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Abstract

The selective radius shift model was used to relate changes in mineral volume due to
precipitation/dissolution reactions to changes in hydraulic properties affecting flow in porous
media. The model accounts for (i) precipitation/dissolution taking place only in the water-filled
part of the pore space and further that (ii) the amount of mineral precipitation/dissolution
within a pore depends on the local pore volume. The pore bundle concept was used to connect
pore-scale changes to macroscopic soil hydraulic properties. Precipitation/dissolution induces
changes in the pore radii of water-filled pores and, consequently, in the effective porosity. In a
time step of the numerical model, mineral reactions lead to a discontinuous pore-size
distribution because only the water-filled pores are affected. The pore-size distribution is
converted back to a soil moisture characteristic function to which a new water retention curve
is fitted under physically plausible constraints. The model equations were derived for the
commonly used van Genuchten/Mualem hydraulic properties. Together with a mixed-form
solution of Richards’ equation for aqueous phase flow, the model was implemented into the
geochemical modelling framework PHREEQC, thereby making available PHREEQC’s
comprehensive geochemical reactions. Example applications include kinetic halite dissolution
and calcite precipitation as a consequence of cation exchange. These applications showed
marked changes in the soil’s hydraulic properties due to mineral precipitation/dissolution and
the dependency of these changes on water contents. The simulations also revealed the strong
influence of the degree of saturation on the development of the saturated hydraulic conductivity
through its quadratic dependency on the van Genuchten parameter a¢. Furthermore, it was
shown that the unsaturated hydraulic conductivity at fixed reduced water content can even

increase during precipitation due to changes in the pore-size distribution.

Keywords: Dissolution; Precipitation; Reactive solute transport; PHREEQC; Mualem; Van
Genuchten; Moisture content; Hydraulic conductivity; Vadose zone; Pore bundle model;
Selective radius shift model; Split operator; Water retention; Soil moisture characteristic;

Young-Laplace law; Halite; Cation exchange
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1 Introduction

Due to the importance of the unsaturated zone as a buffer zone for aquifers against
contamination, the simulation of geochemical reactions together with vadose zone flow and
solute transport is receiving increasing interest. Some of the more advanced computer
programs that have emerged in recent years are MULTIFLO [1], FLOTRAN [2], MIN3P [3],
TOUGHREACT [4] and HP1 [5]. In order to model hydro-geochemical and ecological engineering
problems they employ continuum representations of the porous medium [6-9] and assume the
existence of a representative elementary volume where, for instance, flow can be described by
Darcy’s law. However, geochemical reactions such as mineral dissolution/precipitation
(hereafter termed simply mineral reactions) modify the porous medium’s pore structure. These
changes manifest themselves in the constitutive relations that characterize the continuum-scale
properties of the soil and are used in the governing equations of flow and transport. An up-
scaling procedure has to be employed in order to treat pore-scale interactions of the fluid and

the solid soil structure within the framework of continuum flow and transport models [10-13].

Existing approaches that account for continuum-scale hydraulic property changes due to
biological activity or mineral reactions include statistical grain size analysis [14], discrete
description of mineral geometries [15] and estimates of changes in pore-size distributions
(PSD’s) [16-18]. In these models, the effects of mineral reactions on constitutive relations are
considered for saturated conditions. That is, the only hydraulic property that is changed is the
saturated hydraulic conductivity. On the other hand, in unsaturated porous media, there are two
hydraulic properties governing flow, the soil moisture characteristic curve and the unsaturated
conductivity [e.g., 8]. Because pore-scale mineral reactions alter the shape and volume of water-

filled pores, in consequence both these properties have to be adapted.

In a recent modelling study on reactive solute transport Cochepin et al. [19] highlight “(...) the
importance of properly describing and simulating the way the texture evolves in porous
medium (sic) when porosity undergoes significant variations.” In this work, we present a model
that integrates pore-scale effects of mineral dissolution and precipitation, namely changes in
pore volume, into continuum-scale simulations of unsaturated flow, transport and geochemical
reactions. The pore bundle or capillary tube concept [20-27] is employed to relate bulk changes

in mineral volumes to PSD’s and thereby to soil moisture characteristic curves.

Fig. 1 describes schematically our modelling approach: Starting with continuum-scale hydraulic
properties, the PSD is calculated from the soil moisture characteristic curve using the pore
bundle concept. Changes in mineral volume through equilibrium or kinetic mineral reactions

are translated to changes in pore radii of the PSD according to the selective radius shift model
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(described below). The resulting new PSD is converted back to an updated soil moisture
characteristic curve, which is then used for computing flow and transport at the continuum

scale.

