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The supplemental materials contain the detailed description of the study site Konza, and field and laboratory 

methods, the setup of reactive transport modeling, calculation of reactive transport times for Figure 6, 

derivation of equations for Ca and DIC concentrations, and carbonate chemistry data from fields for Figure 

7.  
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S1. Description of the study site  30 

Konza is a mesic native grassland where long-term (42 yrs, 2019) burning regime experiments 

across 60 watersheds has resulted in the encroachment of woody vegetation mostly in the riparian zone 

(Veach et al., 2014;Vero et al., 2018) (Figure S1). The average annual air temperature and precipitation is 

13°C and ~835 mm, respectively (Nippert and Knapp, 2007;Hayden, 1998). The growing season is from 

April to September, when 75% of the annual precipitation occurs. Konza also has frequent storms in almost 35 

any time of a year (Hayden, 1998). The bedrock of Konza contains repeating Permian couplets of 1-2 m 

thick limestone and slightly thicker mudstone (2-4 m) units (Macpherson, 1996). Limestone units are 

composed of primarily calcite with traces of dolomite (Macpherson et al., 2008), whereas mudstones are 

dominated by illite, chlorite, and mixed-layer clays of chlorite-illite and chlorite-vermiculite, varying in 

abundance from major to trace amounts (Macpherson and Sullivan, 2019). With an average thickness of 1-40 

2 m in the lowlands, soils mostly have carbonate minerals less than 25% with moderately low cation 

exchange capacities (Ransom et al., 1998). The soil is relatively thick and the water table is shallow so the 

response of groundwater to recharge events is rapid (Tsypin and Macpherson, 2012). 

 

Figure S1. (A) Map of the Konza Prairie Long-Term Ecological Research (LTER) site. We used data from 45 
N04d to parameterize the model. 
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Most of the Konza Prairie consists of grass species (e.g., big bluestem, Andropogon gerardii; little 

bluestem, A. scoparius; Indiangrass, Sorghastrum nutans; and switchgrass, Panicum virgatura) and native 

riparian gallery forest (oak, Quercus spp.; hackberry, Celtis occidentalis; and elm, Ulmus Americana) 50 

(Freeman, 1998). Watersheds with fire frequency return intervals of ~4 years or greater have incurred 

significant increase in woody vegetation on the hillslopes (e.g., dogwood, Cornus drummondii; sumac, 

Rhus glabra) and a pronounced increase in woody riparian vegetation (Veach et al., 2014) since the 

inception of the experimental design (Briggs et al., 2005). 

 55 

 

S2. Field and laboratory methods 

All field observation wells were made of 5-cm-diameter PVC pipe. Sampling occurred monthly 

during 2009-2010. Soil water was collected through soil-water samplers (Model 1900, Soil Moisture 

Equipment Co.) at three horizons, including 17, 153, and 366 cm. Soil gas wells were established at depths 60 

of 16, 84 and 152 cm so that the bottom hole of the gas well was at the same level as the midpoint of the 

water sampler’s cup. 200 mL of soil gas was collected through a vacuum pump with Tygon® tubing into a 

12 mL Exetainer® glass vial. More details are referred to Tsypin and Macpherson (2012). 

Alkalinity of water samples was determined by titration with 0.02 N H2SO4. Concentrations of Cl 

were determined by suppressed ion chromatography (IC) with a Dionex 4000i (AG4A-SC and AS4A-SC 65 

columns and anion self-regenerating suppressor). Cations (Ca2+, Mg2+, Na+ and K+) and dissolved Si 

(H4SiO4(aq)) were measured by inductively-coupled plasma-optical emission spectroscopy (JY 138 Ultrace 

ICP-OES) (detailed in Tsypin and Macpherson (2012)). Concentration of CO2(g) in the samples of soil gas 

was measured with an Agilent Technologies 6890N Gas Chromatograph.   

