Chapter 16
The Use of Multicomponent Solute Transport
Models in Environmental Analyses

Jiri Simﬁnek, Diederik Jacques, Tiago B. Ramos, and Bertrand Leterme

Abstract This chapter provides a brief overview of multicomponent solute trans-
port models, which simulate the subsurface transport of multiple ions that may
mutually interact, can create various complex species, can compete with each other
for sorption sites, and/or can precipitate or dissolve. These models are broadly
divided into two major groups, those with specific chemistry and general models,
and typical examples of these models are given. More detail is provided for the
UnsatChem and HPx modules of HYDRUS. The applicability of the UnsatChem
module to simulate the multicomponent transport of major ions is demonstrated
using the data from a field experiment involving irrigation with waters of different
quality, carried out in Portugal. The second example illustrates the use of HP1 to
simulate the fate of mercury in a contaminated soil. Finally, the third example
demonstrates the versatility of HP2 to simulate the release and migration of
uranium from a simplified uranium mill tailings pile toward a river. Using these
three examples, it is demonstrated that in spite of the considerable demand on input
data, the multicomponent solute transport models can be effective and versatile
tools for evaluating complex agricultural and environmental problems.
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16.1 Introduction

In Chap. 15 of this volume, van Genuchten et al. provided a detailed description of
various approaches to modeling water flow and solute transport in soils and in
unsaturated porous media in general. The focus of that chapter was on modeling the
transport of only one chemical species while assuming that the behavior of this
solute is independent of that of other species that may be present in the soil solution.
The interaction of this species with the environment (soil) is usually described
assuming linear reversible sorption (the K, approach) and zero- or first-order
reactions (production and/or decay). The advantage of this approach is that a
large number of analytical solutions exist for one-, two-, and three-dimensional
solute transport problems with different types of boundary conditions and steady-
state water flow conditions (e.g., van Genuchten 1981; Yeh 1981; Toride
et al. 1993; Leij and Bradford 1994; Simdnek et al. 1999). These analytical models
are useful for a variety of applications, such as for “providing initial or approximate
analyses of alternative pollution scenarios, conducting sensitivity analyses to
investigate the effects of various parameters or processes on contaminant transport,
extrapolating results over large times and spatial scales where numerical solutions
become impractical, serving as screening models, estimating transport parameters
from laboratory or well-defined field experiments, providing benchmark solutions
for more complex transport processes that cannot be solved analytically, and for
validating more comprehensive numerical solutions of the governing transport
equations” (van Genuchten et al. 2012).

A large number of numerical models (e.g., Simiinek 2005; Simiinek et al. 2008;
van Genuchten et al. 2014) exists for more complex solute transport situations,
such as those involving one- or multi-dimensional transient water flow, heteroge-
neous systems, or nonequilibrium solute transport with nonlinear reactions, for
which analytical solutions are generally not available and/or cannot be derived.
However, even such models represent a great simplification of real solute transport
problems, since these models usually consider the transport of a single solute
species, while the soil solution is always a mixture of many ions. These ions
may mutually interact, can create various complex species, can compete with
each other for sorption sites, and/or can precipitate or dissolve, depending on actual
conditions in the soil profile (e.g., Simtnek and Valocchi 2002; Siminek and van
Genuchten 2006; Seaman et al. 2012). The transport codes accounting for these
more complex reactions, usually called the hydrogeobiochemical transport models,
offer the possibility to include processes such as aqueous complexation, cation and
anion exchange, surface complexation, and/or equilibrium or kinetic precipitation/
dissolution of pure solid phases or solid-solutions. In addition, they may also
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consider complex parallel and/or sequential geochemical and/or microbiological
kinetic networks, including soil carbon cycles, which may involve more advanced
kinetic rate equations than simple zero-order or first-order reactions (e.g., Regnier
et al. 2005; Thullner et al. 2005; Centler et al. 2010; Langergraber and Simdnek
2012; Jacques et al. 2013). There are many important agricultural and environmen-
tal problems that require models capable of analyzing transport and reactions of
multiple chemical species involved in such mutual interactions. In this chapter, we
briefly review multicomponent solute transport models, give few typical examples
(e.g., BioGeoChem, MIN3P, CrunchFlow, UnsatChem, HP1/2/3), and show a few
examples of their use in agricultural (i.e., modeling of soil salinity and the fate of
mercury in contaminated soil using HP1) and environmental (i.e., leaching of
uranium from U tailings pile) applications.

16.2 HydroGeoBioChemical Transport Models

Reviews of the development over the last two decades of hydrogeochemical
transport models involving reactive multiple components are given by Mangold
and Chin-Fu Tsang (1991), Lichtner (1996), Steefel and MacQuarrie (1996),
Simanek and Valocchi (2002), Bell and Binning (2004), Steefel et al. (2005),
Seaman et al. (2012), and Simanek et al. (2013). Most coupled reactive transport
codes were developed for steady-state flow conditions for one, two, or three
dimensions, while the flow field (water contents and water fluxes) has to be
specified at the input or calculated outside of the reactive transport code using
other flow and transport numerical models and imported (Parkhurst and Appelo
1999; Steefel 2009; Parkhurst et al. 2004). Several multicomponent transport
models have been published recently that also consider variably-saturated flow
(Zyvoloski et al. 1997; Mayer et al. 2002; Jacques et al. 2006, 2008a; Simiinek
et al. 2013).