Fig. 1 near here

The module for updating the PSD with changes in mineral volume is based on the film approach
by Taylor et al. [18], which assesses the effect of bacterial growth on flow and transport in
saturated porous media. The authors state that the extension of their model to the case of
unsaturated flow is straightforward. Nevertheless, Saripalli et al. [28] remarked, in a review on
changes in hydrologic properties of aquifer media due to chemical reactions, that no research
has been done on this topic in unsaturated soils. In order to fill this knowledge gap Freedman et
al. [29] adapted the Taylor model to simulate the effect of mineral reactions in partially
saturated soils. Even though they recognized that mineral reactions may occur only in the
smaller, water-filled pores of the pore-size spectrum, the effect of liquid phase saturation is
neglected in their model. Here, we address this issue using the selective radius shift model
wherein the influence of reactions between the aqueous and mineral phases in unsaturated
porous media is limited to the water-filled pore space. Other important features of the model

are:

- Modifications of pore radii through mineral reactions according to the volume of water

in the pore (which limits the possible amount of mineral reaction); and

- Precise treatment of changes in analytical PSD’s without prior discretisation into pore-

size classes.

The model is implemented through the geochemical modelling framework PHREEQC [30], into
which a 1D solution of unsaturated flow and transport has been integrated. In developing the
model in PHREEQC, the full set of geochemical reactions and connected thermodynamic
databases are accessible. This allows for the simulation of numerous applied hydro-geochemical
environmental engineering problems where mineral reactions have an important influence on
the physical properties of partially saturated soils. Possible applications include vadose zone
biodegradation processes [31,32], water management practices and irrigation techniques in
arid and semiarid areas [33-35], salinity management [36-39] and the assessment of the long-

term performance of reactive barriers [40-46].
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Below, we present the theoretical model derivation followed by applications of the model to the
case of kinetic halite dissolution in different moisture conditions and calcite precipitation due to

cation exchange.

2 Theory

In the model the governing continuum-scale equations for 1D unsaturated flow (Richards’
equation) and solute transport (advection-dispersion equation) are solved using the numerical
scheme of Celia et al. [47] and the simplified total variation diminishing scheme of Gupta et al.

[48].

In contrast to most common simulators for unsaturated flow and multi-species solute transport
[4,5,49], our scheme represents liquid phase flow through a consequent application of solute
transport to all elements in the solution including oxygen and hydrogen. This results in mass
conservative computation of liquid phase flow together with an accurate representation of pH

[50].

The governing equations for equilibrium solution speciation, heterogeneous phase reactions
(e.g., mineral dissolution/precipitation, cation exchange and surface adsorption) and kinetic

reactions are described in the PHREEQC user manual [30].

2.1 Pore bundle concept

The pore space of the soil is conceptualized as cylindrical capillaries with a continuous
distribution of radiir (L). A given capillary can be either water-filled or completely dry,
depending on the saturation state of the soil [23-26]. With this geometric idealization, the soil
moisture characteristic curves 8(h) can be interpreted as continuous cumulative pore-size

distributions, (), by the Young-Laplace equation [e.g., 20,51-53]:

h=", (1)
Tr

where h is the fluid pressure head (L) and @ is the volume of water-containing pores per unit

volume of soil at a given pressure head. The capillarity factor  (L2) is defined as:

_20cos¢

pg ' (2)

with surface tension of water o (ML2T-1), contact angle between fluid and solid ¢, fluid density

(ML-3) and magnitude of gravitational acceleration g (LT-2).
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The cumulative PSD represents the relative volume of drainable pores with a radius equal to or
smaller than r. In this paper, we assume a unique functional dependency of 8 on h and therefore
neglect hysteresis in the water retention. The drainable pore-size density function (or PSD) is

obtained by differentiation of the cumulative PSD with respect to r [18,54]:

do(r)
dr

fr)= - ()

Mineral reactions impose a change on PSD’s through alterations of pore radii and, consequently,
porosity. In the discretised time domain of a numerical model with a time step At, mineral
reactions result in a finite change of pore space A6™, which is equal to the change in mineral

volume with opposite sign.

With the given definition of 8, the saturated moisture content f,,; is equal to the effective

*

porosity. The new saturated moisture content, 8;,;, after At following mineral reaction is:
Sae = O + 80" = [ (), )
0

where f* is the new PSD that results from modification of pore-radii and A@™ is known a priori

from reaction calculations. The new cumulative pore volume, 8*(r), is then given by:
r
0°() = [ feanan. (5)
0

With the conceptualization of cylindrical pores whose length are not affected by mineral
reactions, the new PSD can be calculated by substituting the transformed pore radii r* into the

original PSD Eq. (3) [18]:

fa)r?