 70 
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S3. Model setup  

Base case scenario with Konza field data. Soil mineralogy data indicated that as soil depth increases, 

anorthite (𝐶𝑎𝐴𝑙!𝑆𝑖!𝑂"(𝑠)) and K-feldspar (𝐾𝐴𝑙𝑆𝑖#𝑂"(𝑠)) decrease from 5.0% (v/v soil phase) to 0 while 

calcite (𝐶𝑎𝐶𝑂#(𝑠)) increases from 0 to 10.0% (v/v) (Wehmueller et al., 1993;Gunal and Ransom, 2005). 75 

Quartz and illite were relatively constant at around 40.0% (v/v) (Table S1). For the base case model, the 

shallow soils included anorthite, K-feldspar, and kaolinite in addition to calcite. Based on the average 

temperature measured at the top (soil surface) and bottom (groundwater) during the sampling period 

(Tsypin and Macpherson, 2012), soil temperature was assumed to decrease linearly with depth from 17 °C 

to 8 °C. 80 

Table S1. Initial soil water chemistry, mineral compositions in different layers a 

Chemical species 
Rainwater 

Initial soil water chemistry Ways 
obtained Aqueous species  

(mol/L except pH)  
Horizon A 
(h = 17 cm) 

Horizon AB 
(84 cm) 

Horizon B 
(152 cm) 

Groundwater 
(366 cm) 

pHb 6 6 6.2 6.8 7.0 Estimatedb 
Alkalinity 2.09×10-3 2.09×10-3 - 2.09×10-3 2.09×10-3 Measured 
CO2(aq) 1.23×10-5 1.14×10-3 1.74×10-3 2.06×10-3 8.54×10-4 Estimatedc 
Cl 5.00×10-6 1.74×10-3 - 1.55×10-3 6.06×10-4 Measured 
H4SiO4(aq) 1.00×10-4 8.39×10-4 - 7.89×10-4 2.80×10-4 Measured 
Ca 2.06×10-5 3.18×10-3 - 3.75×10-3 2.35×10-3 Measured 
Mg 1.00×10-6 7.50×10-4 - 9.04×10-4 8.54×10-4 Measured 
Na 2.15×10-5 3.39×10-3 - 2.31×10-2 4.35×10-4 Measured 
K 1.53×10-6 3.97×10-4 - 2.54×10-4 2.09×10-4 Measured 
Gas        
CO2(g) (%)  3.60 6.10 6.70 2.70 Measured 
Mineral Volume 
Fraction (m3/m3) h=0-54 cm 55-98 cm 99-145 cm 146-180 cm 181-366 cm  

Quartz 4.0×10-1 4.0×10-1 4.0×10-1 4.0×10-1 4.0×10-1 Measured 
Anorthite 5.0×10-2 5.0×10-2 5.0×10-2 4.0×10-2 0 Measured 
Orthoclase 5.0×10-2 5.0×10-2 5.0×10-2 4.0×10-2 0 Measured 
Calcite 0 5.0×10-3 1.0×10-2 1.5×10-2 1.0×10-1 Measured 
Illite 4.0×10-1 4.0×10-1 4.0×10-1 4.0×10-1 4.0×10-1 Measured 
Kaolinite 1.0×10-1 1.0×10-1 1.0×10-1 1.0×10-1 1.0×10-1 Measured 

a. Initial species concentrations in soil water and CO2(g) at measured horizon layers were from (Tsypin and 
Macpherson, 2012); The corresponding concentrations between measured horizon layers were interpolated 
linearly; Mineralogy composition were referred to (Macpherson, 1996;Macpherson et al., 2008). 

b. The pH values in soil water were determined using measured alkalinity ,    85 

𝐶$%&!" =
%#$%('()'%

%*+
 and 𝐶%&!%" =
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%*+

 . 

c. CO2(aq) concentrations were estimated through Henry’s law 𝐶%&%()*) = 𝐾,𝑝𝐶𝑂!	. 
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Rainfall chemistry is relatively constant across the year (Table S1). The initial conditions were 

estimated through a linear interpolation with depth based on the measurements at the three sampling 90 

locations (Figure 2A), including Horizon A (depth from the soil surface h =17 cm), Horizon AB (h =84 

cm), Horizon B (h =152 cm), and Groundwater (h = 366 cm). The initial CO2(aq) concentrations at the 

sampling locations were estimated using Henry’s law, i.e., 𝐶%&%,/010/0230()*) = 𝐾,𝑝𝐶𝑂!	/010/0230. The 𝐾, 

was temperature-dependent, following the van’t Hoff equation: 