16.2.1 Models with Specific Chemistry

Geochemical models can be broadly divided into two major groups: those with
specific chemistry and general models (Simiinek and Valocchi 2002). Models with
specific chemistry are usually constrained to very specific applications since they
are restricted to certain prescribed chemical systems. They are, however, much
easier to use since the chemical system is already predefined by model developers
and can be more computationally efficient than general models because the
numerics can be optimized for this particular chemical system. Typical examples
of models with specified chemistry are those simulating the transport of major ions,
such as LEACHM (Hutson and Wagenet 1992) and UnsatChem (§imﬁnek and
Suarez 1994, 1997), and various reclamation models (§imﬁnek and Valocchi 2002).
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These models typically consider the transport of major ions and their mutual
reactions such as complexation, cation exchange, and precipitation/dissolution.
The UnsatChem model, as an add-on module to HYDRUS-1D and HYDRUS
(2D/3D) (Simtinek et al. 2008), and its application to a field study will be discussed
below.

Another group of models with specified chemistry are those simulating carbon
and nitrogen cycles. Some examples are CENTURY (Parton et al. 1987),
LEACHM (Hutson and Wagenet 1992), RZWQM (Ahuja and Hebson 1992),
COUP (Jansson and Karlberg 2001), and the Wetland module of HYDRUS
(2D/3D) (Langergraber and Simdnek 2005, 2012). These models typically distrib-
ute organic matter, carbon, and organic and mineral nitrogen over multiple com-
putational pools, while allowing organic matter to be decomposed by multiple
microbial biomass populations. They can account for most of the major reaction
pathways, such as inter-pool transfer of carbon and nitrogen, nitrification (ammo-
nium to nitrate-N), denitrification (leading to the production of N, and N,O),
volatilization losses of ammonia (NH3), and microbial biomass growth and death
(e.g., Yuan et al. 2011).

16.2.2 General Models

Models with generalized chemistry, on the other hand, provide users with much
more flexibility in designing particular chemical systems, thus permitting a much
broader range of applications. Users can then either select species and reactions
from large geochemical databases or are able to define their own species with
particular chemical properties and reactions. However, general models require
much better understanding of the chemical system involved from their users,
since they themselves are responsible for correctly defining it.

As discussed above, most codes with general geochemistry are limited to
solute transport and biogeochemical reactions, while water flow paths must be
calculated outside of the reactive transport code. Typical examples are PHREEQC
(Parkhurst and Appelo 1999), CRUNCH (Steefel 2000), and PHAST (Parkhurst
et al. 2004). Only a few models allow the velocity field to be internally calculated
(e.g., MIN3P, Mayer et al. 2002). Several codes for transient, variably-saturated
flow have also been coupled to general biogeochemistry models. These include
3DHYDROGEOCHEM (Yeh and Cheng 1999), TOUGHREACT (Xu et al. 2012),
MIN3P (Mayer et al. 2002), HYTEC (Van der Lee et al. 2003), OpenGeoSys-Gem
(Kosakowski and Watanabe 2014), and HP1/2/3 (Jacques and Simanek 2005;
Simdnek et al. 2013). HP1/2/3, an add-on module to HYDRUS-1D and HYDRUS
(2D/3D), and its applications for site remediation and risk assessment of mercury-
contaminated sites and for evaluating leaching of uranium from a uranium mine
tailings pile will be discussed below.
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16.3 Applications of HydroGeoBioChemical
Transport Models

16.3.1 Literature Applications

There are many important agricultural and environmental applications for general
hydrogeobiochemical models, and many of these appeared in the literature during
the last two decades. For example, water leaching from various tailing piles (such as
from uranium mills) often contains many trace metals including molybdenum,
selenium, arsenic, and chromium (Brookins 1984). Using the HYDROGEOCHEM
model, Yeh and Tripathi (1991) simulated the release of trace metals and acidity
from an acidic uranium mill tailings pile. Narasimhan et al. (1986) used the
DYNAMIX model to study groundwater contamination from an inactive uranium
mill tailings pile. Similar studies have been carried out by Walter et al. (1994),
Lichtner (1996), and Gerke et al. (1998).

Another significant application for hydrogeobiochemical models is to design and
evaluate facilities for the safe disposal and long term isolation of hazardous and
radioactive waste, especially high-level nuclear waste. The migration of neptunium
between the repository and the ground water table after a hypothetical repository
breach at the high-level nuclear waste repository at Yucca Mountain, Nevada, was
studied using a multicomponent solute transport model by Viswanathan
et al. (1998). The fate of metal-organic mixed wastes was studied by Rittmann
and VanBriesen (1996) and VanBriesen (1998). Possible consequences of long
term interactions of engineered barriers (clay plugs, concrete components) with the
host rock of a disposal facility or various perturbations as a consequence of
construction (e.g. oxidation fronts) or waste content are also frequently studied
using geochemical transport models (Martens et al. 2010, 2011; Kosakowski and
Watanabe 2014). The analysis of redox zone formation in organic-contaminated
aquifers was carried out by Abrams et al. (1998) and Essaid et al. (1995), while
reactive permeable barriers for aquifer remediation were evaluated by Fryar and
Schwartz (1994). Deep geological CO, storage (e.g., Gherardi et al. 2012; Walsh
et al. 2013) represents another environmental application of reactive transport
models. In a study of Jacques et al. (2008a), the transport of major cations and
anions and U associated with inorganic P-fertilization were computed for transient
flow conditions. This study clearly demonstrated that the distribution coefficient K,
which is often used to simulate the transport of reactive solutes, may vary signif-
icantly during the year as a consequence of transient flow conditions. Thus, the “K,
approach” may represent an inadequate over-simplification of a complex environ-
mental system and may produce erroneous predictions.

