emitted nationally (Environment and Climate Change Canada, 
2021). Traditional CCS associated with enhanced oil and gas recovery 
currently stores ~260 Mt CO2e worldwide every year (Global CCS 
Institute, 2019). With >36 Gt CO2e emitted per year globally (Fried
lingstein et al., 2019), 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 (Kelemen et al., 2020; McQueen et al., 
2020; Sanz-Pérez et al., 2016). 

Our results show that pH adjustment of waste brines can be used to 
activate precipitation of Ca/Mg-bearing minerals, including highly 
reactive brucite and portlandite, for CO2 removal from air. Despite the 
environmental concerns about hydraulic fracturing (HF) activities and 
FPW production, the significant worldwide production of FPW makes it 
a good candidate feedstock for the mineralization and sequestration of 
atmospheric CO2. Kondash et al. (2017) estimated that a typical hy
draulically fractured well produces a median volume of 1700–14,300 
m3/year of FPW during its first 5–10 years of operation. We 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 Western Canadian Sedimentary Basin (WCSB). Unconven
tional oil and gas production in the United States is estimated to have 
produced 803 million m3 of hydraulic fracturing fluids within the past 
6–10 years (Kondash and Vengosh, 2015). We estimate that hydrauli
cally fractured wells in the United States generated 356.4 million m3 of 
FPW in 2019 alone. In China, it is estimated that a total of 2.16 million 
m3 of FPW were generated from the Fuling shale gas field in the Sichuan 
Basin between 2014 and 2015. With the recent surge in shale gas 
exploration in China (Liu et al., 2018; Qin et al., 2017), it is predicted 

that the gas fields in the Sichuan Basin will generate 20–55 million 
m3/year of FPW from 2020 to 2030 (Zou et al., 2018), and production is 
expected to further increase as more gas fields are developed. 

In this study, we created a comprehensive well library of more than 
850,000 HF and conventional wells registered in Canada by combining 
data in the GeoScout, AccuMap, and FracFocus databases. FracFocus 
was used to identify HF wells, and GeoScout and AccuMap were used to 
extract well production data such as FPW production rate and water 
chemistry data (i.e., Ca and Mg concentrations). Accounting for wells 
drilled after 1990, there are 16,871 HF and 127,631 conventional wells 
with reported production data. The concentrations of both Ca and Mg in 
FPW for wells in the WCSB range between 500 and 70,000 mg/L. For HF 
wells, the median concentrations for Ca and Mg are 1780 mg/L and 650 
mg/L, respectively. For conventional wells, the median concentration 
values for Ca and Mg are 1330 mg/L and 435 mg/L, respectively. 

Based on the volumetric production of FPW estimated in this study, 
and the results of our titration experiments, we estimate the carbonation 
capacity of hydraulic fracturing brine for the USA, Canada and China 
based on (1) observed precipitate yields (using our XRD data), (2) pre
cipitate mineralogy (using our XRD data) and (3) total brine Ca and Mg 
concentrations (using our ICP-MS data). Although we did not precipitate 
(hydrated) Mg-carbonate minerals from our experiments, brucite is well 
known to carbonate easily at ambient conditions (1) by reaction with 
atmospheric CO2 in mine tailings and (2) by reaction with simulated flue 
gas in both slurries and water undersaturated conditions (Wilson et al., 
2010, 2014; Harrison et al., 2013; Turvey et al., 2018; Hamilton et al., 
2020). As such, we include the CO2 storage capacity of Mg in this esti
mation. Adjusting the pH of all the brines produced in one year to 
10.5–12.0, and reacting them for 1 day with ambient CO2 in air, could 
readily store 4.70–31.7 kT (WCSB, Canada; 2019), 52.7–355 kT (US, 
2019), and 0.319–2.15 kT (Fuling shale, China, 2014–2015) of CO2 
based on the amount of carbonate minerals obtained in our experiments 
(Fig. 6A), where the lower and upper ends of each range depend on the 
pH endpoint of titration. If a comparable amount of hydroxide minerals 
observed in our experiments can be precipitated and then fully con
verted to carbonate minerals (Fig. 6B), the CO2 storage capacity can be 
enhanced to 59.3–123 kT (WCSB, Canada; 2019), 665–1380 kT (US, 
2019) and 4.03–8.36 kT (Fuling shale, China; 2014–2015). When we use 

