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Abstract 

  
  Pedogenic carbonate deposition in arid and semi-arid soils can reveal important 

information about paleoclimate and paleoecology.  However, the exact relationship between 

paleoprecipitation and depth to pedogenic carbonate is debated.  Computer modeling of 

pedogenic carbonate formation is essential for analyzing and comparing the numerous variables 

involved.  This study modeled depth-to-carbonate in a well-studied soil site in the Palouse region 

of southeast Washington, with a calcic horizon at 0.54 m depth.  We used the Subsurface 

Transport Over Multiple Phases (STOMP) computer model, utilizing reactive transport in order 

to couple species transport and chemical reactions within the soil column.  Four  models were 

built based on soil and atmospheric properties of the published KP1 study site (Stevenson et al., 

2005; Stevenson et al., 2010), and they were run for 1,000 years under a variety of calcium 

carbonate chemical conditions.  The STOMP-WAE-R-B software did not recognize CO2 gas as a 

reactive chemical species in our developed calcium carbonate reaction network.   

No calcium carbonate precipitation occurred in the four models, but we made a 

number of additional observations.  A seasonal aqueous saturation pattern of wetting and drying 

appeared at the surface of the soil column in each model, but the pattern dissipated at depths less 

than one meter from the surface.  Near-surface Ca2+, CO2 (aq), and H+ saturation patterns follow 

that of the seasonal aqueous saturation pattern, with limited fluctuation in species concentration 

at depth after reaching chemical equilibrium.  Influxes of Ca2+ (dust) and CO2 (aq) from the 

surface had little to no apparent effect on the species saturation patterns.  Our results reveal that 

species saturation did not occur to the extent needed to form calcium carbonate.  Additionally, 

initial species concentrations in the soil appear more important than minor fluxes from the 

surface, such as the Ca2+ dust.  This study revealed that the interaction between STOMP and CO2 
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gas needs to be researched in the future STOMP modeling efforts due to the important role CO2 

plays in the formation of carbonic acid with its dissolution in water.   
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Introduction 
 
 
  Pedogenic carbonate deposition in B horizons is common in arid climates.  Measured 

depth to Bk (calcic) horizons may be a proxy for paleo-formation precipitation, but the exact 

relationship is debated (Royer, 1999; Retallack and Royer, 2000; Retallack, 2005).  The study of 

pedogenic carbonate horizons is essential to understanding soil chemical processes and soil 

forming processes, as the precipitation of calcium carbonate is strongly dependent on the soil-

forming parent material, vegetation, topography, and climate (Marion et al., 1985).  For instance, 

the important temperature-induced wetting and drying pattern within soil is a key factor in 

pedogenic carbonate precipitation (Quade et al. 2013).  Additionally, pedogenic carbonates 

record fluctuating stable isotopic compositions that track paleoclimatic, paleoecological, and 

paleotemperature variation when measured for reconstruction (Cerling, 1984; Monger, 2002; 

Quade et al. 2013).  Finally, shallow pedogenic carbonates represent a time of equilibrium 

between root-sourced CO2 and the precipitating carbonate, making the 13C signature of the 

carbonate useful for interpreting past soil vegetation cover (Gocke et al., 2011). 

  Existing research on measured depth to pedogenic carbonate horizons focuses on 

either the relationship between precipitation and depth to Bk horizon (Royer, 1999; Retallack, 

2005), or the modeling of depth to Bk horizon as a function of a range of paleoclimate conditions 

(Marion et al., 1985; McFadden and Tinsley, 1985; Mayer et al., 1988; Hirmas et al. 2010; 

Meyer, 2012).  The relationship between precipitation and depth-to-carbonate is debated, in part 

because the degree of correlation between depth and precipitation depends on the choice of 

datasets and statistical regression techniques (Royer, 1999; Retallack and Royer, 2000; 

Retallack, 2005).  Because depth-to-carbonate is influenced by many factors, computer models 

are essential to understanding the processes and variables involved in the formation of pedogenic 

 
 



carbonate horizons.  Past computer models for pedogenic carbonate formation successfully used 

compartmentalized systems to model effects of paleoclimate on the formation of calcic soil 

horizons (McFadden and Tinsley, 1985; Marion et al., 1985; Mayer et al., 1988).  These regional 

compartment models predict carbonate accumulation at depth as a function of time, climate, and 

soil characteristics (Mayer et al., 1988).  A drawback of those modeling simulations is that they 

calculated precipitation of calcite as a transport-free time step, isolating the reaction path from 

the model’s flow paths (Marion et al., 1985; McFadden and Tinsley, 1985).  Additionally, those 

models were compartmentalized, solving governing equations for one compartment in the soil 

column before moving on to the next compartment.   Reactive transport, the coupling of species 

transport and reaction chemistry to fluid flow, was not a common approach used at the time of 

these studies.  Models with reactive transport allow the user to create simulations that have 

greater complexity of reaction networks and soil column chemical interactions due to the ability 

to link chemical variability to groundwater flow within each time step. 

  In this study we examine the viable use of the reactive-transport-based Subsurface 

Transport Over Multiple Phases (STOMP) (White and Oostrom, 2000; White and Oostrom, 

2006) computer model to simulate and study pedogenic carbonate formation at depth in a soil 

column filled with semi-arid silt loam, such as that found in the Palouse region of southeast 

Washington.  We use the STOMP-WAE-R-B (Water-Air-Energy with ECKEChem and Barriers 

modules) model to simulate calcium carbonate deposition based on one real-world soil study site 

described in Stevenson et al. (2005; 2010).  The study not only adds a Washington-based model 

to the wide range of calcium carbonate modeling techniques, but it is also an exercise in near-

surface reactive transport modeling, and the first to apply the STOMP-WAE-R-B module 

combination.  This model is validated through comparison with the study site and depth-to-
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carbonate measurements, and variable analysis reveals drivers of pedogenic carbonate formation 

in silt loams. 

 

Background 
 

 
Calcium carbonate in soil environments 

  Calcium carbonates that form in soil environments are collectively known as 

pedogenic carbonates.  The two types of pedogenic carbonates are: calcic horizons, and calcic 

deposits in the rhizosphere.  Calcic (Bk) horizons are concentrations of pedogenic carbonate that 

are roughly parallel to the surface of the soil, and differentiate as a separate or unique “horizon” 

within the surrounding soil profile.  Most calcic horizons form within one meter (depth) from the 

ground surface (Monger, 2002).  The majority of calcic horizons form in soils where an arid or 

semi-arid climate dominated during soil formation (Monger, 2002).  Calcium carbonate 

precipitation may occur primarily during the period of mid-day high temperatures, when soil 

drying is most extensive (Quade et al., 2013).  Calcic horizons are extensive deposits of calcium 

carbonate, and slow accumulation of small deposits – such as those in the rhizosphere – may 

eventually develop into a Bk horizon given enough time and the proper conditions.  In contrast to 

Bk horizons, calcic deposits in the rhizosphere consist of isolated rhizoliths associated with plant 

root spaces (Klappa, 1980).  A common form of rhizolith is the root cast, or the formation of 

calcium carbonate around the outside or inside of a plant root space (Cramer and Hawkins, 

2009).   

  There are four principal theories explaining pedogenic carbonate formation: per 

decensum (descending), per ascensum (ascending), in situ (in place), and biogenic (Monger, 

2002).  In the per decensum model, top-down leaching of calcium ions results in an 
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accumulation zone, such as a calcic horizon.  In the per ascensum model, calcium and 

bicarbonate ions move upward from the water table due to capillary action, resulting in calcic 

horizon accumulations at the limit of capillary rise.  In the in situ model, calcium carbonate 

formation occurs near the weathering of calcium-rich parent material. In the biogenic model, 

precipitation of calcium carbonate is a direct result of bacteria, plant roots, fungi, insects, or 

animals (Monger, 2002).   Past computer simulations created accurate and reproducible results 

basing their simulations on the per decensum model (McFadden and Tinsley, 1985; Marion et 

al., 1985; Mayer et al., 1988), suggesting that the per decensum model is an appropriate theory 

for building future pedogenic carbonate models. 

  Calcium carbonate accumulation around plant roots, in the rhizosphere, and in the 

area surrounding the rhizosphere, is a function of nutrient supply to the plant.  During 

evapotranspiration plant roots “pull” soil nutrients towards them during the intake of soil water, 

and nutrients that are not needed in high concentrations by the plant accumulate just outside of 

the root (Cramer and Hawkins, 2009).  Calcium ions accumulate near the surface during this 

process, whereas carbon dioxide released by the plant root reacts with water to form carbonate 

and bicarbonate ions; this accumulation of calcium ions, carbonate ions, and bicarbonate ions 

may lead to aqueous calcium carbonate saturation (Cramer and Hawkins, 2009).  Mid-day 

heating and drying of the soil then provides the perfect environment for calcium carbonate 

precipitation (Quade et al., 2013). 