 𝐾(𝑇) = 𝐾!4𝑒𝑥𝑝 1−
∆$°

6
∗ 4,

7
− ,

!8#.,4:!4
56                                        (S1)  95 

Here 𝐾!4 is the solubility in water at 293.15 K (25 °C); ∆𝐻°	is the standard enthalpy of the reaction and R 

is the gas constant (=8.314×10-3 kJ/K/mol); T is Kelvin temperature (K). For the dissolution of CO2(g) 

(Reaction 1 in Table 1), 𝐾,,!4 (i.e., Henry’s law constant) and ∆𝐻,°  is 3.4×10-2 mol/kg/atm and -19.98 

kJ/mol, respectively (Linstrom and Mallard, 2001). 

In the model, 𝐶%&%()*) values were used as the “equilibrium constant” in the CrunchTope database 100 

for the combined reactions 0-1 (in Table 1) to become 𝐶𝑂!(𝑔∗) ↔ 𝐶𝑂!(𝑎𝑞). And as the parameter used to 

control the soil pCO2 level in the model, the prescribed 𝐶%&%()*) value was both temporally- and spatially- 

dependent in the base case. The 𝐶%&%()*) values at different depths were interpolated linearly based on the 

estimation (𝐶%&%()*) = 𝐾,𝑝CO!) at three sampling layers with monthly soil CO2 data (Table 2). With an 

assumed linearly decreasing relationship with soil depth, soil temperature along depth was used as a track 105 

for CrunchTope and its database to obtain the 𝐶%&%()*) value for the corresponding soil depth. The 𝐶%&%()*) 

values along depth (associated linearly with soil temperature) were updated monthly through multiple 

CrunchTope database files (each month with one updated 𝐶%&%()*) database) through the CrunchTope 

“restart” and “save_restart” option. Thus, through the prescribed temporally (monthly) and spatially 

(depth) dependent 𝐶%&%()*), the soil pCO2 concentrations were well simulated in the model compared to 110 

field data and further determined the dynamics of Ca and DIC, as have been shown in Section 4.1 and 5.1. 
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S4. Calculation of reactive transport times for Figure 6  

In the term 𝑘𝐴7 =1 − 𝑒𝑥𝑝 4−
<-(
<'
5?, 𝑘3)=3>?0 is the intrinsic calcite kinetic rate constant measured 

under well-mixed conditions (10-7.69 mol/m2/s, Table 1) while AT is total calcite surface area (m3); 𝜏0* is the 115 

time for a mineral to reach equilibrium in a closed, well-mixed system: 𝜏0* =
@.AB%-(C%/D

E.F
 , where VT is the 

total domain volume (m3); Ceq and C0 are the equilibrium and initial Ca concentration (mol/m3) respectively. 

For the cases with annual-average soil CO2 in Scenario 1-3, 𝐶0* was ~1.6 mol/m3 (as shown in Figure 3) 

and 𝜏0* was estimated to be 10-4.34 yr (0.40 hours). For the Konza base case, monthly soil CO2 in September 

and March had the highest and lowest values respectively (Table 2), leading to corresponding equilibrium 120 

Ca concentrations and therefore different 𝜏0* values. The 𝜏0* in September and March was estimated to be 

10-4.29 and 10-4.42 yr, respectively. In the heterogeneity factor A1 − 𝑒𝑥𝑝 B−𝐿 D <'
<'0,2

EFG
G

, the shape factor 𝛼 is 

determined by physical heterogeneity given by the permeability contrast between reactive and non-reactive 

zones. For the different flow partitioning cases, grassland (95% vs. 5%) vs. woodland (60% vs. 40%), we 

assumed 𝛼 = 0.8 to represent a high heterogeneous field. The <'
<'0,2

  quantifies the relative timescale of 125 

advection in the whole domain (residence time 𝜏) =
HA
I.