Fig. 5. Secondary electron SEM images of the precipitates from PW1 at (A) pH 9.5, (B) pH 10.5, and (C) pH 12.0. (D) EDX spectrum of the precipitates at pH 12.0. 
The samples are coated with gold (labelled in blue on the EDX spectrum). (For interpretation of the references to colour in this figure legend, the reader is referred to 
the Web version of this article.) 
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the more accurate ICP-MS results from our experiments to estimate how 
much Ca and Mg were removed, and assume all of the brucite will be 
converted to carbonates (Fig. 6C), the CO2 storage capacity reaches 
117–252 kT (WCSB, Canada; 2019), 1310–2830 kT (US, 2019) and 
7.94–17.1 kT (Fuling shale, China; 2013–2014). These values do not 
account for how much CO2 could be mineralized with optimization of 
the process and they do not reflect the maximum CO2 sequestration 
potential of FPW, which is much greater. 

Assessing the maximum CO2 sequestration potential of a feedstock 
for mineralization, or of any other CDR or other CCUS technology, is 
crucial to determine whether or not a proposed technology could be 
brought to Gt scale and is thus worth pursuing. These initial estimates 
must then be followed by LCA and TEA. We have sufficient data to make 
an estimate for the maximum CO2 sequestration potential of FPW in 
Canada, but further work is needed to make similar estimates for China 
and the USA. Herein, estimates of maximum CO2 sequestration potential 
are based on the monthly volumetric data for FPW production in Canada 
in combination with water chemistry data, which allow us to calculate 
the annual production of aqueous Ca and Mg by mass from typical HF 
and conventional wells. HF wells typically generate more Ca and Mg 
than conventional wells during the first year of production, an average 
of 8420 kg of Ca and 3075 kg of Mg for HF wells, and 3535 kg of Ca and 
1155 kg of Mg for conventional wells. Accounting for wells drilled after 
1990, HF wells in Canada generate approximately 142 Mt of Ca and 
51.8 Mt of Mg annually, and conventional wells generate 451 Mt of Ca 
and 147.5 Mt of Mg each year (see Section S2.7 in the Supplementary 
Information). If all the Ca and Mg produced by FPW in Canada can be 
carbonated to calcite/aragonite and nesquehonite, respectively, FPW 
produced by HF wells could store approximately 250 Mt of CO2 annu
ally, and the wastewater produced from conventional wells in Canada 
can store approximately 762 Mt of CO2 each year. Accordingly, we es
timate that the CO2 sequestration potential of FPW in Canada could be 
equivalent to 1,010 Mt. If our estimates are accurate, and if it were 
possible to fully utilize this potential, it would fully offset the annual CO2 
emissions from not only oil and gas production and processing (~191 Mt 
CO2e in 2019) (Environment and Climate Change Canada, 2021) but all 
of Canada’s GHG emissions. The estimated carbonation potential of FPW 
in Canada has a value of 50.6 billion CAD given the national price 
(Government of Canada) of 50 CAD per tonne of CO2 in 2022. A more 
comprehensive estimation of the CO2 storage potential of FPW in China, 
the United States and other countries is needed to assess the full scale of 
this resource and to understand the economic implications of its use. 
Importantly, additional base would need to be added to precipitate all of 
the Ca and Mg from FPW. This base (NaOH) would likely need to be 
produced at scale using electrochemical methods. Access to the full CO2 
sequestration capacity of FPW would require maintenance of solution 
pH above a critical value to continually precipitate carbonate minerals 
and hydroxides while simultaneously removing the precipitate from 
solution to drive continued precipitation. Whether this is feasible at 
scale remains to be assessed using LCA and TEA. 

The only industries that are, or could become, large enough to utilize 
the Mt or Gt of carbonate minerals this would produce are construction 
and CDR with looping technologies. Carbonate products of CCUS are 
already being used as construction materials (Hills et al., 2020; Di Maria 
et al., 2020). CO2 removal using FPW could also be combined with Ca 
and Mg looping technologies. Unlike other mineralization CO2 removal 
technologies, looping reuses Ca and Mg by first allowing portlandite and 
brucite to react with atmospheric CO2, then calcining the resultant Ca- 
and Mg-carbonates to obtain a high pCO2 gas stream that can be stored 
underground (Kelemen et al., 2020; McQueen et al., 2020). These steps 
are repeated in a loop so that each mole of Ca or Mg can be used to 
remove many moles of CO2 from the atmosphere, rather than locking a 
single mole of CO2 permanently into a carbonate mineral. Several recent 
studies have proposed that Ca and Mg looping methods could be used to 
scale-up the carbon storage capacity of limited natural or industrial 
feedstocks for mineral carbonation (Kelemen et al., 2020; McQueen 