   

Pedogenic carbonate modeling 

  Much of the past work on computer modeling of pedogenic carbonates assumes the 

existence of a correlation between paleoclimate and depth-to-carbonate.  Reproducing soil 
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profiles involves adjusting the models for certain paleoclimatic and paleoenvironmental 

conditions, providing useful estimates for these past conditions (McFadden and Tinsley, 1985; 

Marion et al., 1985; Mayer et al., 1988).  A few of the earliest computer models of pedogenic 

carbonate deposition computed depth-to-carbonate for the modeled calcic horizons (McFadden 

and Tinsley, 1985; Marion et al., 1985; Mayer et al., 1988).  The model written by Marion et al. 

(1985) is a compartment model written in the computer coding language Basic.  Even as a state-

of-the-art model that produced successful simulations of carbonate deposition, some simulations 

took up to 52 days to run to completion on a computer (Marion et al., 1985).  These models were 

focused on recreating depth-to-carbonate measurements for arid desert soils of the American 

Southwest.   

  McDonald et al. (1996) used a numerical model to simulate the downward movement 

of soil water in an arid environment undergoing varying weather patterns, then analyzed the 

water movement’s effect on calcium carbonate dissolution and precipitation.  The model 

simulated bimodal calcium carbonate deposition soil environments (two carbonate horizons), and 

showed that calcium carbonate is more likely to accumulate in the deeper horizon during wet 

weather periods and in the shallow horizon during dry weather periods (McDonald et al. 1996).  

  Hirmas et al. (2010) used a process-based numeric model for pedogenic carbonate 

deposition to test the importance of geomorphic environment on carbonate horizon 

accumulation.  That is, did the morphology of the land surface concentrate or create variables 

favorable for carbonate formation?  This model utilized 16 highly-descriptive real-world soil 

profiles and discovered that in all cases increasing the atmospheric carbon dioxide concentration 

led to carbon depletion in the upper soil, and calcium carbonate accumulation in the 10 cm to 20 
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cm depth range.  Thermodynamically this model used the same kinetic expression as that used by 

McFadden and Tinsley (1985). 

A recent model of pedogenic carbonate deposition took advantage of modern 

computing technology, using the HYDRUS-1D soil hydraulic modeling software, and focused 

on depth-to-carbonate studies with a wide arrange of variable analysis (Meyer, 2012).  The focus 

of the HYDRUS-1D experiment was soil study sites in the American Southwest, the same focus 

area of many of the previous pedogenic carbonate modeling studies.  No carbonate formation 

modeling studies currently exist that use reactive transport to model soils in the Pacific 

Northwest. 

 

STOMP and a calcium carbonate reaction network 

  We modeled pedogenic carbonate formation with STOMP-WAE-R-B (White and 

Oostrom, 2000; White and Oostrom, 2006).  Unlike many of the previous models for depth-to-

carbonate studies, STOMP allows for the incorporation of thermal energy flux, gas phase species 

inputs, and reactive transport using ECKEChem (Equilibrium-Conservation-Kinetic-Equation 

Chemistry) (White and McGrail, 2005).  Specifically, the STOMP-WAE-R-B version of 

STOMP, as its name suggests, incorporates fluxes of water, gas, and energy.  Reactive transport 

(-R) and the simulation of multiple phases will be an advantage for the modeling of carbonate 

formation in shallow soil conditions.  Additionally, STOMP-WAE-R-B contains a link to a 

Barriers module (-B), which incorporates variables and fluxes related to soil plant cover, 

evapotranspiration, and infiltration at the ground surface boundary (Ward et al., 2005). 

  STOMP is a computer simulator initially developed by the Pacific Northwest 

National Laboratory (PNNL) in order to study subsurface flow and species transport, and more 
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specifically, to study subsurface contaminant transport (White and Oostrom, 2006).  STOMP is 

written in Fortran 77 and Fortran 90 coding languages, and must be compiled for execution on 

individual processors (White and Oostrom, 2006).  Version 4.0 of STOMP was the first to 

include compatibility with the ECKEChem reactive transport module (also developed at the 

PNNL).  STOMP has proven itself under multiple applications, such as the successful study of 

subsurface water movement at the Hanford Site near Richland, Washington (Peterson and 

Connelly, 2004).  Additionally, the STOMP-WAE (Water-Air-Energy) module was used to 

simulate the interaction of water, air, and energy fluxes associated with the air drying of 

unsaturated soil (Zelijko and White, 2002). 

  STOMP solves a series of governing flow equations, which are coupled, partial 

differential equations that conserve one or more of water mass, air mass, CH4 mass, CO2 mass, 

thermal energy, salt mass, and/or volatile organic mass (White and Oostrom, 2006).  To solve 

these coupled, partial differential equations STOMP uses Newton-Raphson iterations in order to 

repeatedly “guess” values that better approach stable solutions with each iteration (White and 

Oostrom, 2006).  The conservation equations for any species or solutes present in the system are 

solved sequentially, after the solution of the governing flow equations (White and Oostrom, 

2006).  This non-iterative, sequential solving process is a method used to reduce the processing 

power needed to run the model, especially with large grids involving many nodes (White and 

Oostrom, 2006).   Similarly, the connection between the governing flow equations and the 

reactive transport of the ECKEChem module is controlled sequentially with non-iterative 

coupling (White and Fang, 2012).  The exact setup of chemical reactions within STOMP, called 

the chemical reaction network, is controlled by the input of the user.   
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Materials & Methods 

 
STOMP-WAE w/ECKEChem & Barriers compliation and ParaView/SciDavis integration  

  The source code for STOMP-WAE-R-B (White and Oostrom, 2000; White and 

Oostrom, 2006) was compiled from Fortran-90 using MacPorts gcc version 4.8.1 for 

optimization on a Macintosh OS-X laptop operating system.  The banded-solver version of 

STOMP-WAE-R-B was compiled into a single executable.  Sample input files were tested 

against samples run by Dr. Mark White at PNNL to ensure proper code execution on the Mac 

OS-X laptop system.  The Fortan-90 source code for the BIOGEOCHEM preprocessor (Fang et 

al., 2003) was compiled using the same MacPorts gcc version 4.8.1.  Additionally, helper scripts 

written in Perl and R were part of the modeling process (Figure 1.a).  

We used VTK and SciDavis output file formatting.  The VTK output file format was 

used in order to facilitate plotting in the open-source ParaView graphical package, copyright 

2005-2008 Sandia Corporation, Kitware Inc.  ParaView is used for its interactive interface, three-

dimensional animation and visualization capabilities, and powerful batch processing capabilities.  

Paraview offers the unique tools to create a three-dimensional image, with an additional ability 

to plot variables along a line, or slice, drawn through the three-dimensional representation.  The 

SciDavis output was used with the open-source SciDavis plotting package to make more 

conventional two-dimensional graphics. 
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Figure 1.a: Overall flow path of the modeling process.  Model structure and inputs are 
represented by clouds, files are rectangles, and scripts or codes are ovals.  Final visualization 
is in the upper right corner.  
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Study site selection for model basis and model validation 

  To have the ability to validate the created model against a real world site, a previously 

studied soil site served as the basis for model variable inputs.   Moreover we extended this model 

to the semi-arid interior of the Pacific Northwest (Palouse region) by choosing, as a model 

validation site, a semi-arid silt loam soil with well-developed, measureable carbonate horizons in 

southeastern Washington.  Stevenson et al. (2005 & 2010) published depth-to-carbonate 

measurements for this site, identified as KP1.  Site location and dominant soil type are 

highlighted in Table 1.1.  The mean annual precipitation, mean annual temperature, and depth to 

carbonate horizon are highlighted Table 1.2. 

 
 
 
 

* a = Stevenson et al., 2005 
   b = Stevenson et al., 2010 
   c = Web Soil Survey, USDA National Resource Conservation Survey (dominant soil type) 

 
 

* a = Stevenson et al., 2005 
   b = Stevenson et al., 2010 

Table 1.1: KP1 soil study site as researched by Stevenson et al. 2005, 2010, with location  
and dominant soil type. 
Soil Site ID Dominant 

Soil Type 
Latitude Longitude 

 
Sources* 
 

KP1 Ritzville Silt Loam 46.5722258 -118.6176878 a,b,c 

Table 1.2: Stevenson et al. (2005, 2010) KP1 study site’s mean annual precipitation (MAP), 
mean annual temperature (MAT), and depth to carbonate horizon. 
Soil Site ID MAP (mm) MAT (°C) Depth to Carbonate (m) 

 
Sources* 
 

KP1 220 12 0.54 a,b, 
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Gathering input data for soil properties, precipitation, and atmospheric conditions 

  In order to build the input file for running STOMP-WAE-R-B, physical and chemical 

soil properties, atmospheric characteristics, and precipitation data were gathered for the KP1 

study site. The KP1 site was used as the basis for all models in this study.  The soil properties 

needed for the STOMP input file include: bulk density, porosity, tortuosity function/value, 

hydraulic conductivity, saturated thermal conductivity, unsaturated thermal conductivity, specific 

heat capacity, pH, and calcium carbonate content (under current conditions).  The precipitation 

data needed for the STOMP input file includes precipitation – averaged per unit time and 

extrapolated over the model’s allocated run time.  The atmospheric conditions needed for the 

STOMP input file include: temperature, barometric pressure, relative humidity, solar radiation, 

and wind speed – all averaged per unit time and extrapolated over the model’s allocated run 

time. 