Generic multicomponent transport models are sufficiently versatile to allow
consideration of soil biological processes such as those involved in the carbon
cycle (Jacques et al. 2013), nitrogen cycle (Maggi et al. 2008; Gu et al. 2009), and
microbial dynamics (e.g., Thullner et al. 2005; Lim et al. 2007; Centler et al. 2010).
For example, Thaysen et al. (2014a, b) implemented the CO, module of UnsatChem
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into a generic biogeochemical model HP1 and extended it to include the effects of
mixed cementitous materials in the soil profile on enhancing inorganic C-leaching
to groundwater. Zhang et al. (2013) evaluated the bacterial transport using the
HYDRUS-PHREEQC framework and transport parameters depending on solution
chemistry.

Although the models with specific chemistry are limited to simulating only the
transport and reactions of a limited number of ions (e.g., major ions), there are many
important agricultural and environmental problems, such as salinization and
sodification of irrigated soils, reclamation of saline or sodic soils, sustainability of
various irrigation practices, or the release of saline brine water during mining opera-
tions, that can be evaluated using these types of models (Simtinek and Suarez 1997;
Gongalves et al. 2006; Corwin et al. 2007; Ramos et al. 2011; Rasouli et al. 2013).

Several interesting applications of both the specific and general chemistry
models have recently appeared in a special issue of Vadose Zone Journal entitled
“Reactive Transport Modeling” (Seaman et al. 2012). The model with specific
chemistry was used in a study of Reading et al. (2012), who used the
UNSATCHEM code to evaluate the use of gypsum to ameliorate a nonsaline
sodic clay soil in North Queensland, Australia. General reactive transport models
have been used in the recent studies of Bea et al. (2012), Chang et al. (2012), and
Lichtner and Hammond (2012). Bea et al. (2012) used the MIN3P-D
multicomponent reactive transport code to describe processes occurring within a
mine tailing impoundment and their impact on CO, sequestration. Chang
et al. (2012) used PHREEQC, in combination with laboratory column experiments,
to evaluate the efficacy of Fe(II)-containing solutions as an in-situ means for
reducing toxic hexavalent chromium (Cr(VI)) to trivalent chromium (Cr(IIl)),
which subsequently coprecipitates with Fe(III). Lichtner and Hammond (2012)
used PFLOTRAN to evaluate geochemical processes controlling the aqueous
phase distribution and solid phase speciation of a hexavalent uranium [U(VI)]
plume below the Hanford 300 Area bordering the Columbia River in Hanford, WA.

16.3.2 Modeling of Soil Salinity Using the UnsatChem
Module of HYDRUS

The UnsatChem geochemical module (gimﬁnek and Suarez 1994) simulates the
transport of major ions (i.e., Ca**, Mg®*, Na*, K**, SO4*~, CO5”", and CI™) and
their equilibrium and kinetic geochemical interactions, such as complexation,
cation exchange, and precipitation-dissolution (e.g., of calcite, gypsum and/or
dolomite). This module has been implemented into both the one- and
two-dimensional computational versions of HYDRUS (éimﬁnek et al. 2008). Pos-
sible applications of this module include studies of the salinization/reclamation of
agricultural soils (Siminek and Suarez 1997), sustainability of various irrigation
systems (Gongalves et al. 2006; Ramos et al. 2011; Rasouli et al. 2013), the disposal
of brine waters from mining operations, and many other applications (e.g., Schoups
et al. 2006; Skaggs et al. 2006; Corwin et al. 2007). Gongalves et al. (2006) and



16 The Use of Multicomponent Solute Transport Models in Environmental Analyses 383

100 Bl Rainfall = Irrigation — ET0 _ 19
£
E
2 ¥ £
£ £
2
T 60 z
2 =
= &
1)
- 40 2
Y -
= ]
= g
20 g
L=
&
&

0

01/06/2004  18/12/2004 06/07/2005 22/01/2006 10/08/2006 26/02/2007

Fig. 16.1 Daily values of precipitation, irrigation and reference evapotranspiration from June
2004 until February 2007

Ramos et al. (2011) recently demonstrated the applicability of UnsatChem to the
simulation of the multicomponent transport of major ions both in soil lysimeters and
in the field, respectively, irrigated with waters of different quality. They used the
UnsatChem module of HYDRUS-1D to describe field measurements of the water
content, overall salinity (expressed as Electric Conductivity, EC), the concentration
of individual soluble cations, the Sodium Adsorption Ratio (SAR), and the
Exchangeable Sodium Percentage (ESP). The experimental data and their analysis
using the UnsatChem module are described in detail by Gongalves et al. (2006) and
Ramos et al. (2011) and only selected results from the latter study will be given here.

Problem Description

The field experiment was conducted from June 2004 to February 2007 in the
Alentejo region in Southern Portugal on a medium texture soil. The climate in
this region is mostly dry, sub-humid to semi-arid, with hot dry summers, and mild
winters with irregular rainfall. The experiment involved irrigating maize with either
locally available water or with synthetic (with added NaCl) saline water. The
experimental field was divided into three groups, A, B, and C (only results for
plots A and C are reported below), each having a surface area of 6.75 m* (2.25 m
wide x 3 m long; 0.75 m between maize lines), with the Na* gradient decreasing
from A (saline waters with EC of 7.8 dS m~" during the first two seasons and
15.6 dS m ' during the third season) to C (local water, EC < 1.2dS m™"). A drip
irrigation system with an overall constant cumulative discharge of 18 L/h/m
(24 mm/h) was used to deliver water, salts (NaCl), and fertilizer (N) to the crop.
The quality of irrigation water was thus the key variable between plots. The
reference evapotranspiration rates (ET,) were calculated using the Penman-
Monteith method. Crop evapotranspiration rates (E7T,) were then calculated using
the product of ET, and K., where K_. is a crop coefficient accounting for both soil
evaporation and crop transpiration (Fig. 16.1).
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Fig. 16.2 Measured and simulated water contents at a depth of 40 cm. Irrigation seasons are
indicated by the letter /

