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Abstract

Giant aquifers are capable of storing significant amounts of carbon as a result of immense water volumes, substantial dissolved

inorganic carbon (DIC) concentrations and its ubiquitous reactions with matrix, thus contributing the global carbon storage

and cycle. However, concentrations of dissolved solutes vary significantly over a distance in the Guarani Aquifer System (GAS)

which causes difficulties in process interpretation. To quantify the importance of controlling parameters, we performed reactive

transport modeling which combines both hydrological and geochemical inputs. The paper presents a chemical evolution in

a two-dimensional aquifer configuration, global sensitivity analysis along with estimates of the DIC flux through the system

boundaries. We observed that the DIC flux at recharge as well as plagioclase and olivine hydrolysis rates play an overriding

importance in controlling the solute patterns including the DIC concentrations, while soil pH, horizontal hydraulic conductivity,

porosity, precipitation of secondary minerals, but calcite, and Mg ratio in carbonates are of minor significance. If released Ca

undergoes ion exchange to Na, the storage is delayed in time and space. In conclusion, the capacity of GAS in receiving recharge

CO is attributed to the hydrolysis along with advective transport while the global sensitivity analysis informs how the financial

resources should be allocated to effectively reduce interpretative uncertainty in large-scale groundwater systems.
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Key Points:8

• Reactive transport modeling (RTM) shows that natural recharge of CO2-rich wa-9

ter into an aquifer with aluminosilicate minerals is capable of providing negative10

carbon feedback, although its efficiency declines with higher fluxes.11

• The CO2 flux, plagioclase and olivine hydrolysis rates play an important role in12

dissolved solute concentrations and carbon storage, while ion exchange delays its13

effect.14

• Soil pH, horizontal hydraulic conductivity, porosity, secondary mineral precipita-15

tion reactions, but calcite precipitation and Mg2+ ratio in precipitating carbon-16

ates play a minor role in carbon feedback on this scale.17
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–1–



manuscript submitted to Water Resources Research

Abstract18

Giant aquifers are capable of storing significant amounts of carbon as a result of immense19

water volumes, substantial dissolved inorganic carbon (DIC) concentrations and its ubiq-20

uitous reactions with matrix, thus contributing the global carbon storage and cycle. How-21

ever, concentrations of dissolved solutes vary significantly over a distance in the Guarani22

Aquifer System (GAS) which causes difficulties in process interpretation. To quantify23

the importance of controlling parameters, we performed reactive transport modeling which24

combines both hydrological and geochemical inputs. The paper presents a chemical evo-25

lution in a two-dimensional aquifer configuration, global sensitivity analysis along with26

estimates of the DIC flux through the system boundaries. We observed that the DIC flux27

at recharge as well as plagioclase and olivine hydrolysis rates play an overriding impor-28

tance in controlling the solute patterns including the DIC concentrations, while soil pH,29

horizontal hydraulic conductivity, porosity, precipitation of secondary minerals, but cal-30

cite, and Mg2+ ratio in carbonates are of minor significance. If released Ca2+ undergoes31

ion exchange to Na+, the storage is delayed in time and space. In conclusion, the capac-32

ity of GAS in receiving recharge CO2 is attributed to the hydrolysis along with advec-33

tive transport while the global sensitivity analysis informs how the financial resources34

should be allocated to effectively reduce interpretative uncertainty in large-scale ground-35

water systems.36

1 Introduction37

The subsurface is an important inorganic carbon reservoir and groundwater is gain-38

ing attention as to which extent it contributes to the global carbon cycle. Estimates of39

carbon fluxes in the subsurface are hugely uncertain due to difficulties in (1) calculat-40

ing groundwater and chemical fluxes (Fontaine et al., 2007; McCallum et al., 2012; Y. Li41

et al., 2015), (2) subsurface conceptualization (Enemark et al., 2019; Vilhelmsen et al.,42