  We compiled soil data for the KP1 study site using Web Soil Survey, an online soil 

database developed by the United States Department of Agriculture.  The latitude and longitude 

for the KP1 site allowed us to search Web Soil Survey for an exact location, and then bulk 

density, porosity, hydraulic conductivity, pH, and maximum calcium carbonate content were 

gathered from that location.  Thermal conductivity values for silt loam soils are from a separate 

publication by Tarnawski and Leong (2000).  Additionally, a specific heat capacity value for silt 

loam soil was estimated (Bowers and Hanks, 1962).  Finally, we created estimated inputs for the 

tortuosity function and value.  Table 1.3 highlights the soil property values for the KP1 soil study 

site.  
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* E = Estimated value 
   a = Web Soil Survey, USDA National Resource Conservation Survey 

    b = Tarnawski and Leong, 2000 
    c = Estimated using Bowers and Hanks, 1962 

 
 

  

 

 

 

Table 1.3: Soil characteristics of the Ritzville Silt Loam at the 
Stephenson et al. (2005, 2010) KP1 study site. 
Soil Property Value (units) 

 
Source* 
 

Bulk Density @ 1/3 bar 1270 (kg/m3) a 

Porosity 0.528 (unitless) a 

Tortuosity Function Constant E 

Tortuosity Value 0.5 (unitless) E 

Hydraulic Conductivity 9.000e-6 (m/s) a 

Unsaturated Thermal 
Conductivity 

0.160 (W/m K) b 

Saturated Thermal 
Conductivity 

1.000 (W/m K) b 

Specific Heat Capacity 0.9933 (J/g K) c 

pH 7.2 a 

CaCO3 Content Maximum 15(%) a 
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Functions that remain constant in STOMP throughout each model run, and relate 

directly to the user-input soil, precipitation, and atmospheric properties, are shown in Table 1.6.  

Precipitation data for each soil study site was gathered using the PRISM climate 

model and dataset, a meteorological compilation developed at Oregon State University.  The 

latitude and longitude of each study site were entered into the PRISM model to acquire site-

specific monthly precipitation averages from 1910 to 2010.  Data for this 100 year period was 

extended for model run times that extend beyond 100 years.  The precipitation data averages 

were formatted into an external text file to be referenced by the STOMP input file (Appendix A). 

  Atmospheric conditions for each soil study site were calculated using the PRISM 

climate model, and published data from the Hanford Meteorological Station (HMS) (Hoitink et 

al., 2005).  We used the PRISM model to gather site-specific monthly temperature averages, 

based on latitude and longitude, for the time period 1910 to 2010.  The 2004 climate summary 

from the Hanford Metrological Station was used to gather monthly averages of relative humidity, 

solar radiation, barometric pressure, and wind speed, based on data from 1954 to 2004.  The 

monthly averages for atmospheric conditions were extended to match model run times, then 

formatted into an external file to be referenced by the STOMP input file (Appendix A). 

 

Developing a calcium carbonate reaction network 

  To use the reactive transport capabilities of the STOMP-WAE-R-B groundwater 

model to simulate the formation of pedogenic carbonate, we developed a calcium carbonate 

(calcite) reaction network.  Calcium carbonate reaction networks exist for use in the study of 

carbonate formation and modeling (McFadden and Tinsley, 1985; Marion et al., 1985).  Some 
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reaction networks, however, may not be suitable for a soil environment, or are focused on 

studying the kinetic effect magnesium ions have on the formation of minerals along the calcite-

dolomite continuum (Folk, 1974; Reddy, 1976; Fernandez-Diaz et al., 1996; Pokrovsky, 1998; 

Pokrovsky and Schott, 1999; Pokrovsky et al., 2009; Niedermayr et al., 2013).  Therefore, we 

created a new calcium carbonate reaction network optimized for use with STOMP; for the sake 

of simplicity, the developed calcium carbonate reaction network was created without magnesium 

or any other metal cation capable of substitution into the calcite mineral structure.  

  The most important reactions for calcium carbonate formation include the dissolution 

of carbonic acid, the formation of carbonic acid with the dissolution of CO2, and the kinetic 

formation of the mineral calcite.  Table 2.1 highlights the 11 equilibrium reactions and one 

kinetic reaction used in the calcium carbonate reaction network, including equilibrium constants, 

rate constants, and sources.  
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Table 2.1: Reactions for the developed calcium carbonate reaction network, equilibrium  
constants, rate constants, and sources (all pre-BIOGEOCHEM processing). 
Reaction Log(Keq) @ 25 °C 

 
k(rate) Source* 

 

CO2(g) ⇄  CO2(aq) 
-1.47 _ a 

H2O ⇄  H+ + OH- 
-13.997 _ a 

H2CO3 ⇄  H+ + HCO3
- 

-6.35 _ b 

HCO3
- ⇄   H+ + CO3

2- 
-10.329 _ a 

CO2(aq) + H2O ⇄  HCO3
- + H+ 

-6.34 _ a 

CaHCO3
+ ⇄  Ca2+ + HCO3

- 
-1.23 _ a 

CaOH+ ⇄  Ca2+ + OH- 
-1.14 _ a 

Ca(OH)2 ⇄  Ca2+ + 2OH- 
-6.100 _ a 

CaCO3(aq) ⇄  Ca2+ + CO3
2- 

-3.22 _ a 

*HCO3
- + Ca2+ ⇄  CaCO3(s) + H+ 

_ 2.5e-5 mol/(m2 s) b 

* Reaction is kinetic. 
a = Pokrovsky et al., 2009 
b = Marion et al., 1985 
 
  The BIOGEOCHEM preprocessor optimized the calcium carbonate reaction network 

with the ECKEChem reactive transport module of STOMP.  Fang et al. (2003) developed 

BIOGEOCHEM as a batch chemical processor designed for the matrix decomposition of 

complex chemical reaction networks.  Inputs for the BIOGEOCHEM preprocessor include all 

chemical species, reactions (kinetic and equilibrium), constants, and conserved species 

(Appendix B).  BIOGEOCHEM uses Gauss-Jordan matrix decomposition to index chemical 

reactions based on linear dependency and relevance to one another (Fang et al., 2003).  The 

reaction indexing is used by BIOGEOCHEM to dispose of irrelevant slow kinetic or fast 
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equilibrium reactions, and to formulate new reaction equilibria based on the conserved species as 

chosen by the user (Fang et al., 2003).  The output from BIOGEOCHEM gives adjusted 

equilibrium expressions and their associated constants.   The adjusted calcium carbonate reaction 

network output from BIOGEOCHEM is shown in Table 2.2.  The conserved species and their 

associated conservation expressions, as output from BIOGEOCHEM, are shown in Table 2.3. 

 

Table 2.2: Equilibrium reactions for the developed calcium carbonate reaction network with 
equilibrium constants, equations, and values as adjusted by the BIOGEOCHEM preprocessor. 
Original Reaction Adjusted Equilibrium  

Expression 
Original 
log(Keq) 
25 °C 
 

Adjusted 
log(Keq) 

CO2(g) ⇄  CO2(aq) K = [CO2(aq)] / PCO2(g) 
-1.47 N/A 

H2O ⇄  H+ + OH- K = [H+][OH-] -13.997 -13.997 

H2CO3 ⇄  H+ + HCO3
- K = [H2CO3]2[H+]2[CO3

2-] -6.35 16.679 

HCO3
- ⇄   H+ + CO3

2- K = [HCO3-][H+][CO3
2-] -10.329 10.329 

CO2(aq) + H2O ⇄  HCO3
- + H+ K = [CO2(aq)]2[H+]2[CO3

2-] -6.34 16.669 

CaHCO3
+ ⇄  Ca2+ + HCO3

- K = [CaHCO3
+][Ca2+][H+][CO3

2-] -1.23 11.559 

CaOH+ ⇄  Ca2+ + OH- K = [Ca2+] / [CaOH+][H+] -1.14 -12.857 

Ca(OH)2 ⇄  Ca2+ + 2OH- K = [Ca2+] / [Ca(OH)2]2[H+]2 -6.100 -21.894 

CaCO3(aq) ⇄  Ca2+ + CO3
2- K = [CaCO3(aq)][Ca2+][CO3

2-] -3.22 3.22 
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Table 2.3: Conserved chemical species and their associated conservation expression, as defined 
in the output from BIOGEOCHEM. 
Conserved 
Species 

Expression 

H+ [H+] = [H+] – [OH-] +[CaHCO3
+] – [CaOH+] + [HCO3

-] + 2[H2CO3] – 2[Ca(OH)2] 
 + 2[CO2(aq)] 

Ca2+ [Ca2+] = [Ca2+] + [CaCO3(aq)] + [CaHCO3
+] + [CaOH+] + [Ca(OH)2] +[CaCO3(s)] 

CO3
2- [CO3

2-] = [CO3
2-] + [CaCO3(aq)] + [CaHCO3

+] + [HCO3
-] + [H2CO3] + [CaCO3(s)] 

 + [CO2(aq)] 
 

We formatted the raw reaction network output from BIOGEOCHEM for placement in 

a STOMP input file (Appendix B). 