TDR probes and ceramic cups were installed at 20, 40, and 60 cm depths to
measure soil water contents and collect soil solutions twice a week during irrigation
seasons, generally 24 h after an irrigation event, and twice a month during the rest
of the year. The soil solution was monitored for the concentrations of soluble Na*,
Ca’*, Mg**, EC,, (Electrical Conductivity of Soil Water), and SAR (Sodium
Adsorption Ratio). Soil hydraulic properties for three soil layers were measured
using suction tables, the pressure plate apparatus, and the evaporation method on
undisturbed soil samples, and fitted using the van Genuchten model. The Gapon
selectivity coefficients for four cations (Ca, Mg, K, and Na) were calculated from
the initial measured soluble and exchangeable cations concentrations.

Results

Figure 16.2 shows measured and simulated water contents at a depth of 40 cm
during the three seasons. During irrigation periods (indicated by a letter I in
Fig. 16.2), the amount of water applied in the experimental field was considerably
higher than the usual amount of water used to irrigate maize in this region in order
to increase water contents above soil field capacity so that soil solution samples
could be collected using the installed ceramic cups. As a result, soil water content
rapidly increased in the beginning of each irrigation season, and then varied
between soil saturation and soil field capacity (Ramos et al. 2011). Between the
end of the irrigation seasons (September) and the beginning of rainy seasons
(October or November), soil water contents gradually decreased, allowing maize
to mature and be harvested. During rainy seasons, soil water contents reflected the
occurrence of individual rainfall events (Fig. 16.2).

Figure 16.3 shows that soil salinity increased considerably in the plot irrigated
with saline waters. Measured EC,,, in plot A reached values higher than 6.0 dS m ™!
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Fig. 16.3 Measured and simulated electrical conductivity of soil water (ECs,) at a depth of 40 cm.
Irrigation seasons are indicated by the letter /

during the first two irrigation seasons, and higher than 16.0 dS m~" during the third
year, as applied water became more saline. In the plot irrigated with the locally
available water (plot C), soil salinity remained below 5.0 dS m ™' throughout all
irrigation seasons. Soil salinity decreased in all plots during rainfall periods, due to
soil leaching. Only in the rainy season of 2004-2005, rainfall was not sufficient to
completely remove salts from the root zone in plot A, where ECj,, values between
2.0 and 6.3 dS m~! were observed in the soil profile (Ramos et al. 2011).

Figure 16.4 shows measured and simulated concentrations of soluble Na*, Ca2+,
and Mg*" for plots A and C at a depth of 40 cm. As the only cation being added to
synthetic saline irrigation waters, the general behavior of sodium was similar to
ECy,. The highest concentrations were reached in plot A during the irrigation
seasons. The highest measured Na* concentrations were about 50 mmol,L "'
during the first 2 years and 130 mmol(C)L71 during the third year. During the
rainy seasons, Na* concentrations decreased considerably due to soil leaching,
similar to EC,,.

The general dynamics of calcium and magnesium concentrations were similar to
those of sodium and ECj,,. The highest measured Ca®* and Mg”* concentrations
were about 20 and 10 mmol(c)Lfl, respectively. During rainfall events, these values
also decreased due to soil leaching. As Ca®* and Mg?* were not added to the
synthetic saline irrigation waters applied in plot A, concentrations of these cations
in saline waters were the same as in the fresh waters in plot C. Since Na* was
applied in large concentrations to plot A, both Na* concentrations in the soil
solution and in the solid phase (not shown) increased, leading to soil sodification.
While the exchangeable Na* concentration in the solid phase increased, the other
cations, namely Ca** and Mg?*, were inevitably released to the soil solution.
For this reason, concentrations of Ca®* and Mg?* were higher in plot A than in
plot C where low concentrations of Na* were present in the irrigation waters. Since
compared to simpler models based on adsorption isotherms, the UnsatChem mod-
ule is able to consider cation exchange, it was able to simulate the release of Ca**
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Fig. 16.4 Measured and simulated Na* (fop), Ca®* (middle), and Mg** (bottom) concentrations
at a depth of 40 cm

and Mg®* from the solid phase as soil sodification increased. The UnsatChem
module thus proved to more adequately represent reality than linear models with
adsorption isotherms.

Figure 16.5 presents the results for measured and simulated SAR values. SAR is
an integral variable that characterizes salt-affected soils and provides information
on comparative concentrations of Na*, Ca®*, and Mg>* in soil solutions. This
variable takes into consideration that the adverse effects of sodium are moderated
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Fig. 16.5 Measured and simulated SAR at a depth of 40 cm

by the presence of calcium and magnesium ions. This makes SAR an important
variable to consider when managing saline irrigation waters. In plot A, SAR
increased rapidly in the surface layers after irrigation events, and then also gradu-
ally at deeper depths. The application of saline irrigation waters (SAR ranged from
38.8 to 80.2 (mmol,L ")) led to very high SAR values in the soil solution,
reaching about 54 (mmol(c)L_l)O'5 at the end of the experiments. In plot C, irrigated
with fresh waters, SAR values did not vary significantly, having roughly the same
values in the beginning and at the end of the experiments.