Fig. 6. (A) Observed mass of CO2 stored (estimated using XRD data). (B) Mass 
of CO2 that can be sequestered by fully carbonating precipitates (estimated 
using XRD data). (C) Mass of CO2 that can be sequestered by carbonating Ca 
and Mg removed from solution (estimated using ICP-MS/MS data). Horizontal 
blue (FPW1a), black (FPW1b), green (FPW2), and red (PW) lines plot the 
maximum CO2 sequestration potential of the brines. (For interpretation of the 
references to colour in this figure legend, the reader is referred to the Web 
version of this article.) 
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et al., 2020), such that the technology might be scaled to the Gt CO2 per 
year level. The Ca and Mg resource present in FPW and PW might be 
used in such a looping plant (Fig. 7). In this scenario, the pH-modified 
FPW would serve as an aqueous sorbent and the precipitated Ca- and 
Mg-hydroxides or carbonates could be combined with Ca (e.g., Fan et al., 
2018; Keith et al., 2018; Manovic and Anthony, 2011) and Mg (e.g., 
Hwang et al., 2018; Jin et al., 2019; Kelemen et al., 2020; McQueen 
et al., 2020; Siriwardane and Stevens, 2009; Tuan and Lee, 2018) 
looping technologies for further extraction of concentrated CO2. The 
purified CO2 from calcination could then (1) 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 (2) be utilized in the manufacture of value-added products (Kelemen 
et al., 2020; McQueen et al., 2020). Finally, the MgO and CaO calcina
tion products could be reused in the looping process to scavenge more 
CO2 from air. Unlike most of the previously developed looping systems 
(e.g. Fan et al., 2018; Hwang et al., 2018; Jin et al., 2019; Siriwardane 
and Stevens, 2009), in which mineral carbonation happens at elevated 
temperature and pressure conditions, both the initial carbonate mineral 
precipitation and reuse of MgO and CaO calcination products could take 
place at ambient conditions as proposed by Kelemen et al. (2020) and 
McQueen et al. (2020); however, further work would be needed to assess 
rates of CO2 removal under climatic conditions in the WCSB. Using 
waste brines as a source of Mg and Ca for looping technologies may also 
be a preferable alternative to calcining magnesite, dolomite, and lime
stone, thus maintaining permanent storage of the CO2 already found in 
these highly stable mineral deposits. 

3.6. Uncertainties for implementation at larger scale 

While this first estimation of the annual CO2 sequestration potential 
of Ca and Mg in conventional and hydraulic fracturing flowback water 
suggests huge potential for CO2 removal, it should not be neglected that 
this process needs further assessment and refinement before a transition 
from laboratory experiments to the pilot and commercial scales can be 
contemplated. For example, removal of suspended materials as was done 
in our study, for instance through micro-scale filtration, might not be 
cost-effective on the commercial level; therefore, the influence of sus
pended materials on mineral precipitation should be considered. Flynn 
et al. (2019) identified that suspended solids (>0.22 μm) in FPW contain 
aragonite, calcite, muscovite, quartz, and sanidine. The occurrence of 
pre-existing calcite and aragonite could be beneficial as it is likely to 

promote heterogeneous precipitation of more Ca-carbonates (e.g., 
Aguiar et al., 2003). Adding calcite seeds into a solution that is saturated 
with respect to calcite increases the precipitation rate while adding 
quartz seeds increases the nucleation rate (Lioliou et al., 2007). 
Although the above evidence demonstrates a catalytic behavior of sus
pended particles, the effects of pre-existing muscovite and sanidine or a 
combination of different minerals on carbonate precipitation remains 
unclear and needs further investigation. 

The organic matter in hydraulic fracturing fluids may cause uncer
tainty in the prediction of CO2 removal. Pearson et al. (2020) showed 
that peat-derived dissolved organic matter (DOM) slightly inhibits the 
efficiency of Ca extraction via calcite precipitation (<10%) between 
0.17 and 15.70 mg C/L DOM. Various organic compounds may incor
porate into or sorb onto calcite surfaces (e.g., Ramseyer et al., 1997; Lee 
et al., 2005; Pearson et al., 2020), which may affect the quality of 
precipitated carbonate minerals if they are to be utilized by the con
struction industry. Further research is needed to investigate the effect of 
organic compounds in FPW on the rate of carbonate precipitation and 
the efficiency of CO2 sequestration in minerals. Nonetheless, our results 
show that the pH values at which different minerals precipitate from 
FPW are predictable using geochemical modelling simply by knowing 
the inorganic solution chemistry: we successfully predicted precipitation 
of minerals within 0–1.5 pH units regardless of the presence of organic 
matter. 