 

Model 1: CaCO3 formation – KP1 site – zero aqueous species flux – 1,000 years 

  The first goals for modeling the soil study site KP1 were to replicate current soil-

forming conditions in the STOMP input file, and to run the model for a time period that may 

reveal calcium carbonate formation.  The run time for this initial model test was 1,000 years, 

with the estimation that pedogenic carbonate horizons in the Palouse region formed sometime 

during the past 10,000 years (Spencer pers. comm., 2010). 

We built the model around a uniform Cartesian coordinate system, with single node 

lengths of 1.0 cm in the x, y, and z-directions, and a total soil column representation 2 m tall (z-

axis), 5 cm wide (x-axis), and 2 cm deep (y-axis).  The constant soil properties for the KP1 study 

site (see Table 1.3) were entered into the STOMP input file to represent the Ritzville Silt Loam 

of the KP1 site.  The model assumed zero flux of aqueous ions into the system from the ground 

surface, with initial Ca2+, CO3
2-, and H+ concentrations of 0.04 M, 0.04 M, and 6.3*10-8 M, 

respectively.  Other important initial chemical and boundary conditions are found in Table 3.2.   
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The KP1 precipitation data from 1910 to 2010 was repeated 10 times in the external precipitation 

file in order to extend “current” precipitation data to the 1,000-year run time of the model.  

Similarly, the atmospheric condition monthly averages gathered from the Hanford 

Meteorological Site were extended across the 1,000-year run time.  No plant cover was used for 

the model, representing the ground surface as a bare surface with evaporation and infiltration, but 

no transpiration.  Averages of the data used for precipitation and atmospheric conditions are 

located in Table 3.1.  The model’s initial time step was set at 1.0 second, with a maximum time 

step of 30 days, and a time step acceleration factor of 1.25.  All inputs were formatted into a 

STOMP input file (Appendix C). 

 

Table 3.1: KP1 site precipitation and atmospheric condition averages from the 100 year  
precipitation and atmospheric condition files that were extended to 1,000 years in order to run  
the model. 

Variable Average 
 

Precipitation 271.00 mm/year 

Temperature 15.394 °C 

Solar Radiation 352.70 Langley/day 

Wind Speed 7.6083 mph 

Relative Humidity 0.54683 
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Table 3.2: Initial chemical and boundary conditions for Model 1 – KP1 site – zero aqueous  
species flux – 1,000 years. 

Initial Conditions Input Source* 

Calcite reactive surface area 0.0325 cm2/g E 

Calcite fraction of soil 0.10 a 

Aqueous Saturation 0.05 E 

Gas Pressure 98,938 Pa b 

Soil Temperature 5 °C E 

Aqueous HCO3
- 0.04 M (mol/liter) E 

Aqueous Ca2+ 0.04 M E 

Aqueous CO3
2- 0.04 M E 

pH – Aqueous H+ 7.2 a 

Boundary Conditions Input Source* 

Top energy / aqueous / gas Bare Shuttleworth-Wallace E 

Top aqueous species Zero flux E 

Top gas species Zero flux E 

Bottom energy Zero flux E 

Bottom aqueous Zero flux E 

Bottom gas Zero flux E 

Bottom aqueous species Zero flux E 

Bottom gas species Zero flux E 

* a = Web Soil Survey, USDA 
   b = Hanford Meteorological Site 
   E = Estimation / User Choice 
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Model 2: CaCO3 formation – KP1 site – influx of Ca2+ – 1,000 years 

  With Model 1 serving as a baseline model using current precipitation and atmospheric 

condition patterns with no flux of cations from the ground surface, the next step in the modeling 

process was to include a flux of calcium ions from the surface of the soil.  This would allow the 

model to show how an increase in calcium might affect the overall chemical equilibria, and final 

calcium carbonate precipitation.  In the case of Model 2, the addition of Ca2+ to the top of the 

soil column was based upon a published average input of 3.0 mg/liter Ca2+ to an arid soil via dust 

(McFadden and Tinsley, 1985).  All other inputs for Model 2 remained the same as Model 1 (see 

Table 3.2).  However, the time step acceleration factor was reduced to 1.10 from 1.25.  Table 3.3 

shows the change to the top aqueous species boundary condition.      

 

Table 3.3: Initial aqueous species boundary condition for Model 2 – KP1 site – influx of Ca2+  
– 1,000 years.  All other initial and boundary inputs to Model 2 remained the same as Model 1, 
and can be seen in Table 3.2. 

Boundary Condition Input Source* 

Top aqueous species Ca2+ influx, 7.485*10-5 mol/liter a 

*a = McFadden and Tinsley, 1985 

 

Model 3: CaCO3 formation – KP1 site – influx of Ca2+ and CO2 (aq) – 1,000 years 

  In Model 1 and Model 2, STOMP did not recognize CO2 gas as user-defined species.  

The partial pressure of CO2 at the ground surface, and subsequent dissolution of CO2 gas to 

aqueous CO2, is one of the most important reactions in the formation of carbonic acid, and in the 

formation of pedogenic carbonate.  In order to replicate the dissolution of CO2 gas without being 

able to specify the gas CO2 species in STOMP, Model 3 used equation 3.1 to calculate a natural 

aqueous CO2 concentration in water at the ground surface (such as in precipitation). 
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kH = [CO2 (aq)] / PCO2          (3.1) 

An atmospheric partial pressure of 355 ppm CO2 (gas) and kH of 10-1.47 were used in the 

calculation.  The calculated aqueous CO2 concentration of 1.2*10-5 mol/liter was used as an 

aqueous species concentration boundary condition at the ground surface, along with the same 3.0 

mg/liter Ca2+ dust flux used by Model 2.  All other inputs for Model 3 remained the same as 

Model 1 (see Table 3.2).  Table 3.4 shows the change to the top aqueous species boundary 

condition. 

 

*a = McFadden and Tinsley, 1985 
  b = Calculated using Equation 3.1 
 
 
Model 4: CaCO3 formation – KP1 site – influx of Ca2+ and CO2 (aq) – increased initial species 
concentrations – 1,000 years 
 
  Model 4 was designed to use the same flux of Ca2+ and CO2 (aq) as Model 3, but the 

initial conditions for all species were changed in order to study the impact of initial concentration 

on the final equilibrium concentrations.  The initial concentrations for HCO3
-, Ca2+, and CO2 (aq) 

were increase ten-fold from their initial concentrations in models 1, 2, and 3.  These values are 

outlined in Table 3.5.  All other inputs for Model 4 remained the same as Model 3 (see tables 3.4 

and 3.2).  

 

 

Table 3.4: Initial aqueous species boundary condition for Model 3 – KP1 site – influx of Ca2+  
and CO2 (aq) – 1,000 years.  All other initial and boundary inputs to Model 3 remained the  
same as to Model 1, and can be seen in Table 3.2. 

Boundary Condition Input Source* 

Top aqueous species Ca2+ influx, 7.485*10-5 mol/liter 
CO2 (aq) influx, 1.2*10-5 mol/liter 

a 
b 
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* E = User’s choice 

 

 

Results: 

Model 1: CaCO3 formation – KP1 site – zero aqueous species flux – 1,000 years 

  Model 1 ran for 1,000 years, with a total of 24,235 individual time steps of varying 

length, from 1 second to 30 days.  Over the 1,000-year period, the initial fraction of calcite in the 

soil (0.10, see Table 3.2) dissolved in the first 1-second time step of the model.  No calcite 

precipitation was recorded during the rest of the 1,000-year model.  The effect of weather pattern 

wetting and drying on aqueous saturation in the soil column can be seen by comparing the 

surface flux (Figure 1.1(a)) with the aqueous saturation at depth (Figure 1.1(b,c,d)).  The effect 

of this same wetting and drying pattern, dissipating with depth, on saturation patterns for Ca2+ 

ions and CO2 (aq) can be seen in Figures 1.2 and 1.3, respectively. pH also varies slightly at the 

surface of the soil column, but remains constant at depth after reaching an equilibrium (Figure 

1.4).  Finally, CO2 (aq) is saturated at the surface during summer months, and diluted during 

winter months (Fig. 5).  Figure 1.5 is also an example of model visualization using the ParaView 

plotting package.  

 

Table 3.5: Initial aqueous species concentrations for Model 4 – KP1 site – influx of Ca2+  
and CO2 (aq) –  increased initial species concentrations – 1,000 years.  All other initial and 
 boundary inputs to Model 4 remained the same as to Model 3 (see Tables 3.4 and 3.2). 