 ) versus transport time in reactive zones (𝜏)J,/). 

The 𝜏)J,/ =
<',2<0,2
<',2:<0,2

 quantifies the transport time coupling diffusion/dispersion and advection in the calcite 

zones, where 𝜏),/ 	 and 𝜏J,/ are the average timescale of advection and diffusion/dispersion in the calcite 

zone, respectively. When <'
<'0,2

> 1, reaction products transport out of the calcite zones faster than the 

domain residence time, leading to the negligible mass transport limitation caused by preferential flow paths 130 

and values of heterogeneity factor A1 − 𝑒𝑥𝑝 B−𝐿 D <'
<'0,2

EFG
G

approaching 1.0. In contrast, when <'
<'0,2

 < 1, 

water mostly bypasses the reactive calcite zones, leading to significant influence of flow partitioning and 

the heterogeneity factor << 1.0. Calculated 𝜏), 𝜏),/, 𝜏J,/, and 𝜏)J,/ and their corresponding weathering rates 
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for Scenarios 1-3 are in Table S2. The calcite weathering rates (mol/yr) are equivalent to the effluent Ca 

fluxes (shown in Figure 4).  135 

Table S2. Calculated timescales in the grassland and woodland cases under different infiltration rates 

Cases Infiltration rate 
(m/yr) 

𝜏# 
(year) 

𝜏#,% 
(year) 

𝜏&,% 
(year) 

𝜏#&,% 
(year) 

𝜏#
𝜏#&,%

 Rcalcite 
(mol/yr) 

GrassPF 

10-1.4 4.7×101 

8.0×102 4.7×102 2.9×102 1.6×10-1 3.9×10-2 
WoodPF 1.0×102 4.7×102 8.2×101 5.6×10-1 4.6×10-2 
GrassVF 4.0×101 4.7×102 4.0×101 1.3×100 5.9×10-2 
WoodVF 4.0×101 4.7×102 4.0×101 1.3×100 6.0×10-2 
GrassHF 0 4.7×102 4.7×102 1.0×10-1 3.4×10-2 
WoodHF 0 4.7×102 4.7×102 1.0×10-1 3.3×10-2 
GrassPF 

10-0.4 4.7×100 

8.0×101 4.7×102 6.8×101 6.9×10-2 1.8×10-1 
WoodPF 1.0×101 4.6×102 9.8×100 4.8×10-1 3.4×10-1 
GrassVF 4.0×100 4.6×102 4.0×100 1.2×100 5.7×10-1 
WoodVF 4.0×100 4.6×102 4.0×100 1.2×100 5.9×10-1 
GrassHF 0 4.7×102 4.7×102 1.0×10-2 1.2×10-1 
WoodHF 0 4.7×102 4.7×102 1.0×10-2 1.4×10-1 
GrassPF 

100.6 4.7×10-1 

8.0×100 4.6×102 7.8×100 6.9×10-2 7.9×10-1 
WoodPF 1.0×10-1 4.4×102 1.0×100 4.7×10-1 2.4×100 
GrassVF 4.0×10-1 4.0×102 4.0×10-1 1.2×100 5.3×100 
WoodVF 4.0×10-1 4.0×102 4.0×10-1 1.2×100 5.6×100 
GrassHF 0 4.7×102 4.7×102 1.0×10-3 3.9×10-1 
WoodHF 0 4.7×102 4.7×102 1.0×10-3 3.4×10-1 

 

 

S5. Derivation of equations for thermodynamics of calcite dissolution and the dependence of 

equilibrium CCa and CDIC on soil CO2 and temperature 140 

Combining Reactions 1 and 4 in Table 1, the overall reaction is 𝐶𝑎𝐶𝑂#(𝑠) + 𝐶𝑂!(K) +𝐻!𝑂 ↔

𝐶𝑎!: + 2𝐻𝐶𝑂#C , with its equilibrium constant can be expressed as: 

𝐾? =
)#'%+)*#$!"