2018a), and (3) parametrization (Vilhelmsen et al., 2018b) as well as (4) the dynamic43

role of soils in CO2 storage and its downward leakage (Kessler & Harvey, 2001; Fontaine44

et al., 2007; Sánchez-Cañete et al., 2018).45

In-situ measurements of a CO2 and O2 couple in soils indicate that significant amounts46

of CO2 produced in a shallow subsurface does not, at least immediately, return to the47

atmosphere due to (1) dissolution in groundwater, (2) transport in gaseous or dissolved48

forms, (3) mineral weathering (Sánchez-Cañete et al., 2018). Consequently, the CO2 dis-49
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solution coupled with advective transport may lead to significant amounts of dissolved50

inorganic carbon (DIC) stored in groundwater bodies (Y. Li et al., 2015; Zhang & Planavsky,51

2020) that may be transported over long distances, undergo geochemical transformations52

and, finally, be discharged to rivers (Gaillardet et al., 1999) or sea (Zhang & Planavsky,53

2020).54

Thus, when CO2 passes through the soil profile the geochemical transformations55

depend on reactivity of aquifer material. The carbonate and silicate minerals participate56

in the transformation process (Zhong et al., 2017; Oelkers et al., 2018; Pogge von Strand-57

mann et al., 2019). The DIC reaction with aluminosilicate minerals, which is referred58

as chemical rock weathering (CRW) may be associated with precipitation of secondary59

minerals resulting in a long-term carbon storage (Berner, 1998; Steffen et al., 2007; Ma-60

her & Chamberlain, 2014; Oelkers et al., 2018). Nevertheless, the reaction pathways are61

complex and heterogeneous and may depend on a variety of factors including: (1) ground-62

water flow velocity (Maher & Chamberlain, 2014), (2) thermodynamic equilibria and dis-63

solved ion availability (Zhang & Planavsky, 2020) or (3) rates of dissolution and precip-64

itation (Pogge von Strandmann et al., 2019).65

Reactive transport models (RTM) may be useful in interpretation and quantifica-66

tion of the transformation patterns. The use of RTMs can be justified by a need to in-67

corporate a coupling between the chemical processes with groundwater flow and solute68

transport (Steefel et al., 2005), to integrate various kinds of data into a single model (Bethke69

et al., 2002; Jessen et al., 2017; Jakobsen et al., 2018) or to perform a global sensitiv-70

ity analysis to investigate the importance of controlling parameters (Dai et al., 2014).71

Depending on an objective of modeling, RTMs may include groundwater flow/soil wa-72

ter infiltration rate, dispersive mixing and solute diffusion. These capabilities make RTMs73

suitable in studying process understanding and quantification of geochemical fluxes (Bethke74

et al., 2002; Jessen et al., 2017; L. Li et al., 2017; Bao et al., 2017; Jakobsen et al., 2018).75

Although a deep groundwater drainage pathway is integrated into the evaluation76

of global rates, there is a little knowledge on how much carbon is stored in large aquifers,77

how much may get naturally immobilized through secondary precipitation and what pa-78

rameters govern the carbon cycle. To estimate the carbon fluxes in the one of the world’s79

most voluminous Guarani Aquifer System (GAS), we developed a coupled RTM in which80

we integrate physical properties of the aquifer with the geochemical reactions. We per-81
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formed global sensitivity analysis to identify the importance of individual parameters and82

we verified our model by comparing its results with the groundwater quality data ob-83

served along the flow paths.84

2 Site description and methodology85

2.1 Hydrogeology of the aquifer86

The Guarani Aquifer System (GAS) is one of the most voluminous groundwater87

bodies on the Earth due to its great geographical extend and a large thickness (Foster88

et al., 2009). The study focuses on the NE part from where we compiled hydrogeolog-89

ical and geochemical information (Araujo et al., 1999; Gastmans et al., 2010; Hirata et90

al., 2011). In this region, the system is a part of the Paraná Basin which consists of strat-91

ified sandstone series of Triassic (Piramboia unit) and Cretaceous (Botucatu unit) ages.92