4. Conclusions 

The results of our research confirm, for the first time, the proposal of 
Ferrini et al. (2009) and demonstrate that real FPW can be utilized for 
CO2 removal at ambient conditions. The precipitates from conventional 
produced water and FPW contain Ca-carbonates (aragonite and calcite), 
Ca-hydroxide (portlandite) and Mg-hydroxide (brucite) depending on 
the adjusted pH and/or Ca/Mg ratio of the initial brine. The Ca in FPW is 
readily carbonated whereas the Mg precipitated in brucite requires 
further carbonation. Despite the high ionic strength of the FPW samples, 
PHREEQC modeling with the phreeqc.dat database was used to suc
cessfully predict the mineralogy of precipitates. This style of modelling 
could therefore be applied to support design and optimization of 
industrial-scale FPW carbonation reactions. Therefore, we included both 
Ca and Mg to estimate the maximum annual CO2 sequestration potential 
of conventional produced water and FPW in Canada. The CO2 seques
tration potential of brines in Canada alone is huge. If a cost effective and 

Fig. 7. Schematic illustration of FPW carbonation via CDR coupled to Ca/Mg looping plus injection into a sedimentary formation (not drawn to scale). The design of 
the installation is based on publicly accessible information on hydraulic fracturing operations (Alessi et al., 2017), wastewater treatment plants (US U.S. EPA and U.S. 
Environmental Protection Agency, 2020), and looping methods (McQueen et al., 2020; Kelemen et al., 2020). 
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environmentally sustainable strategy is found to supply base for this 
process, brine carbonation could have a multi-Gt CO2 removal potential 
globally. 
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2019. Earth Syst. Sci. Data 11 (4), 1783–1838. https://doi.org/10.1021/acs. 
est.0c02719. 

Gerdemann, S.J., O’Connor, W.K., Dahlin, D.C., Penner, L.R., Rush, H., 2007. Ex situ 
aqueous mineral carbonation. Environ. Sci. Technol. 41, 2587–2593. https://doi. 
org/10.1021/es0619253. 

Gislason, S.R., Wolff-Boenisch, D., Stefansson, A., Oelkers, E.H., Gunnlaugsson, E., 
Sigurdardottir, H., Sigfusson, B., Broecker, W.S., Matter, J.M., Stute, M., 
Axelsson, G., Fridriksson, T., 2010. Mineral sequestration of carbon dioxide in basalt: 
a pre-Injection overview of the CarbFix project. Int. J. Greenh. Gas Control 4, 
537–545. https://doi.org/10.1016/j.ijggc.2009.11.013. 

Global CCS Institute, 2019. Global Status of CCS 2019: Targeting Climate Change. https 
://www.globalccsinstitute.com/wpcontent/uploads/2019/12/GCC_GLOBAL_STAT 
US_REPORT_2019.pdf. (Accessed 15 June 2021). 

Government of Canada Website, 15 June 2021. https://www.canada.ca/en/environment 
-climate-change/services/climate-change/pricing-pollution-how-it-will-work/i 
ndustry/pricing-carbon-pollution.html. 

Haase, C., Dethlefsen, F., Ebert, M., Dahmke, A., 2013. Uncertainty in geochemical 
modelling of CO2 and calcite dissolution in NaCl solutions due to different modelling 
codes and thermodynamic databases. Appl. Geochem. 33, 306–317. https://doi.org/ 
10.1016/j.apgeochem.2013.03.001. 

Hamilton, J.L., Wilson, S.A., Morgan, B., Harrison, A.L., Turvey, C.C., Paterson, D.J., 
Dipple, G.M., Southam, G., 2020. Accelerating mineral carbonation in ultramafic 
mine tailings via direct CO2 reaction and heap leaching with potential for base metal 
enrichment and recovery. Econ. Geol. 115, 303–323. https://doi.org/10.5382/ 
econgeo.4710. 

Harrison, A.L., Dipple, G.M., Power, I.M., Mayer, K.U., 2015. Influence of surface 
passivation and water content on mineral reactions in unsaturated porous media: 
implications for brucite carbonation and CO2 sequestration. Geochem. Cosmochim. 
Acta 148, 477–495. https://doi.org/10.1016/j.gca.2014.10.020. 