Initial Conditions Input Source* 

Aqueous HCO3
- 0.4 M (mol/liter) E 

Aqueous Ca2+ 0.4 M E 
Aqueous CO3

2- 0.4 M E 
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Model 2: CaCO3 formation – KP1 site – influx of Ca2+ – 1,000 years 

  Model 2 ran for 1,000 years, with a total of 24,318 individual time steps of varying 

length, from 1 second to 30 days.  As with Model 1, the initial fraction of calcium carbonate 

dissolved in the first time step, and no calcite precipitated during the following 1,000 year run 

time.  Aqueous species behavior in Model 2 is very similar to Model 1, which can be seen in a 

comparison of Ca2+ ion behavior between the two models (Figures 1.2 and 2.1). 

 

Model 3: CaCO3 formation – KP1 site – influx of Ca2+ and CO2 (aq) – 1,000 years 

  Model 3 ran for 1,000 years, with a total of 24,318 individual time steps of varying 

length, from 1 second to 30 days.  As with Models 1 and 2, the initial fraction of calcium 

carbonate dissolved in the first time step, and no calcite precipitated during the following 1,000 

year run time.  It should be noted that CO2 (aq) concentration and pH for Model 3 (Figures 3.1 

and 3.2) are very similar to the results from Model 1 (Figures 1.3 and 1.4), even with the influx 

of both Ca2+ and CO2 (aq). 

 

Model 4: CaCO3 formation – KP1 site – influx of Ca2+ and CO2 (aq) – increased initial species 
concentrations – 1,000 years 
 
  Model 4 ran for 1,000 years, with a total of 24,318 individual time steps of varying 

length, from 1 second to 30 days.  As with previous models, no calcium carbonate precipitated 

after the dissolution of the initial solid calcium carbonate.  The pattern of Ca2+ ion concentration 

flux over time at various depths follows that shown by Models 1, 2, and 3; however, the 

equilibrium concentration of Ca2+ hovers between 0.1 mol/liter and 0.3 mol /liter, a much higher 

value than previous models (Figure 4.1). 
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Figure 1.1: Model 1: Aqueous saturation over time at various depths in the soil column – 
0.0 m (a), 0.7 m (b), 1.3 m (c), and 2.0 m (d).  Each dot represents a measurement at an 
individual time step during the model run time.  Plot (a) shows how evaporation at the soil 
surface causes a large amount of daily/seasonal variation in aqueous saturation.  In this and 
subsequent model output figures, thousands of dots are plotted and appear to be lines.  Note 
that at the soil surface, model output vacillated among a finite number of states.  

a b 

c d 
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Figure 1.2: Model 1: Calcium ion (Ca2+) aqueous concentration over time, at various depths 
in the soil column – 0.0 m (a), 0.7 m (b), 1.3 m (c), and 2.0 m (d).  Each dot represents a 
measurement at an individual time step during the model run time.  Wetting and drying at 
the column surface, as shown in Figure 1.1(a), would result in the variation in Ca2+ 
concentration seen in (a). 

a b 

c d 
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Figure 1.3: Model 1: CO2 (aq) aqueous concentration over time, at various depths in the soil 
column – 0.0 m (a), 0.7 m (b), 1.3 m (c), and 2.0 m (d).  Each dot represents a measurement 
at an individual time step during the model run time. Wetting and drying at the column 
surface, as shown in Figure 1.1(a), would result in the variation in CO2 (aq) concentration in 
(a). 

a b 

c d 
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Figure 1.4: Model 1: pH over time at various depths in the soil column – 0.0 m (a), 0.7 m 
(b), 1.3 m (c), and 2.0 m (d).  Each dot represents a measurement at an individual time step 
during the model run time. Wetting and drying at the column surface, as shown in Figure 
1.1(a), would most likely result in the slight variation in pH seen in (a). 

a b 

c d 
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Figure 1.5: Model 1: CO2 
(aq) concentration (mol/liter) 
in the soil column at four 
different model run times – 
100 years, January (a), 100.5 
years, June (b), 999.5 years, 
June (c), and 1000 years, 
January (d).  The label of 2.0 
on the z-axis represents the 
top of the soil column.  
Drying in the summer (b,c) 
leads to concentration of 
CO2 (aq) in the upper portion 
of the soil column, while 
wetting in the winter (a,d) 
leads to dilution of CO2 (aq) 
in the upper portion of the 
soil column.  

a b 

c d 
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Figure 2.1: Model 2: Calcium ion (Ca2+) aqueous concentration over time, at various depths 
in the soil column – 0.0 m (a), 0.7 m (b), 1.3 m (c), and 2.0 m (d).  Each dot represents a 
measurement at an individual time step during the model run time.  The model’s influx of 
Ca2+ ions appears to change little from the zero-flux boundary of Model 1 (Figure 1.2).  

a 
b 
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Figure 3.1: Model 3: CO2 (aq) aqueous concentration over time, at various depths in the soil 
column – 0.0 m (a), 0.7 m (b), 1.3 m (c), and 2.0 m (d).  Each dot represents a measurement 
at an individual time step during the model run time.  The model’s influx of CO2 (aq) appears 
to have little effect on CO2 (aq) distribution when compared to Model 1 (Figure 1.3). 
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Figure 3.2: Model 3: pH over time at various depths in the soil column – 0.0 m (a), 0.7 m (b), 
1.3 m (c), and 2.0 m (d).  Each dot represents a measurement at an individual time step during 
the model run time.  The model’s influx of CO2 (aq) appears to have little effect on pH in the 
soil column when compared to Model 1 (Figure 1.4). 
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Figure 4.1: Model 4: Calcium ion (Ca2+) aqueous concentration over time, at various depths 
in the soil column – 0.0 m (a), 0.7 m (b), 1.3 m (c), and 2.0 m (d).  Each dot represents a 
measurement at an individual time step during the model run time.  The model was run with 
the same influx of Ca2+ and CO2 (aq) as Model 3, but with a higher initial concentration of  
HCO3

-, Ca2+, and CO3
2- (values can be found in Table 3.5). 

a b 

c d 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

32 
 



Discussion: 

Models 1-4: Comparison 

  First, Model 1 was a baseline model.  With no additional input of aqueous species 

during the model, Model 1 represented the soil column drying and wetting with the weather, with 

its concentrations of aqueous species shifting with evaporation and precipitation cycles.  The 

surface reference node ((a) in Figures 1.1, 1.2, 1.3, and 1.4) experienced significant wetting and 

drying cycles that affected aqueous saturation, thereby affecting aqueous species concentrations.  

The reference nodes at depth ((b), (c), and (d) in Figures 1.1, 1.2, 1.3, and 1.4) experienced 

noticeably less of the wetting and drying effect.  Any change to this pattern in Model 2 and 

Model 3 were the result of the added influx of aqueous species: Ca2+ for Model 2, and CO2 (aq) 

for Model 3. 

No calcium carbonate was formed during the 1,000-year run times for any of the four 

models.  Additionally, each aqueous species appeared to reach an equilibrium concentration 

around the 50-day run time.  In Model 1 the Ca2+ concentration started at 0.04 mol/liter and did 

not exceed 0.07 mol/liter during the model (see Figure 1.2).  Although not shown in figures, 

HCO3
- and CO3

2- ions in each model behaved similarly to the Ca2+ ions, barely increasing in 

concentration during the run time of the model.  In order for calcium carbonate to form in a soil 

environment, the soil water must become saturated in bicarbonate and calcium ions.  Because 

aqueous ion saturation only occurred to a minor degree near the ground surface at times of 

drying, we hypothesize that the explanation for the lack of calcium carbonate formation is a lack 

of significant ion saturation in the soil column.  The wetting and drying pattern at the ground 

surface affects aqueous saturation (Figure 1.1).  This near-surface flux in aqueous saturation is 

the most likely cause of the saturation/dilution flux seen among aqueous species (Figures 1.2 and 
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1.3).  Even with the wetting and drying at the ground surface from evaporation (expected 

behavior) and the minor saturation associated with it (Figure 1.5), the drying periods were never 

long enough or strong enough to saturate aqueous ions in the soil at calcium carbonate-

precipitating levels. This is supported by the fact that the pH in the Model 1 soil column only 

varied near the ground surface, and varied very little overall (Figure 1.4). 

  The only source of aqueous ions in Model 1 was the initial concentrations that were 

specified in the STOMP input file.  In the real world, however, calcium ion and various 

carbonate ions enter the soil through rainwater, dust, and ground material weathering (McFadden 

and Tinsley, 1985).  Model 2 was created to simulate a dust flux input of Ca2+ into the system, to 

see the effects over 1,000 years.  Figure 2.1 shows almost identical behavior of Ca2+ ions to that 

shown in Figure 1.2.  The small influx of Ca2+ from the surface in Model 2 had almost no effect 

on the overall Ca2+ concentration, which, again, did not exceed 0.07 mol/liter.  Comparing 

Figure 2.1 to Figure 1.2, the most apparent difference is in the reduced variance between 

concentration measurements in Model 2.  Figure 1.2 shows more overall oscillation in 

concentration measurements than does Figure 2.1.  Over a 1,000 year run time, an influx of 3.0 

mg/liter of Ca2+ will not affect the overall calcium ion saturation.  However, it appears that the 

small influx of Ca2+ from the surface does reduce the variance in concentration values caused by 

the wetting and drying pattern at the soil’s ground surface. 