Various statistical measures evaluating the goodness of correspondence between
the model (the UnsatChem module of HYDRUS-1D) and measurements are given
by Ramos et al. (2011) and will not be given here. The correspondence between
measurements and model results is very good, considering that most model inputs
were independently measured in the laboratory and used in simulations without any
further adjustments and/or calibration. The correspondence between measurements
and model results obviously could have been better, had the input parameters been
calibrated (Ramos et al. 2011). An extensive discussion on the possible causes of
deviations between measured data and simulation can also be found in Ramos
et al. (2011, 2012).

16.3.3 Modeling the Fate of Mercury in Contaminated
Soils Using HP1

The HP1 module, which is used in this example, couples the PHREEQC geochem-
ical code (Parkhurst and Appelo 1999) with HYDRUS-1D (gimﬁnek et al. 2008).
The one-dimensional version (HP1) was first released in 2005 (Jacques and
Simiéinek 2005; J acques et al. 2008a, b), and used successfully in many applications.
HP1, which is an acronym for HYDRUS-PHREEQC-1D, is a relatively compre-
hensive simulation module that can be used to simulate (1) transient water flow,
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(2) the transport of multiple components, (3) mixed equilibrium/kinetic biogeo-
chemical reactions, and (4) heat transport in one-dimensional variably-saturated
porous media. HP2 is a corresponding two-dimensional version of HP1, which
couples PHREEQC with HYDRUS (2D/3D). Both HP1 and HP2 modules can
simulate a broad range of low-temperature biogeochemical reactions in water, the
vadose zone and/or ground water systems, including interactions with minerals,
gases, exchangers and sorption surfaces based on thermodynamic equilibrium, and
kinetic or mixed equilibrium-kinetic reactions.

The example described below illustrates the possibility to simulate the fate of
mercury (Hg) in anthropogenic contaminated soil systems (Leterme and Jacques
2013; Leterme et al. 2014).

Problem Definition

Mercury (Hg) poses threats to human health and the environment, notably due to its
persistence in the environment and its ability to bioaccumulate in ecosystems (Liu
et al. 2012). Mercury pollution can result from either direct contamination (e.g.,
spills, landfills, mine tailings) or indirect pathways, such as atmospheric deposition
(Guédron et al. 2013). Mercury mining, gold and silver mining, manufacturing
(chlor-alkali plants, manometer spill), wood preservation and cemeteries (through
the release of Hg from dental amalgams) have been identified as the main sources of
soil contamination (UNEP 2002). In addition, Hg geochemistry is quite complex
(Fig. 16.6) and thus Hg contamination can occur in different forms: as aqueous
inorganic and organic Hg" species, in elemental form (Hg") in a (residual)
non-aqueous liquid phase (NAPL), or as a solid phase (e.g., cinnabar). Hg transport
is highly influenced by its strong binding to organic matter, especially to the thiol
groups, which decreases (sorption to soil organic matter) or increases (complexa-
tion with dissolved organic matter) the mobility of mercury. Reduction of Hg" to
Hg® enhances the Hg transport through the gaseous phase, which is an important
pathway in mercury-related risk assessment studies. Note that under reducing
conditions, organic forms of mercury (monomethylmercury and dimethylmercury)
may occur and may have a strong tendency for bioaccumulation in wetland
systems.

Leterme et al. (2014) implemented the conceptual model presented in Fig. 16.6
into HP1. This model addresses Hg-contaminated soils under oxidizing conditions
(organic forms of Hg are excluded). They investigated seven scenarios with initial
conditions representing different types of contamination (cinnabar, residual NAPL,
and aqueous Hg", and any combination of these three contamination sources)
polluting the first 10 cm of the soil (Fig. 16.7). Only the first three scenarios are
presented below. They also evaluated the sensitivity of four different indicators,
illustrated in Fig. 16.7, to different parameters and processes.

Daily climatic data (50 years) at Dessel, Belgium, were used to define surface
atmospheric boundary conditions and free drainage was considered as the bottom
boundary condition (representing deep groundwater and oxidising conditions).
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----  Hgcontamination source MMHg Monomethylmercury (CH:Hg")
k Kinetic reaction DMHg Dimethylmercury ((CH:):Hg)
ko Sorption coeficient

Fig. 16.6 Conceptual model of Hg speciation and reactions in soil systems (DOM dissolved
organic matter, SOM soil organic matter, MMHg monomethylmercury, DMHg dimethylmercury)

# Indicator

1 Percentage of Hg volatilized to atmosphere
2 Percentage of Hg leached out of the soil profile

3 Percentage of Hg present in the originally-polluted
soil horizon (top 10 cm)

4 Percentage of Hg present in the soil profile (10-
/ 100 cm) below the originally-polluted soil horizon

Fig. 16.7 Problem definition and evaluated indicators. Initial Hg contamination is in the first
10 cm of the soil (red shaded). The top 30 cm of the soil contains soil organic matter (grey shaded),
the remaining part of the soil profile is inert

Incoming water has a typical rain water composition and contains dissolved organic
matter (DOM). Soil texture is sandy (this a priori corresponds to coarse-textured
soil types, likely to be encountered at polluted sites such as mine tailings) with a
grass cover (30 cm rooting depth). Soil organic matter (SOM) and the initial Hg
contamination are uniform in the top 30 and 10 cm of the soil profile, respectively.
There is a background atmospheric Hg(g) concentration of 1 ng m~>. Soil and
dissolved organic matter are both represented by four different reactive sites (three
representing oxygen sites of fulvic and humic acids and one representing thiols).