Harrison, A.L., Jew, A.D., Dustin, M.K., Thomas, D.L., Joe-Wong, C.M., Bargar, J.R., 
Johnson, N., Brown, G.E., Maher, K., 2017. Element release and reaction-induced 
porosity alteration during shale-hydraulic fracturing fluid interactions. Appl. 
Geochem. 82, 47–62. https://doi.org/10.1016/j.apgeochem.2017.05.001. 

Harrison, A.L., Power, I.M., Dipple, G.M., 2013. Accelerated carbonation of brucite in 
mine tailings for carbon sequestration. Environ. Sci. Technol. 47, 126–134. https:// 
doi.org/10.1021/es3012854.b. 

He, Y., Flynn, S.L., Folkerts, E., Zhang, Y., Ruan, D., Alessi, D.S., Martin, J.W., Goss, G.G., 
2017. Chemical and toxicological characterizations of hydraulic fracturing flowback 
and produced water. Water Res. 114, 78–87. https://doi.org/10.1016/j. 
watres.2017.02.027. 

He, Y., Sun, C., Zhang, Y., Folkerts, E.J., Martin, J.W., Goss, G.G., 2018. Developmental 
toxicity of the organic fraction from hydraulic fracturing flowback and produced 
waters to early life stages of zebrafish (Danio rerio). Environ. Sci. Technol. 52, 
820–3830. https://doi.org/10.1021/acs.est.7b06557. 

Herz-Thyhsen, R.J., Kaszuba, J.P., Dewey, J.C., 2019. Dissolution of minerals and 
precipitation of an aluminosilicate phase during experimentally simulated hydraulic 

B. Zhu et al.                                                                                                                                                                                                                                      

https://doi.org/10.1016/j.apgeochem.2022.105345
https://doi.org/10.1016/j.apgeochem.2022.105345
https://doi.org/10.1002/ceat.200390044
https://doi.org/10.1002/ceat.200390044
https://doi.org/10.1080/07011784.2016.1238782
https://doi.org/10.1016/j.ijggc.2012.10.001
https://doi.org/10.1016/j.mineng.2013.09.002
http://refhub.elsevier.com/S0883-2927(22)00149-4/sref5
http://refhub.elsevier.com/S0883-2927(22)00149-4/sref5
https://ccme.ca/en/chemical/215#_ag_irrigation_concentration
https://ccme.ca/en/chemical/215#_ag_irrigation_concentration
https://doi.org/10.2110/jsr.2009.043
https://doi.org/10.1016/j.ijggc.2019.102882
https://doi.org/10.1016/j.ijggc.2019.102882
https://doi.org/10.1016/j.fuproc.2005.01.007
https://publications.gc.ca/collections/collection_2021/eccc/En81-4-2019-1-eng.pdf
https://publications.gc.ca/collections/collection_2021/eccc/En81-4-2019-1-eng.pdf
https://doi.org/10.1016/j.fuproc.2017.09.006
https://doi.org/10.1016/j.fuproc.2017.09.006
https://doi.org/10.1016/j.jhazmat.2004.04.019
https://doi.org/10.1016/j.jhazmat.2004.04.019
https://doi.org/10.1016/j.jhazmat.2009.02.103
https://doi.org/10.1016/j.jhazmat.2009.02.103
https://doi.org/10.1039/c8em00404h
https://doi.org/10.1016/j.ecoenv.2019.05.054
https://doi.org/10.1021/acs.est.0c02719
https://doi.org/10.1021/acs.est.0c02719
https://doi.org/10.1021/acs.est.0c02719
https://doi.org/10.1021/acs.est.0c02719
https://doi.org/10.1021/es0619253
https://doi.org/10.1021/es0619253
https://doi.org/10.1016/j.ijggc.2009.11.013
https://www.globalccsinstitute.com/wpcontent/uploads/2019/12/GCC_GLOBAL_STATUS_REPORT_2019.pdf
https://www.globalccsinstitute.com/wpcontent/uploads/2019/12/GCC_GLOBAL_STATUS_REPORT_2019.pdf
https://www.globalccsinstitute.com/wpcontent/uploads/2019/12/GCC_GLOBAL_STATUS_REPORT_2019.pdf
https://www.canada.ca/en/environment-climate-change/services/climate-change/pricing-pollution-how-it-will-work/industry/pricing-carbon-pollution.html
https://www.canada.ca/en/environment-climate-change/services/climate-change/pricing-pollution-how-it-will-work/industry/pricing-carbon-pollution.html
https://www.canada.ca/en/environment-climate-change/services/climate-change/pricing-pollution-how-it-will-work/industry/pricing-carbon-pollution.html
https://doi.org/10.1016/j.apgeochem.2013.03.001
https://doi.org/10.1016/j.apgeochem.2013.03.001
https://doi.org/10.5382/econgeo.4710
https://doi.org/10.5382/econgeo.4710
https://doi.org/10.1016/j.gca.2014.10.020
https://doi.org/10.1016/j.apgeochem.2017.05.001
https://doi.org/10.1021/es3012854.b
https://doi.org/10.1021/es3012854.b
https://doi.org/10.1016/j.watres.2017.02.027
https://doi.org/10.1016/j.watres.2017.02.027
https://doi.org/10.1021/acs.est.7b06557