  Because the influx of Ca2+ in Model 2 revealed no obvious correlation between the 

influx and further saturation of aqueous species, the next step was to add CO2 to the system – 

commonly thought to be one of the most influential aspects of calcium carbonate formation.  

However, the influx of CO2 aqueous into the system in Model 3 revealed a similar pattern to the 

influx of Ca2+ in Model 2: the influx of CO2 (aq) appears to level off the most dramatic wetting 
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and drying oscillations in concentration over the 1,000 years, but does not increase the overall 

concentration of CO2 (aq) when compared to Model 1 (see Figures 1.3 and Figure 3.1).  In order 

to see if the influx of CO2 (aq) was leading to a saturation of other species in the reaction 

network, we compared the pH measurements of Model 3 (Figure 3.2) to those of Model 1 

(Figure 1.4).  The pattern of pH fluctuation over time in Figure 3.2 is more or less identical to the 

pH fluctuations in Figure 1.4.  Similar to Model 2, it appears that a small influx of an aqueous 

species, in this case CO2 (aq), leads to smooth oscillation within concentration amounts over 

time, but does not lead to the significant saturation of any aqueous species that could ultimately 

lead to calcium carbonate precipitation. 

  Because Models 2 and 3 showed nearly no effects from the influx of aqueous ions at 

the surface boundary when compared to Model 1, Model 4 was run to determine if a change in 

initial species concentrations in the soil column would affect the overall chemistry of the model.  

It would make sense that if initial species concentrations are increased, then the concentrations of 

those species in the model output would also increase.  When examined, this was, in fact, the 

case.  When HCO3
-, Ca2+, and CO3

2- concentrations increased by a factor of ten from the 

concentrations used in Models 1, 2, and 3, the final concentrations in soil also increased.  

Comparison of results shown by Figure 4.1 to those of Figures 1.2 and 2.1 revealed an overall 

higher concentration of Ca2+ in Figure 4.1.  This was purely a result of the change in initial 

concentration, as every other input was identical to Model 3.  This result indicated that 

increasing initial aqueous species concentrations had a dramatic effect on the overall chemistry 

of a model – a much greater effect than the influx of aqueous species in Models 2 and 3. 
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New Questions 

  Out of the four models run based on the KP1 soil study site, none produced any 

calcium carbonate in the soil column.  Additionally, the small amount of calcium carbonate 

present as a soil fraction at the beginning of the model was almost instantly dissolved into 

component species.  This may be partially attributed to STOMP’s inability to recognize CO2 gas 

as a viable species in the model.  The “Gas Species Card” in STOMP should allow for the 

definition of a gas, such as CO2, in the reaction network.  Model 3 was an attempt to model CO2 

influx solely as an aqueous species.  However, with almost no change in CO2 (aq) concentration 

after the influx, it can be assumed that simplifying the role of CO2 gas at the ground surface, and 

in the rhizosphere, will most likely not lead to accurate modeling of pedogenic carbonate 

formation.  The non-recognition of the CO2 gas by the STOMP-WAE-R-B model could be a 

result of STOMP-WAE never being compiled with the ECKEChem and Barriers modules before 

this study. 

Each model showed aqueous species concentrations reaching an equilibrium 

concentration after only 50 years of the model run time (see Figs. 1.2, 1.3, 1.4, 2.1, 3.1, 3.2, and 

4.1).  For Model 2 and Model 3 it seems that this pattern should have changed with a constant 

aqueous species concentration boundary.  However, the fact that equilibrium was still reached in 

about 50 days in Model 2 and Model 3 suggests that either the influx of aqueous species was too 

small to cause a significant change in equilibrium concentrations, or STOMP is not recognizing 

the aqueous species flux.  Model 3 was run one extra time with “aqueous species influx” as the 

top boundary condition, which resulted no differently than the “aqueous species concentration” 

boundary.  Aqueous CO2 is not one of three conserved species in the mass balance of the 

reaction network, but an addition of CO2 (aq) into the system should affect a conserved species 
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such as H+.  Figure 3.2 shows that the influx of CO2 (aq) into the system does not have a great 

effect on the pH of the system, but does appear to buffer some of the minor fluctuations of CO2 

(aq) concentrations seen in Figure 1.4.  The smoothing effect suggests that STOMP is 

recognizing aqueous species fluxes, but the fluxes are so small they are not increasing overall 

concentrations in noticeable amounts.   

Model 4 showed that changing the initial species concentrations does in fact change 

the final species concentrations, so we know that STOMP is recognizing changes in species 

concentration.  With this knowledge, one next step could be increasing the influx of aqueous 

species into the top boundary to see if the increased flux changes the resulting concentrations.  

Additional next steps for modeling pedogenic carbonate formation with STOMP should focus on 

the influence of gaseous CO2 on the STOMP system.  If gaseous CO2 cannot be added to the 

system in any way, a calculation should be made for an input of aqueous CO2 that mimics the 

amount of aqueous CO2 that would result if gaseous CO2 were in the system.  Model 3 was the 

first step in this direction, but the small input appeared to have no effect on overall aqueous 

species concentration or calcium carbonate precipitation.  If the interaction of CO2 species on the 

soil column can be worked out in the future, STOMP-WAE-R-B appears to have good capability 

to model a silt loam soil column for 1,000 years or more.  Ages of calcium carbonate deposits in 

the Palouse region of southeast Washington vary, so extending the run time of the model past 

1,000 years is another step that should be taken with STOMP in the future.  This study did not 

exceed a 1,000 year run time because our main focus was on aqueous species concentrations, 

inputs, and initial conditions.  
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Conclusions: 

  The four models run in this study showed that the precipitation and atmospheric 

environmental conditions at the KP1 study site in the Palouse region of southeast Washington led 

initially to the rapid (within one model time step) dissolution of any calcium carbonate present in 

the silt loam.  Additionally, initial low concentrations of Ca2+ and CO3
2- will not become 

saturated enough during drying patterns to form calcium carbonate over a 1,000 years run time, 

even with a small input of Ca2+ (dust flux) and CO2 (aq).  A small input of Ca2+ and CO2 (aq) 

into the system appeared to slightly buffer swings in species concentration due to wetting and 

drying but did not supersaturate any species.  Importantly, STOMP-WAE with the ECKEChem 

and Barriers modules did not recognize CO2 gas as a reactive species, which was extremely 

prohibitive in modeling the formation of calcium carbonate.  Future work will need to focus on 

the interaction of CO2 gas with the STOMP modeling code in an effort to realistically model gas 

dissolution at the ground surface and the root-impacted rhizosphere space.  With proper 

chemistry inputs, models will have the ability to run for periods of 10,000 years, or longer, to 

model Pleistocene pedogenic carbonate formation. 
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Appendix A: External File Examples 

 
FILE: External Boundary Conditions File (Precipitation) 
Format: 
time,units (day),precipitation,units(mm/day),energy flux,units,gas flux,units,aqueous species 
flux,units, 
 
0,day,-1.07,mm/day,,,,,,, 
31,day,-1.02,mm/day,,,,,,, 
59,day,-0.87,mm/day,,,,,,, 
90,day,-0.80,mm/day,,,,,,, 
120,day,-0.40,mm/day,,,,,,, 
151,day,-0.31,mm/day,,,,,,, 
181,day,-0.06,mm/day,,,,,,, 
212,day,-0.03,mm/day,,,,,,, 
243,day,-0.68,mm/day,,,,,,, 
273,day,-0.69,mm/day,,,,,,, 
304,day,-2.09,mm/day,,,,,,, 
334,day,-0.74,mm/day,,,,,,, 
365,day,-0.59,mm/day,,,,,,, 

 
… Continued for run time of model 
 
 
FILE: External Atmospheric Conditions File 
Format: 
time,units(day),temperature,units(C),pressure,units(Pa),relative humidity,solar 
radiation,units(langley/day),wind speed,units(mi/hr), 
 