The formation is up to 832 meters thick, with the average thickness of 400 meters (Araujo93

et al., 1999). Reported hydraulic conductivity and porosity values are in the range 0.086494

- 0.864 m/d (Rebouças, 1994; De Paula E Silva & Cavaguti, 1994) and 0.16-0.24 (Rebouças,95

1976; Hirata et al., 2011), respectively.96

About 10% of the formation outcrops, whereas the remaining part is confined by97

a sequence of basalts of the Serra Geral formation (Fernandes et al., 2016). The GAS98

is underlain by siltstones containing highly mineralized groundwater of the Passa Dois99

Group (Silva, 1983; Meng & Maynard, 2001).100

Natural aquifer recharge of GAS dominates as direct percolation of precipitation101

through the outcrop areas. The deep groundwater recharge estimated with the water level102

fluctuation method accounts locally for up to 50 mm/year, which is 3.5% of the mean103

annual precipitation (Wendland et al., 2007). No estimates have been performed for the104

confined part of the aquifer, but since the basalt formation is intersected with dikes (Fernandes105

et al., 2016) and groundwater samples contain 14C (Aggarwal et al., 2015), infiltration106

of recent rainwater through the overlying basalt unit seems to be taking place. Down-107

stream, in the deeply confined part of the aquifer, elevated Cl− concentrations along with108

crust 4He gas dissolved in groundwater suggest recharge from the underlying formations109

(Aggarwal et al., 2015). The groundwater flow is radially diverging and the discharge110

takes place in the Paraná River valley, where artesian conditions are apparent (Rebouças,111

1994).112

–4–
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Groundwater residence times evaluated using the 81Kr isotope vary in the broad113

range of 80 to 820 ky (Aggarwal et al., 2015). This indicates that the average linear ground-114

water velocities are from 0.15 to 1.25 m/year and, consequently, that GAS has been flushed115

at least 180 times since its deposition which was followed by a number of tectonic events116

with the most recent one between 88 and 65 million years ago (Araujo et al., 1999).117

2.2 Hydrogeochemical evolution118

The chemical composition of groundwater exhibits a zonation from fresh Ca-HCO3119

and Ca-Mg-HCO3 water types in unconfined/marginal parts of the basin towards brack-120

ish Na-HCO3-Cl and Na-Cl in the central part (Fig. 1 and Gastmans et al. (2010)). The121

evolution has been suggested to be a result of either aluminosilicate weathering (Silva,122

1983; Gastmans et al., 2010) or cation exchange coupled to carbonate dissolution (Sracek123

& Hirata, 2002). The mineral matrix, however, is composed of chalcedony near the out-124

crop and calcite cement in the deep confining zone (Hirata et al., 2011). There is evi-125

dence of aluminosilicate transformation including dissolution of plagioclase and K-feldspar126

as well as formation kaolinite and smectites (Hirata et al., 2011). Labradorite is a dom-127

inant plagioclase, while both orthoclase and microcline represent K-feldspar (Gesicki,128

2007).129

The underlying sediments contain highly mineralized groundwater with Total Dis-130

solved Solids (TDS) of up to 2,000 mg/L and H2S in some boreholes (Hirata et al., 2011).131

The deep groundwater from Águas de São Pedro (22 o 35
′

30 ” S, 47 o 53
′

38 ” W) con-132

tains Na+ = Cl− 29 mM (Soler i Gil & Bonotto, 2014). Highly mineralized waters may133

result in the increase in TDS from a few to 700 mg/L, δ13CDIC from -19 to -5 and from134