Applied Geochemistry 142 (2022) 105345

12

fracturing of a mudstone and a tight sandstone in the Powder River Basin, WY. 
Energy Fuels 33 (5), 3947–3956. https://doi.org/10.1021/acs.energyfuels.8b04443. 

Hill, R.J., Howard, C.J., 1987. Quantitative phase analysis from neutron powder 
diffraction data using the Rietveld method. J. Appl. Crystallogr. 20, 467–474. 

Hills, C.D., Tripathi, N., Carey, P.J., 2020. Mineralization technology for carbon capture, 
utilization, and storage. Front. Energy Res. 8, 1–14. https://doi.org/10.3389/ 
fenrg.2020.00142. 
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Pronost, J., Beaudoin, G., Lemieux, J.M., Hébert, R., Constantin, M., Marcouiller, S., 
Klein, M., Duchesne, J., Molson, J.W., Larachi, F., Maldague, X., 2012. CO2-depleted 
warm air venting from chrysotile milling waste (Thetford mines, Canada): evidence 
for in-situ carbon capture from the atmosphere. Geology 40 (3), 275–278. https:// 
doi.org/10.1130/G32583.1. 

Qin, Y., Edwards, R., Tong, F., Mauzerall, D.L., 2017. Can switching from coal to shale 
gas bring net carbon reductions to China? Environ. Sci. Technol. 51 (5), 2554–2562. 
https://doi.org/10.1021/acs.est.6b04072. 

Ramseyer, K., Miano, T.M., D’Orazio, V., Wildberger, A., Wagner, T., Geister, J., 1997. 
Nature and origin of organic matter in carbonates from speleothems, marine cements 
and coral skeletons. Org. Geochem. 26, 361–378. https://doi.org/10.1016/S0146- 
6380(97)00008-9. 

Renforth, P., 2019. The negative emission potential of alkaline materials. Nat. Commun. 
10 (1), 1401. https://doi.org/10.1038/s41467-019-09475-5. 

Renforth, P., Manning, D.A.C., Lopez-Capel, E., 2009. Carbonate precipitation in 
artificial soils as a sink for atmospheric carbon dioxide. Appl. Geochem. 24, 
1757–1764. https://doi.org/10.1016/j.apgeochem.2009.05.005. 

Renforth, P., Mayes, W.M., Jarvis, A.P., Burke, I.T., Manning, D.A.C., Gruiz, K., 2012. 
Contaminant mobility and carbon sequestration downstream of the Ajka (Hungary) 
red mud spill: the effects of gypsum dosing. Sci. Total Environ. 421–422, 253–259. 
https://doi.org/10.1016/j.scitotenv.2012.01.046. 

Rietveld, H.M., 1969. A profile refinement method for nuclear and magnetic structures. 
J. Appl. Crystallogr. 2, 65–71. 

Rostron, B.J., Kelley, L.I., Kreis, L.K., Holmden, C., 2002. Economic potential of 
formation brines: interim results from the Saskatchewan brine sampling program; 
Summary of investigations. Saskatchewan Geological Survey, Saskatchewan Ind. 
Resour. Misc 2, 29. Report 2002-4.2, Paper C-1.  

Ruiz-Agudo, E., Kudłacz, K., Putnis, C.V., Putnis, A., Rodriguez-Navarro, C., 2013. 
Dissolution and carbonation of portlandite [Ca(OH)2] single crystals. Environ. Sci. 
Technol. 47 (19), 11342–11349. https://doi.org/10.1021/es402061c. 

Saldi, G.D., Jordan, G., Schott, J., Oelkers, E.H., 2009. Magnesite growth rates as a 
function of temperature and saturation state. Geochem. Cosmochim. Acta 73 (19), 
5646–5657. https://doi.org/10.1016/j.gca.2009.06.035. 
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