390 J. Simtnek et al.

Results

Figure 16.8 shows depth profiles of the initial contamination source and Hg
concentrations sorbed to SOM for three contamination scenarios and selected
times (initial, and 5, 10, 25, and 50 years). Since the dissolution rate of cinnabar
is relatively slow, about 50 % of the initial amount still remains after 50 years
(Fig. 16.8, top). Note the non-uniform dissolution profile of cinnabar due to the
dependence of the dissolution kinetics on DOM concentrations. Because of the
slow dissolution rate of cinnabar and the presence of the strongly binding DOM
thiols, almost no Hg is retained on the SOM in the first few centimetres of the soil.
As DOM thiols move downward through the contaminated zone (top 10 cm), they
are increasingly more saturated with mercury due to continued cinnabar dissolu-
tion, and more Hg is retained by SOM, resulting in a peak retention of Hg at the
bottom of the initially polluted soil layer (Fig. 16.8, top).

In the scenario with residual NAPL (Fig. 16.8, middle), all elemental Hg is
dissolved after about 10 years. Because of this gradual release, mercury is mostly
retained within the top 10 cm during the first 25 years. Since the release of Hg from
NAPL is fast enough to saturate the thiol groups of DOM, a significant portion of
mercury is retained on SOM. After 25 years, the gradual leaching of mercury to the
lower soil horizons is obvious.

In the scenario with initial aqueous contamination (Fig. 16.8, bottom), a large
portion of Hg leaches very quickly (mainly in the form of inorganic species such as
Hg(OH),, HgCl,, HgOCI) from the top 10 cm and sorbs significantly to the SOM in
the underlying 20 cm. Note that the “Initial” concentration profile is drawn after the
first time step, which explains the “Initial” profile of Hg sorbed to SOM. Also from
the start, all Hg is available for leaching via complexation on the thiols of DOM
(although binding is much stronger on the thiols of DOM than of SOM, their
capacity, i.e., the number of thiol sites, is very limited), resulting in a gradual
leaching of Hg from the top 10 cm.

Figure 16.9 shows Hg" fluxes from the top 1 m to underlying layers for the first
25 years of the simulations. A quick initial release of mobile Hg in the scenario with
a HgCl,(aq) contamination (a green line in Fig. 16.9) leads to earlier Hg leaching
than in scenarios with cinnabar and NAPL contaminations (red and blue lines,
respectively). In these two scenarios, Hg leaching occurs only after a few years, but
remains at only about half of the Hg flux in the scenario with the
HgCly(aq) contamination. This is because in the latter case Hg was rapidly
redistributed in the top 30 cm (Fig. 16.8, bottom right) and less re-sorption occurs
when it complexes with DOM thiols. Hg fluxes for scenarios with cinnabar and Hg
NAPL are quite similar because the limiting factor for Hg mobility is not the Hg
release through dissolution nor the sorption capacity of the soil solid phase, but
rather the availability of DOM thiol groups. Figure 16.9 also shows that the
temporal dynamics (not its absolute values) of leaching is driven by the climate.

The sensitivity analysis indicated that the most sensitive parameters are related
to SOM and DOM. DOM concentration strongly influence the mobility and
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Fig. 16.8 Depth profiles at selected times for different forms of Hg for different types of initial
contamination: cinnabar (fop), residual NAPL (middle), and aqueous Hg species (bottom). The left
column shows Hg concentrations of the original contamination, the right columns shows Hg
sorbed to SOM. Note different scales of the x-axis

leaching of mercury due to the high affinity of Hg to DOM thiol groups. On the
other hand, the exchange capacities and the selectivity coefficients of the fulvic and
humic acids of SOM greatly influence the retention of mercury in the top soil. Note
also that the selectivity coefficient of the thiol groups in SOM has only a minor
effect because in anthropogenic mercury-contaminated sites, the thiol groups in
SOM are initially saturated with mercury. The dissolution rate of the initial
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Fig. 16.9 Precipitation (/eft axis) and Hg" fluxes (monthly moving averages) at the bottom of the
soil profile for three initial contamination scenarios (right axis)

contamination is also a sensitive parameter as illustrated above in scenarios with
cinnabar and residual NAPL.

16.3.4 Modeling of Uranium Leaching from a U Tailings
Pile Using the HP2 Module of HYDRUS (2D/3D)

The HP2 is a two-dimensional equivalent of the one-dimensional HP1 program
(Simiinek et al. 2008). We will demonstrate below the versatility of HP2 using an
example involving the release and migration of uranium from a simplified uranium
mill tailings pile toward a river. This example includes the processes of water flow,
solute transport, precipitation/dissolution of the solid phase, cation exchange,
complexation, and many other reactions. This problem was inspired by, and is a
modification of (to make it more realistic), a problem reported by Yeh and Tripathi
(1991). Detailed information about this project, as well as instructions on how to
implement the project using HP2, can be found in Simtnek et al. (2012) and on the
HYDRUS website.

Problem Description

The schematic of the transport domain is shown in Fig. 16.10. The mill tailings pile
is located adjacent to a surface that slopes down to a river. The horizontal bottom of
the region is impermeable. The vertical left-edge has the Dirichlet boundary
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Fig. 16.10 Problem description for the uranium tailings problem (Adopted from Yeh and Tripathi
1991)

condition with a groundwater table 12 m above the bottom of the transport domain.
The top boundary (except for the mill tailings pile and the river) has a flux boundary
condition with a net rainfall rate of 0.139 cm/day. The horizontal region on the top
of the mill tailings pile is a flux boundary with an infiltration rate of 1.39 cm/day.
The nodes on the vertical line on the right side of the transport domain and the
nodes on the river bottom have the Dirichlet boundary condition, reflecting the
position of water in the river (4.5 m above the bottom of the transport domain). A
hypothetical pumping well with a withdrawal rate of 271.58 cm?/day is located at
(x, z) = (400, 100). The region is discretized using a structured finite element mesh
with 1,564 elements and 852 nodes.