4.7 to 9.5 per mille, respectively, in a depth profile (Appendix A1).135

The δ13CDIC and pH are typical of a closed siliciclastic system in which the for-136

mer is driven by dissociation of carbonic acid and the latter by the proton reaction with137

the aquifer material (Clark, 2015). The initial pH of 4.7 and low alkalinity ( 5 mg/L)138

suggest that if soil CO2 is the only source of acidity in the infiltrating water, the dissolved139

inorganic carbon (DIC) concentrations may be as high as 3 mM with the correspond-140

ing log pCO2 of -1.7 (Appelo & Postma, 2005).141
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Ca 2+
Cl
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Figure 1. Groundwater sampling locations in confined (ellipses) and unconfined (squares)

parts of the aquifer. Hue indicates types as from the Piper diagram diamond. The Paraná river

flows across the region from the NE to SW
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Figure 2. Conceptual 2D model of the water flow in the GAS with shaded polygons depicting

water fluxes through the boundaries. The upper boundary is divided into three sections: (1) 50

km outcrop, (2) 100 km recharge from basalt, (3) 150 km discharge to basalt

2.3 Conceptual and numerical models142

We conceptualized a groundwater system as a two-dimensional (2D) vertical cross-143

section parallel to the direction of groundwater flow (Freeze & Witherspoon, 1968). The144

system is a rectangular with the dimensions 300 km and 400 m in length and thickness,145

respectively (Fig. 2). We imposed groundwater flow field by using the flux boundary con-146

dition along the upper and lower boundaries of the system.147

The USGS PHAST code (Parkhurst et al., 2010) with PHREEQC database was148

used to simulate reactive transport in the 2D domain (Fig. 2). The domain was divided149

into 31 and 401 nodes in a vertical and horizontal direction, respectively, which corre-150

spond to the depth and distance. In addition to flux boundary conditions at the upper151

boundary (Fig. 2), we assigned a single node at 300 km with a constant boundary con-152

–7–



manuscript submitted to Water Resources Research

dition to assure a numerical stability of the solution. The model is run 1 million years153

to assure the system reaches steady-state.154

Chemical fluxes through the system are products of water flux and concentrations.155

The recharge water at the outcrop contains only CO2 (log pCO2 = -1.7, i.e. soil pH =156

4.6 and C = 3mM), which is meant to react with the aquifer material. We consider the157

basalt recharge as either CO2 water or groundwater equilibrated with log pCO2 = -1.7,158

plagioclase, olivine and chalcedony. This is to explore whether groundwater recharge with159

high concentrations of Ca2+, Mg2+, and SiO2 through basalts is capable of changing the160

water quality patterns in the GAS itself. The basement water is highly-mineralized Na-161

Cl groundwater of the Passa Dois Group (Meng & Maynard, 2001; Soler i Gil & Bonotto,162

2014) which recharges the GAS (Hirata et al., 2011; Aggarwal et al., 2015) (Tab. 1).163

We selected a number of geochemical reactions to be held in the aquifer that are164

consistent with the conceptual understanding of silicate groundwater system and were165

capable of controlling the observed concentrations. Firstly, we developed a simple model166

of plagioclase (Ca0.5Na0.5Al1.5Si2.5O8) hydrolysis coupled with chalcedony (SiO2), kaoli-167

nite (Al2Si2O5(OH)4) and calcite (CaCO3) precipitation as well as ion exchange to demon-168

strate 2D and profile average concentrations. Secondly, we included olivine (Mg2SiO4)169

and K-feldspar (KAlSi3O8) dissolution coupled with K-mica (KAl3Si3O10(OH)2) and170

illite (K0.6Mg0.25Al2.3Si3.5O10(OH)2) precipitation to include Mg2+ and K+ in the anal-171

ysis as well as Mg2+ incorporation in the calcite 1. Thus, the weathering reactions were172

kinetically controlled with the 0th order reaction rates. We justified the choice of the re-173

action order by a strong subsaturation of the minerals. The secondary reactions are equi-174

librium controlled (Postma & Jakobsen, 1996).175

The effect of ion exchange was studied in the simpler model and we used cation ex-176

change capacity (CEC) 2.5 mM/L with Na+ initially filling the sorption sites. The value177

of CEC corresponds to values encountered in other siliciclastic aquifers (Appelo, 1994;178