%

L%&%
= 𝐾,𝐾M                                           (S2) 

The solutes follow the charge balance: 

2𝐶%)%+ + 𝐶$+ = 𝐶$%&!" + 𝐶&$" + 2𝐶%&!%"                                 (S3) 145 

With the soil water pH typically lower than 8.3, 𝐶%&!%", COH-, and 𝐶$+ are negligible, such that the above 

equation can be simplified into 
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2𝐶%)%+ = 𝐶$%&!"                                                             (S4) 

Assuming relatively low salinity, activities are close to concentrations, the combination of Eq. S2 and S4 

yield: 150 

𝐶%)%+ = M'3∙L%&%
M

!
                                                     (S5) 

𝐶OP% = 𝐶%&%()*) + 𝐶$%&!" + 𝐶%&!%" ≈ 2M'3∙L%&%
M

!
+ 𝐾, ∙ 𝑝𝐶𝑂!              (S6) 

Equilibrium constants are temperature-dependent and can be estimated using the van’t Hoff equation (Eq. 

S1), the total equilibrium constant Kt (= 𝐾,𝐾M) can be estimated as: 

𝐾?(𝑇) = 𝐾?,!4𝑒𝑥𝑝 1−
∆$3°

6
∗ 4,

7
− ,

!8#.,4:!4
56                                (S7) 155 

Here Kt,25 (=𝐾,,!4𝐾M,!4, listed in Table 1) is 10-6.59 and 10-5.99 for “impure” and “pure” calcite, respectively; 

Note that the Kt,25 for “impure” calcite may vary by locations with differently mineralogy (Macpherson and 

Sullivan, 2019) and for this work was calibrated based on the data-model fit (Ca and alkalinity 

concentrations). The standard enthalpy ∆𝐻?°	(= ∆𝐻,° +	∆𝐻M° , listed in Table 1) is -35.83 kJ/mol. This 

suggests that the concentrations of Ca and DIC can be estimated directly through temperature and pCO2 as 160 

follows:  

𝐶%) = P𝐾?,!4𝑒𝑥𝑝 1−
∆$3°

M6
∗ 4,

7
− ,

!8#.,4:!4
56 ∙ 𝑝𝐶𝑂!

!
                              (S8) 

𝐶OP% = 2P𝐾?,!4𝑒𝑥𝑝 1−
∆$3°

M6
∗ 4,

7
− ,

!8#.,4:!4
56 ∙ 𝑝𝐶𝑂!

!
+ 𝐾,,!4𝑒𝑥𝑝 1−

∆$4°

M6
∗ 4,

7
− ,

!8#.,4:!4
56 ∙ 𝑝𝐶𝑂!                    

(S9) 
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Here 𝐾?,!4 is equilibrium constant  𝐾? =
)#'%+)*#$!"

%

L%&%
= 𝐾,𝐾M at 25°C; ∆𝐻° is the standard enthalpy; R is the 165 

gas constant (=8.314×10-3 kJ/K/mol); T is Kelvin temperature (K). Eq. S8 and S9 suggest that Ca and DIC 

concentrations can be estimated directly from temperature, pCO2, and thermodynamics (∆𝐻?°).  

 

 

S6. Carbonate chemistry data for Figure 7. These catchments meet the criteria of carbonate water 170 

chemistry: (Ca + Mg)/alkalinity molar ratio < 0.9, Ca/SO4 >10, Ca/Na >12, Ca/Mg > 1, and charge balance 

error < 10% (Romero-Mujalli et al., 2019;Gaillardet et al., 1999). Overall, there are 162 data points, 

including pCO2, Ca and DIC concentrations in spring water. The concentrations of CO2(g), Ca and DIC in 

spring water were assumed to be similar to those in groundwater, which are often difficult and expensive 

to obtain.  175 

 

 

 

Figure S2. Soil CO2 production rate as a function of infiltration rate under steady state in numerical 
experiments: GrassPF and WoodPF with flow partitioning, GrassVF and WoodVF with 100% vertical flow (no 180 
flow partitioning), and GrassHF and WoodHF with 100% lateral flow (no flow partitioning).   
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