The medium has the hydraulic properties of a loam (the residual water content,
0,.=0.078, the saturated water content, 8, = 0.430, and the van Genuchten (1980)
parameters a=0.036 cm™ !, and n=1.56; Carsel and Parrish 1988) with the
saturated hydraulic conductivity of K;=3.78 m/day. A longitudinal dispersivity
of 2.5 m and a transverse dispersivity of 0.25 m are assumed.

With respect to solute transport, uranium was modeled as a complex
multicomponent system involving multiple interacting components. Table 16.1
lists chemical reactions and their thermodynamic equilibrium constants considered
in this example. For reactive hydrogeochemical transport, the problem consists of
eight components: Total H, Total O, Ca, C, uranium, sulfate, phosphate, and Fe. A
total of 35 aqueous species, 18 exchange species, 9 surface species and 2 minerals
are defined for the problem; redox reactions were not considered. Precipitation/
dissolution and sorption are the main chemical processes considered in this exam-
ple. Gypsum (0.0037 mol/kg) and calcite (0.00047 mol/kg) are assumed to be
present in the waste zone and the rest of the profile, respectively.

Sorption of U was described using a multi-site cation exchange model (see Jacques
et al. 2008a). This sorption model also buffers the acid pH due to proton exchange. In
the current model, protons will replace Ca in the exchange complex. Parameters of the
multi-site cation exchange model are also given in Table 16.1 (adapted from Jacques
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Table 16.1 Reaction network for the uranium tailings pile leaching problem

J. Simtnek et al.

Reaction No. Log K*
Aqueous complexation reactions

H,0 < H" + OH™ (R1) —14.00
Ca®* + CO3*~ < CaCO3 (aq) (R2) 322
Ca** + H" + CO5>~ &< CaHCO;* (R3) 11.43
Ca** + S0,>~ < CaSOy (aq) (R4) 2.31
Ca®* + 2H" + PO~ < CaH?PO,* (R5) 20.96
Ca** + PO,>~ < CaPO,_ (R6) 6.46
Ca> + H' + PO,>~ & CaHPO, (o (R7) 15.08
Ca®* + H,O < H* + CaOH" (R8) —12.58
Fe’* + S0,>~ & FeSOy (g (R9) 2.20
Fe** + H,0 < H' + FeOH" (R10) —9.50
Fe?* + 2H,0 < 2H" + Fe(OH); (4 (R11) —20.57
Fe?* + 3H,0 < 3H" + Fe(OH);~ (R12) —31.00
Fe? + 4H,0 < 4H" + Fe(OH),*~ (R13) —43.00
UO,”" + H,0 < H* + (UO,)(OH)* (R14) —5.30
200,% + 2H,0 < 2H™ + (UO2),(OH),** (R15) —5.68
3U0,%* + 4H,0 < 4H" + (UO2)5(OH),* (R16) —11.88
3U0,*" + 5H,0 < 5H* + (U02)3(OH)s" (R17) —15.82
4U0,*" + TH,0 < TH' + (UO2)4(OH),* (R18) —21.90
3U0,%* + TH,0 < TH' + (UO,)5(OH),; ™~ (R19) —28.34
UO,* + CO5>™ & (U0L)(CO3)ag) (R20) 9.65
U0, +2C05*~ < (UO,)(CO5),>~ (R21) 17.08
U0, +3C052~ < (UO,)(COs)s* (R22) 21.70
2U0,** + CO5%™ +3H,0 < 3H" + (UO,)»(CO3)(OH);~ (R23) —1.18
U0, +50,>™ & (UO)(S04) (ag) (R24) 2.95
U0, +250,% < (UO,)(S04),>~ (R25) 4.00
2H' + UO,?* + PO,>~ & Hy(UO,)(PO,)* (R26) 23.20
3H" + UO,>* + PO~ < H;(UO,) (PO, (R27) 22.90
Ca® + 4H" + UO,>" + 2P0, < CaH4(UO,)(PO,),>* (R28) 4524
Ca®" + 5H* + UO,** + 2P0,*~ < CaHs(UO,)(PO,),** (R29) 46.00
H* + CO5>~ < HCO5~ (R30) 10.32
2H" + CO3*™ < HyCOs(yg (R31) 16.67
H* + SO,>~ < HSO,~ (R32) 1.99
H' + PO,’~ & HPO,>~ (R33) 12.35
2H" + PO~ < H,PO,~ (R34) 19.55
3H" + PO~ < H;PO4 (R35) 21.74
Precipitation-dissolution reactions

Ca®* + S04>~ & CaSOy, (gypsum) (R36) 4.62
Ca® + CO3>~ & CaCOj (calcite) (R37) 8.48
Multi-site cation exchange model®

Ca®* +2Y, =CaY, (R37) —0.2
U0 +2 Y, =U02Y,, (R38) —0.2
H'+Y,=HY, (R39) 1.65
H' + Y, =HY, (R40) 3.30
H' + Y.=HY, (R41) 4.95
H' + Yq=HY4 (R42) 6.85
H' + Y.=HY, (R43) 9.60
H* + Y,=HY; (R44) 12.35

(continued)
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Table 16.1 (continued)