Appelo & Postma, 2005; Walraevens et al., 2007).179

An ensemble of 1000 parameter combinations was generated with Latin Hypercube180

Sampling (Tab. 1) and evaluated with the RTM to carry out a global sensitivity anal-181

ysis. We used the delta moment-independent measure technique developed by Borgonovo182

(2007); Plischke et al. (2013), as implemented in the SALib python library (Herman &183

Usher, 2017). The technique calculates a total sensitivity index value between a param-184

–8–
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eter of the model and a model output. Higher values indicate that the model outcome185

is more sensitive to parameter values.186

To compare the modeling results with the field data (Gastmans et al., 2010) we se-187

lected a number of monitoring wells that are located along interpreted flow paths and188

we calculated distances from the basin’s margin (Tab. C1).189

3 Results and discussion190

3.1 Controls of plagioclase hydrolysis in a 2D siliciclastic system191

Our results show that in a 2D aquifer receiving a CO2 solution, plagioclase hydrol-192

ysis is capable of developing distinct peaks of Ca2+ and total alkalinity (HCO−
3 +CO2−

3 +193

H3SiO4− + H2SiO42−) as well as a gradual increase in pH (Fig. 3a, c and e). Aver-194

age concentrations in a profile is a simplified depiction of the patterns, which allows one195

to compare with the observed GAS values.196

Plagioclase hydrolysis drives the stoichiometric increases in Ca2+ and Na+ and the197

intensity of the process depends on the chemical rate. Initially, the process directly con-198

sumes CO2 and protons producing silicic acid and carbonate alkalinity (Equation 1):199

2Ca0.5Na0.5Al1.5Si2.5O8 + CO2 + 6.5H2O + 2H+ →

1.5Al2Si2O5(OH)4 + 2H4SiO
0
4 +Na+ + Ca2+ +HCO−

3 (1)

Once groundwater becomes saturated with respect to chalcedony, its precipitation200

takes place which prevents a continuous increase of SiO2 in the solution (Equation 2):201

2Ca0.5Na0.5Al1.5Si2.5O8 + CO2 + 2.5H2O +H+ →

1.5Al2Si2O5(OH)4 + 2SiO2 +Na+ + Ca2+ +HCO−
3 (2)

Next, at a pH ≈ 7 groundwater becomes saturated with respect to calcite. At this202

pH value, the HCO−
3 is a dominant carbonate species which is being consumed, conse-203

quently, leading to calcite precipitation (Equation 3):204

–10–
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Figure 3. Profile average (measured and modelled) and 2D distribution of concentrations

(mM) and pH due to plagioclase hydrolysis and associated secondary reactions
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2Ca0.5Na0.5Al1.5Si2.5O8 +HCO−
3 + 2.5H2O +H+ →

1.5Al2Si2O5(OH)4 + 2SiO2 +Na+ + CaCO3 (3)

The increase in pH causes carbonic acid to dissociate (Fig. 4a) and once ground-205

water becomes saturated with calcite, precipitation takes place (Fig. 4b). Mass balance206

indicates that 50% of carbon is being immobilized as CaCO3 and this is reflected by sat-207

uration index (Appelo & Postma, 2005) for calcite (Fig. 4c).208

Plagioclase continues on being dissolved at higher pH values producing the disso-209

ciated H3SiO−
4 (Equation 4):210

2Ca0.5Na0.5Al1.5Si2.5O8 +HCO−
3 + 5.5H2O +H+ →

1.5Al2Si2O5(OH)4 + 2H3SiO
−
4 +Na+ + CaCO3 (4)

Production of H3SiO−
4 (Equation 4) causes an increase in the total Si concentra-211

tion (Fig. 3f).212

Ion exchange, which replaces Ca2+ for Na+ in a solution, tends to smooth out the213

reactions fronts, leading to a more subtle Ca2+ peak and, subsequent i.e. from 150 km214

downstream, the absence of Ca2+ as well as increases in alkalinity and Na+.215

Nevertheless, the Na+ and Cl− concentrations from 150 to 300 km are chiefly a re-216

sult of the inflow from the underlying strata as the boundary concentations are 5 mM.217