0,day,-1.57,C,98939,Pa,0.776,105,langley/day,6.3,mi/hr, 
31,day,-1.475,C,98939,Pa,0.707,185.642857142857,langley/day,7,mi/hr, 
59,day,9.795,C,98939,Pa,0.566,316,langley/day,8.2,mi/hr, 
90,day,13.14,C,98939,Pa,0.475,446,langley/day,8.8,mi/hr, 
120,day,16.23,C,98939,Pa,0.43,554,langley/day,8.9,mi/hr, 
151,day,17.665,C,98939,Pa,0.396,604,langley/day,9.1,mi/hr, 
181,day,22.8,C,98939,Pa,0.333,628,langley/day,8.6,mi/hr, 
212,day,19.63,C,98939,Pa,0.357,535,langley/day,8,mi/hr, 
243,day,16.485,C,98939,Pa,0.421,402,langley/day,7.4,mi/hr, 
273,day,12.255,C,98939,Pa,0.561,252,langley/day,6.6,mi/hr, 
304,day,5.3,C,98939,Pa,0.736,124,langley/day,6.4,mi/hr, 
334,day,2.115,C,98939,Pa,0.804,82,langley/day,6,mi/hr, 
365,day,-0.195,C,98939,Pa,0.776,105,langley/day,6.3,mi/hr, 
 
… Continued for the run time of the model 
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Appendix B: BIOGEOCHEM Input/Output Examples 

FILE: BIOGEOCHEM input file – calcium carbonate reaction network 

DATA SET 2: NUMBER OF SPECIES & REACTIONS 
12 8 1 
DATA SET 3: SPECIES INFORMATION 
1 OH-                          1  1  0 0  -1.0 
2 H+                            1  1  0 0 +1.0 
3 Ca++                        1  1  0 0 +2.0 
4 CO3--           1  1  0  0           -2.0 
5 CaCO3(aq)          1  1  0  0 +0.0 
6 CaHCO3+                1  1  0 0 +1.0 
7 CaOH+          1  1  0  0 +1.0 
8 HCO3-                     1  1  0 0  -1.0 
9 H2CO3          1  1  0 0 +0.0 
10 Ca(OH)2          1  1  0  0 +0.0 
11 Calcite                      1  1  0 0 +0.0 
12 CO2(aq)          1  1  0  0 +0.0 
DATA SET 4: REACTION INFORMATION 
2  1  +1.0000  2  +1.0000  -1 
-13.997 
3  5  -1.0000  3  +1.0000  4  +1.0000  -1 
-3.22 
3  6  -1.0000  3  +1.0000  8  +1.0000  -1 
-1.23 
3  7  -1.0000  3  +1.0000  1  +1.0000  -1 
-1.14 
3  8  -1.0000  4  +1.0000  2  +1.0000  -1 
-10.329 
3  9  -1.0000  8  +1.0000  2  +1.0000  -1 
-6.35 
3  10  -1.0000  3  +1.0000  1  +2.0000  -1 
-6.100 
3  12  -1.0000  8  +1.0000  2  +1.0000  -1 
-6.34 
4  11  -1.0000  2  -1.0000  3  +1.0000  8  +1.0000  1 
999 
DATA SET 5: CHEMICAL COMPONENT INFORMATION 
3 
3 2 4 
0 
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FILE: BIOGEOCHEM output file – after formatting with biogeochemTo.pl 

~Aqueous Species Card 
12,1.e-9,cm^2/s,Constant Activity,1.0, 
OH-,-1.,0.0,A,0.0,kg/kmol, 
H+,1.,0.0,A,0.0,kg/kmol, 
Ca++,2.,0.0,A,0.0,kg/kmol, 
CO3--,-2.,0.0,A,0.0,kg/kmol, 
CaCO3(aq),0.,0.0,A,0.0,kg/kmol, 
CaHCO3+,1.,0.0,A,0.0,kg/kmol, 
CaOH+,1.,0.0,A,0.0,kg/kmol, 
HCO3-,-1.,0.0,A,0.0,kg/kmol, 
H2CO3,0.,0.0,A,0.0,kg/kmol, 
Ca(OH)2,0.,0.0,A,0.0,kg/kmol, 
Calcite,0.,0.0,A,0.0,kg/kmol, 
CO2(aq),0.,0.0,A,0.0,kg/kmol, 
 
~Conservation Equations Card 
3, 
Total_H+,8,H+,1.00000D+00,OH-,-1.00000D+00,CaHCO3+,1.00000D+00,CaOH+,-
1.00000D+00,HCO3-,1.00000D+00,H2CO3,2.00000D+00,Ca(OH)2,-
2.00000D+00,CO2(aq),2.00000D+00, 
Total_Ca++,6,Ca++,1.00000D+00,CaCO3(aq),1.00000D+00,CaHCO3+,1.00000D+00,CaOH+,1
.00000D+00,Ca(OH)2,1.00000D+00,Calcite,1.00000D+00, 
Total_CO3--,7,CO3--,1.00000D+00,CaCO3(aq),1.00000D+00,CaHCO3+,1.00000D+00,HCO3-
,1.00000D+00,H2CO3,1.00000D+00,Calcite,1.00000D+00,CO2(aq),1.00000D+00, 
 
~Equilibrium Reactions Card 
8, 
EqRc-1,0.0,-13.997,0.0,0.0,0.0,1/mol, 
EqRc-2,0.0,3.220,0.0,0.0,0.0,1/mol, 
EqRc-3,0.0,11.559,0.0,0.0,0.0,1/mol, 
EqRc-4,0.0,-12.857,0.0,0.0,0.0,1/mol, 
EqRc-5,0.0,10.329,0.0,0.0,0.0,1/mol, 
EqRc-6,0.0,16.679,0.0,0.0,0.0,1/mol, 
EqRc-7,0.0,-21.894,0.0,0.0,0.0,1/mol, 
EqRc-8,0.0,16.669,0.0,0.0,0.0,1/mol, 
 
~Equilibrium Equations Card 
8, 
2,OH-,H+,-1.00000D+00,EqRc-1,1.0, 
3,CaCO3(aq),Ca++,1.00000D+00,CO3--,1.00000D+00,EqRc-2,1.0, 
4,CaHCO3+,H+,1.00000D+00,Ca++,1.00000D+00,CO3--,1.00000D+00,EqRc-3,1.0, 
3,CaOH+,H+,-1.00000D+00,Ca++,1.00000D+00,EqRc-4,1.0, 
3,HCO3-,H+,1.00000D+00,CO3--,1.00000D+00,EqRc-5,1.0, 
3,H2CO3,H+,2.00000D+00,CO3--,1.00000D+00,EqRc-6,1.0, 
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3,Ca(OH)2,H+,-2.00000D+00,Ca++,1.00000D+00,EqRc-7,1.0, 
3,CO2(aq),H+,2.00000D+00,CO3--,1.00000D+00,EqRc-8,1.0, 
 
~Kinetic Reactions Card 
1, 
KnRc-9,--- Add Kinetic Reaction --- 
 
~Kinetic Equations Card 
1, 
Kinetic_Calcite,1,Calcite,1.00000D+00, 
1,KnRc-9,-1.00000D+00, 
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Appendix C: Model 1 Input File 

#------------------------------------------------------- 
~Simulation Title Card 
#------------------------------------------------------- 
1, 
STOMP Water-Air-Energy-Barriers with ECKEChem Depth to Carbonate KP1 – Model 1, 
Chase Martin, 
Whitman College, 
April 2014, 
12:00, 
0, 
 
#------------------------------------------------------- 
~Solution Control Card 
#------------------------------------------------------- 
Normal, 
Water-Air-Energy-Barriers w/ ECKEChem, 
1, 
0,day,1000,year,1,s,30,day,1.25,16,1.e-06, 
100000, 
Variable Aqueous Diffusion, 
Variable Gas Diffusion, 
0, 
 
#------------------------------------------------------- 
~Grid Card 
#------------------------------------------------------- 
Uniform Cartesian, 
5,2,200, 
1,cm, 
1,cm, 
1,cm, 
 
#------------------------------------------------------- 
~Rock/Soil Zonation Card 
#------------------------------------------------------- 
1, 
RitzSiltLoam,1,5,1,2,1,200, 
 
#------------------------------------------------------- 
~Mechanical Properties Card 
#------------------------------------------------------- 
RitzSiltLoam,1270,kg/m^3,0.528,0.528,,,Constant,0.5,0.5, 
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#------------------------------------------------------- 
~Hydraulic Properties Card 
#------------------------------------------------------- 
RitzSiltLoam,9.e-6,hc m/s,9.e-6,hc m/s,9.e-6,hc m/s, 
 
#------------------------------------------------------- 
~Thermal Properties Card 
#------------------------------------------------------- 
RitzSiltLoam,Constant,0.160,W/m K,0.160,W/m K,0.160,W/m K,0.9933,J/g 
K,Wang,0.2,0.2,3.5,0.05, 
 
#------------------------------------------------------- 
~Saturation Function Card 
#------------------------------------------------------- 
RitzSiltLoam,van Genuchten w/Webb,1.563,1/m,5.4,0.15,, 
 