Reaction No. Log K*
Specific sorption — surface complexation

Hfo_OH +H" = Hfo_OH," (R45) 7.29
Hfo_OH =Hfo_O~ +H* (R46) —8.93
Hfo_OH + Ca®* = Hfo_OCa* + H* (R47) —5.85
Hfo_OH +U0,** = Hfo_OUO,"* + H* (R48) 2.8
Hfo_OH+PO,*" + 3H* = Hfo_H,PO, + H,O (R49) 31.29
Hfo_OH +PO,*" + 2H* = Hfo_HPO,~ +H,0 (R50) 25.39
Hfo_OH +PO,** + H" = Hfo_PO,>~ + H,0 (R51) 17.72
Hfo_OH +S0,>~ +H* = Hfo_SO,~ + H,O (R52) 7.78
Hfo_OH +S0,>~ = Hfo_OHSO0, (R53) 0.79

K is a thermodynamic equilibrium constant
°y, represents one of the six different exchange sites (Y, Yy, Y, Y4, Ye, Yy). Exchange
coefficients are the same for each exchange site for Ca®* and U022+, but are different for H*

Table 16.2 Initial and

o Species Inside the tailings Outside the tailings

boundary compositions of o 4% 10> 2% 105
recharge water and pore water  ~ . Aax -, e x s
in the tailings and regions CO, 1.0 > 10 L5x10°
outside of the tailings for U0, 50x107* 1.0x 1077
the uranium tailings problem  PO4”~ 1.0x107° 75%x1077°
(mol/l) S0, 533 x107% 1.35x 107

Fe’* 3.5x107° 1.0x 1077

pH 2.3 7.14°

Calculated in equilibrium with calcite

PCalculated slightly under-saturated with hydroxyapatite (the
saturation index of —0.1)

“Used as charge balance

dCalculated slightly under-saturated with gypsum (the saturation
index of —0.1)

et al. 2008a). A relatively low (8.1 x 10> mol/kg) sorption capacity and a bulk
density of 1.5 g/cm® were considered. Additionally, specific sorption of U and other
cations and anions on Fe-oxides were described using a non-electrostatic surface
complexation model with a capacity of 8.1 x 10~* mol/kg. Parameters of this
non-electrostatic surface complexation model are also given in Table 16.1.

Two different water compositions were considered: (i) one solution composition
was considered for pore water and recharge water in the tailings, and (ii) the second
solution composition was used for pore water and recharge water outside of the
tailings pile and for recharge water at the left hand side of the domain. Both water
types are given in Table 16.2. Cauchy boundary conditions were considered on all
boundaries where boundary conditions are specified. A total of 1,000 days was
simulated.
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Fig.16.11 The steady-state pressure head (cm) (fop) and flux (cm/d) (bottom) profiles (at 1,000
days) for the tailings pile leaching example
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Fig. 16.12 Spatial distribution of pH initially (/efr) and at 1,000 days (right) for the tailings pile
leaching example

Results

The steady-state pressure heads and velocity fields are depicted in Fig. 16.11.
Figure 16.11 shows that water fluxes in the groundwater (about 20-50 cm/day)
were significantly larger than in the vadose zone (below 1.5 cm/day).

Figure 16.12 shows contour plots of the initial (left) and final (right) distributions
of pH. Acidity was initially confined to the tailings pile and was larger than 7 outside
of the tailings pile. The proton exchange on the cation exchanger buffered the
acidity by replacing calcium with protons on the exchanger. The spatial extent of
the pH-altered region extended all the way to the river.

Figure 16.13 depicts contour plots of precipitated carbonate (Calcite, CaCOs))
and sulfate (Gypsum, CaSQy)) at 1,000 days. CaCOs ), which was initially present
everywhere outside of the tailings, is dissolved completely in the zone where pH is
lower than about 5.5 (see Fig. 16.12). The influence of the acidity on calcite
precipitation is present almost in the entire domain, except for the upper right and
bottom left parts of the domain. In these zones, the geochemistry was governed by
incoming rain water (upper part) or ground water (bottom left). Dissolution of
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Fig. 16.13 Spatial distribution of calcite (a) and gypsum (b) at 1,000 days for the tailings pile
leaching example. Arrows indicate the color representing the initial conditions for calcite in the
soil region or for gypsum in the tailings pile
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Fig. 16.14 Spatial distribution of aqueous U concentration (mol/l) at 1,000 days
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Fig. 16.15 Spatial distribution of sorbed U concentration (mol/dm?) at 1,000 days

calcite and the abundance of sulphate in tailings water led to gypsum precipitation.
Gypsum, which was initially present only inside of the tailings, precipitated in the
domain where groundwater encountered the leachate from the tailings.

Figures 16.14 and 16.15 show dissolved and sorbed uranium concentration
profiles, respectively, as calculated using HP2 (i.e., using complex biogeochemical
calculations). U migration within the ground water system is considerably retarded.
U sorption seems to coincide quite well with the downstream edge of the aqueous U
plume.



398 J. Simdnek et al.
16.4 Conclusions

In spite of the considerable demand on input data, the multicomponent solute
transport models such as HYDRUS, UnsatChem, or HP1/2, can be effective and
versatile tools that are very useful for evaluating complex agricultural and envi-
ronmental problems, such as irrigation management in regions with scarce water
resources, where suitable waters are not always available for irrigation or for
evaluating the leaching of acidic waters from mine tailings. We have demonstrated
the use of the UnsatChem and HP2 modules of the HYDRUS software for these two
types of applications, respectively. These models, after proper calibration and
validation, should be considered useful tools for establishing sound irrigation and
environmental policies to mitigate various problems such as soil salinization/
sodification or point and non-point source pollution from mining operations. Addi-
tional examples of the use of the complex hydrobiogeochemical transport models
can be found at (and downloaded from) the HYDRUS website.
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