Since the bottom recharge Na:Cl ratio is 1, any number larger than 1 is a result of pla-218

gioclase hydrolysis and ion exchange.219

3.2 Sensitivity of the model output to selected parameters220

Multiple runs of the complex model (Tab. 1) show that hydraulic head distribu-221

tion is the most sensitive output. The output depends on flux through boundaries rather222

than horizontal hydraulic conductivity (Fig. 5). Chemical flux, which is a product of recharge223

and DIC concentration at inflowing boundaries, strongly affects pH (decline) and DIC224

concentration (increase). This means that if DIC concentration at inflow is high, the rel-225

ative DIC removal is low.226
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From among the chemical variables pH and DIC concentrations are the most sen-227

sitive outputs, followed by SiO2, alkalinity and Ca2+.228

Plagioclase hydrolysis rate seems to be the most important parameter for several229

outputs (pH, Ca2+, alkalinity, Na+ and SiO2). High rates result in augmenting pH and230

diminishing DIC. Moreover the said parameter affects Ca2+, Na+ and SiO2 concentra-231

tions that are directly derived from this mineral. The elevated rate of olivine dissolution232

results in high Mg2+ concentration and pH and lower DIC concentration, with a neg-233

ligible effect on alkalinity.234

The DIC concentrations are dominated by chemical flux rates, plagioclase and olivine235

rates, but are not much influenced by stability of secondary minerals. Low sensitivity236

for calcite is somehow surprising and suggests that the complex model may be overcon-237

strained.238

Both secondary geochemical reactions and soil pH do not seem to play a signifi-239

cant role in solute concentrations. Although pH of infiltration water is very important240

in the small scale studies (Hansen & Postma, 1995; White & Brantley, 2003), its effect241

disappears on a larger scale.242

Due to low influence of carbonate precipitation on DIC, Ca2+, and pH, the Mg2+243

ratio incorporated in freshly precipitated CaCO3 does not significantly affects the results.244

Similar outputs at distances 50, 150 and 250 km from the edge of the model indi-245

cate that it does not really matter which part of the aquifer we sample groundwater to246

identify the most influential parameters. Nevertheless, importance of weathering param-247

eters keeps on increasing over the distance, as the concentrations derived from mineral248

hydrolysis increase too.249

3.3 Distribution of carbon flux through the boundaries250

The Upper Recharge Boundary is a principal source of carbon in the system (Tab.251

2 and Fig. 6, for the simple and complex models, respectively). In both models the high-252

est flux occurs in the outcrop area which is related with highest flux of recharge water253

in combination with DIC concentrations. The Upper Discharge Boundary also receives254

significant C fluxes and in the complex model they are concentrated near the edge of the255

model domain (Fig. 6).256
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Figure 5. Results of global sensitivity analysis for different distances from the model edge.

The values are given in Appendix B

The simple model indicates that 50% of DIC is effectively removed in the aquifer.257

If the GAS area is 1,195,500 km2, this corresponds to 4.08 × 1011 M/yr or 4.9 × 106 T/yr.258

Table 2. Water and carbon balance in the simple model

Boundary water flux [mm/year] C flux [M/m2/year]

Upper left 2.42 7.266 × 10−3

outcrop 6.33 1.9 × 10−2

basalt 0.45 1.346 × 10−3

Lower left -0.43 -1.300 × 10−3

Upper right -2.42 -2.991 × 10−3

Lower right 0.43 0

Imbalance 0 -2.975 × 10−3

The lower boundaries participate in carbon fluxes too. Nevertheless, very few DIC259

is exchanged through the lower boundary due to low recharge rates and concentrations.260

The Upper Discharge Boundary offers a sink for DIC. Although the fluxes are high261