#------------------------------------------------------- 
~Aqueous Species Card 
#------------------------------------------------------- 
11,1.e-09,m^2/s,Davies, 
OH-,-1.,4.0,A,17.0,kg/kmol, 
H+,1.,9.0,A,1.0,kg/kmol, 
Ca++,2.,3.94,A,40.078,kg/kmol, 
CO3--,-2.,4.0,A,60.017,kg/kmol, 
CaCO3(aq),0.,4.0,A,100.0,kg/kmol, 
CaHCO3+,1.,4.0,A,101.0,kg/kmol, 
CaOH+,1.,4.0,A,57.0,kg/kmol, 
HCO3-,-1.,4.0,A,61.017,kg/kmol, 
H2CO3,0,4.0,A,62.017,kg/kmol, 
Ca(OH)2,0,4.0,A,74.0,kg/kmol, 
CO2(aq),0,4.0,A,44.0,kg/kmol, 
 
#------------------------------------------------------- 
~Conservation Equations Card 
#------------------------------------------------------- 
3, 
Total_H+,8,H+,1.00000D+00,OH-,-1.00000D+00,CaHCO3+,1.00000D+00,CaOH+,-
1.00000D+00,HCO3-,1.00000D+00,H2CO3,2.00000D+00,Ca(OH)2,-
2.00000D+00,CO2(aq),2.00000D+00, 
Total_Ca++,6,Ca++,1.00000D+00,CaCO3(aq),1.00000D+00,CaHCO3+,1.00000D+00,CaOH+,1
.00000D+00,Ca(OH)2,1.00000D+00,Calcite,1.00000D+00, 
Total_CO3--,7,CO3--,1.00000D+00,CaCO3(aq),1.00000D+00,CaHCO3+,1.00000D+00,HCO3-
,1.00000D+00,H2CO3,1.00000D+00,Calcite,1.00000D+00,CO2(aq),1.00000D+00, 
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#------------------------------------------------------- 
~Equilibrium Equations Card 
#------------------------------------------------------- 
8, 
2,OH-,H+,-1.00000D+00,EqRc-1,1.0, 
3,CaCO3(aq),Ca++,1.00000D+00,CO3--,1.00000D+00,EqRc-2,1.0, 
4,CaHCO3+,H+,1.00000D+00,Ca++,1.00000D+00,CO3--,1.00000D+00,EqRc-3,1.0, 
3,CaOH+,H+,-1.00000D+00,Ca++,1.00000D+00,EqRc-4,1.0, 
3,HCO3-,H+,1.00000D+00,CO3--,1.00000D+00,EqRc-5,1.0, 
3,H2CO3,H+,2.00000D+00,CO3--,1.00000D+00,EqRc-6,1.0, 
3,Ca(OH)2,H+,-2.00000D+00,Ca++,1.00000D+00,EqRc-7,1.0, 
3,CO2(aq),H+,2.00000D+00,CO3--,1.00000D+00,EqRc-8,1.0, 
 
#------------------------------------------------------- 
~Equilibrium Reactions Card 
#------------------------------------------------------- 
8, 
EqRc-1,0.0,-13.997,0.0,0.0,0.0,1/mol, 
EqRc-2,0.0,3.220,0.0,0.0,0.0,1/mol, 
EqRc-3,0.0,11.559,0.0,0.0,0.0,1/mol, 
EqRc-4,0.0,-12.857,0.0,0.0,0.0,1/mol, 
EqRc-5,0.0,10.329,0.0,0.0,0.0,1/mol, 
EqRc-6,0.0,16.679,0.0,0.0,0.0,1/mol, 
EqRc-7,0.0,-21.894,0.0,0.0,0.0,1/mol, 
EqRc-8,0.0,16.669,0.0,0.0,0.0,1/mol, 
 
#------------------------------------------------------- 
~Gas Species Card 
#------------------------------------------------------- 
1,0.005,m, 
CO2(g),CO2(aq),-1.47,,,,, 
 
#------------------------------------------------------- 
~Kinetic Equations Card 
#------------------------------------------------------- 
1, 
Kinetic_Calcite,1,Calcite,1.00000D+00, 
1,KnRc-10,-1.00000D+00, 
 
#------------------------------------------------------- 
~Kinetic Reactions Card 
#------------------------------------------------------- 
1, 
KnRc-10,Dissolution-Precipitation,Calcite,2,Ca++,1.0000,HCO3-
,1.0000,2,Calcite,1.0000,H+,1.0000, 
0.000025,mol/m^2 s,39.2,kj/mol,25,C, 
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,-171.9065,0.077993,2839.319,, 
 
#------------------------------------------------------- 
~Lithology Card 
#------------------------------------------------------- 
RitzSiltLoam,1, 
Calcite,3.25E-01,cm^2/g,0.10, 
 
#------------------------------------------------------- 
~Solid Species Card 
#------------------------------------------------------- 
1, 
Calcite,2.71,g/cm^3,100.087,kg/kmol, 
 
#------------------------------------------------------- 
~Species Link Card 
#------------------------------------------------------- 
1, 
H+,pH, 
 
#------------------------------------------------------- 
~Solute/Fluid Interactions Card 
#------------------------------------------------------- 
0, 
0, 
,,, 
 
#------------------------------------------------------- 
~Solute/Porous Media Interactions Card 
#------------------------------------------------------- 
RitzSiltLoam,,,,, 
 
#------------------------------------------------------- 
~Aqueous Relative Permeability Card 
#------------------------------------------------------- 
RitzSiltLoam,Fatt and Klikoff, 
 
#------------------------------------------------------- 
~Gas Relative Permeability Card 
#------------------------------------------------------- 
RitzSiltLoam,Fatt and Klikoff, 
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#------------------------------------------------------- 
~Initial Conditions Card 
#------------------------------------------------------- 
Aqueous Saturation,Gas Pressure, 
7, 
Aqueous Saturation,0.05,,,,,,,,1,5,1,2,1,200, 
Gas Pressure,98939,Pa,,,,,,,1,5,1,2,1,200, 
Temperature,5,C,,,,,,,1,5,1,2,1,200, 
Species Aqueous,HCO3-,4.00e-2,mol/liter,,,,,,,1,5,1,2,1,200, 
Species Aqueous,Ca++,4.00e-2,mol/liter,,,,,,,1,5,1,2,1,200, 
Species Aqueous,CO3--,4.00e-2,mol/liter,,,,,,,1,5,1,2,1,200, 
Species Aqueous,pH,7.2,,,,,,,,1,5,1,2,1,200, 
 
#------------------------------------------------------- 
~Atmospheric Conditions Card 
#------------------------------------------------------- 
January,1,1915,00:00:00,1.0,m,1.0,m,118.6176878,deg,46.5722258,deg,120,deg, 
12120, 
file,ac_out1000.dat, 
 
#------------------------------------------------------- 
~Plant Card 
#------------------------------------------------------- 
0, 
 
#------------------------------------------------------- 
~Boundary Conditions Card 
#------------------------------------------------------- 
2, 
Top,Bare Shuttleworth-Wallace,,,Aqueous Species Zero Flux,Gas species zero flux, 
0, 
1,5,1,2,200,200,12120, 
file,precip_out1000.dat, 
Bottom,zero flux energy,zero flux aqueous,zero flux gas,species aqueous zero flux,gas species 
zero flux, 
0, 
1,5,1,2,1,1,1, 
0,day,,,,,,,,,,, 
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#------------------------------------------------------- 
~Output Options Card 
#------------------------------------------------------- 
4, 
1,1,1, 
1,1,65, 
5,2,130, 
5,2,200, 
1,1,day,m,5,5,5,5, 
12, 
Temperature,, 
Aqueous saturation,, 
#Phase condition,, 
Species Aqueous Concentration,Ca++,mol/liter,, 
Species volumetric concentration,Calcite,mol/cm^3, 
Species Aqueous concentration,H+,mol/liter, 
Species Aqueous Concentration,HCO3-,mol/liter, 
Species Aqueous Concentration,CO3--,mol/liter, 
Species Aqueous Concentration,Ca(OH)2,mol/liter, 
Species Aqueous Concentration,CaCO3(aq),mol/liter, 
Species Aqueous Concentration,CaHCO3+,mol/liter, 
Species Aqueous Concentration,CaOH+,mol/liter, 
Species Aqueous Concentration,CO2(aq),mol/liter, 
16, 
1,year, 
1.5,year, 
10,year, 
10.5,year, 
100,year, 
100.5,year, 
250,year, 
250.5,year, 
400,year, 
400.5,year, 
600,year, 
600.5,year, 
800,year, 
800.5,year, 
999.5,year, 
1000,year, 
13, 
Temperature,, 
Aqueous saturation,, 
Phase condition,, 
Species Aqueous Concentration,Ca++,mol/liter, 
Species volumetric concentration,Calcite,mol/cm^3, 
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Species Aqueous concentration,H+,mol/liter, 
Species Aqueous Concentration,HCO3-,mol/liter, 
Species Aqueous Concentration,CO3--,mol/liter, 
Species Aqueous Concentration,Ca(OH)2,mol/liter, 
Species Aqueous Concentration,CaCO3(aq),mol/liter, 
Species Aqueous Concentration,CaHCO3+,mol/liter, 
Species Aqueous Concentration,CaOH+,mol/liter, 
Species Aqueous Concentration,CO2(aq),mol/liter, 
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