(Fig. 6) due to water discharge rates, the total C outflux from the aquifer is smaller than262
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the total influx (Tab. 2 and Fig. 7). The imbalance is a result of carbon accumulation263

and precipitation in the aquifer.264

3.4 Improvements to the conceptual model265

The numerical modelling suggests that a significant amount of carbonate may pre-266

cipitate in a plagioclase system recharged with CO2-rich groundwater. Authigenic car-267

bonates are consistent with the field observations (Gesicki, 2007; Hirata et al., 2011) and268

inconsistent with the suggestions of carbonate removal coupled with ion exchange as a269

result of groundwater freshening (Sracek & Hirata, 2002). If ion exchange is an impor-270

tant process, our modelling implies that Na+ is a dominant cation in the sorption sites.271

We hipothesize that diffusion from the underlying strata has been occuring since272

the formation of the aquifer (Aggarwal et al., 2015), which could have caused the replace-273

ment of Ca2+ and Mg2+ with Na+ in the sites.274
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An assumption of the constant recharge and carbon infiltration rates is motivated275

with a relatively small cyclical variations of climate in Brazil over the years (Cruz et al.,276

2005; Rodŕıguez-Zorro et al., 2020).277

Recharge of Mg-rich water from the basalts does not seem to be capable of replac-278

ing the residing solution in the GAS to the extent of significantly modifying the water279

quality. However, locally, the process may be of importance. This would require dom-280

inance of advective flux from the basalts in relation to the outcrope along with contrasts281

in water quality.282

The numerical model with its all simplifications underpins the importance of depth283

specific rather than depth integrated groundwater sampling for process identification (Appelo284

& Postma, 2005). Even in a relatively simple chemical configuration of an aquifer com-285

posed of plagioclase solely receiving CO2 with a constant 0th order dissolution rate, the286

concentration patterns show unexpected complexity both laterally and vertically. The287

effect is exacerbated by low flow rates in the aquifer.288

When the modeled mean groundwater velocities are compared with water residence289

times derived from 81Kr data, it is clear that the simulations cover the range of the ob-290

served values (Fig. 8). Nevertheless, there are observation points that show much slower291

flow velocity than the mean value from all models. In those points the concentrations292

derived from weathering (Ca2+, Mg2+, Alkalinity) are likely to be higher than average293

due to longer residence times.294

4 Conclusions295

Natural recharge of CO2-rich water into an aquifer with aluminosilicate minerals296

is capable of providing negative carbon feedback.297

Reactive transport modeling can be used to integrate groundwater flow with a com-298

plex suite of geochemical reactions taking place in a siliceous aquifer which receives dis-299

solved inorganic carbon (DIC) with recharge water. A simple conceptualization with a300

plagioclase mineral only suggests that 50% of carbon is immobilized as CaCO3. By us-301

ing global sensivitity analysis with a more complex model, we confirmed that the DIC302

fluxes and weathering rates of aluminosilicate minerals have a major significance in con-303

trolling solute concentrations and, consequently, DIC outflux at the discharge zone. Sur-304

prisingly, other parameters including horizontal hydraulic conductivity, soil pH, poros-305
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ity and stability of secondary minerals but Calcite play a minor or negligible role in con-306

trolling solute concentrations.307

We anticipate that reactive transport models, combined with global sensitivity tech-308

niques, lead to improvements in understanding of the reactive patterns and reduce er-309

ror of model predictions.310

In order to better understand the role of large aquifers like GAS, the effort should311

be placed on:312

• estimation of recharge rates using variety of methods and their integration,313

• evaluation of DIC concentration in recharge water (Kessler & Harvey, 2001; Sánchez-314

Cañete et al., 2018),315

• incorporation of Ca2+ and Mg2+ isotopes to understand the weathering rates and316

pathways of DIC cycling in the subsurface (Pogge von Strandmann et al., 2019).317

• distribution of CEC in the aquifer and composition of the sorption sites.318
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Figure A1. Variations in water quality parameters over depth with a color depicting a water

type. Black points pertain to samples whose water type was not determined (Gastmans et al.,

2010)
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