,r*Z

(6)

frr) =

Eq. (6) follows from the assumption that the number of pores in the system remains constant.
The functional form ofr*is yet undefined and depends on the conceptualization of the
simulated process. A constraint is imposed by Eq. (4), which states that the volume change due

to changes in pore radii integrates to the total change in porosity.

As described earlier, the soil moisture characteristic curve is used to determine the soil’s initial
PSD. Any water retention curve can be used although here the selective radius shift model (§2.2)

is applied to the commonly used van Genuchten soil moisture characteristic curve [55]:



153
154

155

156
157
158
159
160
161

162
163

164
165

166
167
168
169

170
171
172

_ gsat — Gres
O(h) = Ores + T+ @)™ (7)

. . : 1
with residual moisture content 6,,, and parameters a (L'1),n and m = 1-;. Therefore, the

cumulative pore-volume per unit volume of soil is given by:

Osar — 6
O(r) = 0,,5 + L{rssm ®
[1 + (a F) ]
and, following Eq. (3), the differential pore-volume becomes [17]:
n
mn (Osq¢ — Ores) (a g)
fr) = mFL (9)

rl1+(a g)”]

2.2 Selective radius shift model

We assume a strict dependency of mineral reactions on solution concentrations, in other words
that the amount of dissolved or precipitated mineral in a given pore is linearly dependent on its
pore-volume. Consequently, , since we assume that the change in pore volume is uniform within
a given pore, the accompanying radius change after a time step At is dependent on the pore

radius at the start of the time step.

A dimensionless scalar proportionality factor relates the new and original pore radii in the PSD

[cf, 18]:
ro=- (10)

For cylindrical tubes of constant length a change in pore radius by a factor of L leads to a

change in pore volume proportional to szc. For dissolution Ly > 1 and for precipitation Ly < 1.

In a recent study [29], changes in mineral volume in unsaturated soils were modelled as
affecting the entire pore spectrum despite that mineral reactions occur only in the water-filled
part of the pore space. Here, instead, the selective radius shift model translates changes in

mineral volumes to pore radii in the wet part of the porous medium.

In a given portion of the porous medium (in computational terms this would be a cell within the
modelled domain), at any time the moisture content is known. Due to precipitation/dissolution,

the pore volume will change and thus the soil moisture characteristic changes also. Thus, in the
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following we distinguish between the actual moisture content in the cell 8,.;, and the moisture
content as defined by the soil moisture characteristic curve. The maximum radius up to which
pores are water-filled and therefore affected by mineral reactions is calculated from Eq. (8) with

64c+ according to:

1
n

1
Gsat_eres)m
= _sat  Cres)T_q| . (11)
rim = (-G

The radius 1y;,,, divides the pore spectrum into a dry, inert part and a wet reactive part, which
has to compensate for the change in mineral volume. For the calculation of the new PSD, only

the pore radii of the wet pore space are divided by the proportionality factor L.

Combining the PSD of the reaction affected wet part and the inert dry part leads to:
r
£ = £ (1) 11 = 10 = runt )]+ PG 1), (12)

where His the Heaviside step function [e.g., 56]. Integration of Eq. (12) leads to the new

cumulative pore volume, which is a piecewise discontinuous function:

L,%(esat — Ores

[1 + (a€ L%)n]m
(Bsat — Ores)

0 (r) = Opps + [1 - H(r — ru-mLf)]

+ L3 H(r — rymL
f [1 R ( al )n]m ( lim f) (13)
Tlim
Osar — 6 Osar — 6
+ { sat e T:‘Sm - =t al Ti‘lS ml H(T' - rlim).
[+ (&) ] [”(@)] )
The new saturated moisture content/effective porosity is
Tll_)rgj 9*(7') = H;at = (eact - Hres) (L,% - 1) + Bsat- [14-)

Since the amount of mineral reaction is known in a time step, an explicit expression for Ls

results:

fat — 0
L} = (—65‘” S‘“) +1. (15)
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For the case of dissolution, the increase of pore radii in the wet part of the pore space leads to
an overlap of PSD’s of the wet and the dry pore space. This results from the fact that the wet
pore space extends into the pore-size region of the dry pore space after an increase in pore
radii. Precipitation produces a gap between wet and dry portions of the PSD. The underlying

assumption is that water does not redistribute during reactions over a time step.

Fig. 2a shows the two separate PSD’s for the dry, inert part of the pore space and the water-
filled part after mineral reactions according to Eq. (12) together with the PSD that results from
the procedure to fit the soil moisture characteristic curve (§3.2). The total pore volume is a
combination of wet and dry pore volumes. The graph illustrates the overlap of the wet and dry
PSD’s in the pore-size interval [1};, 7im Ls] due to mineral dissolution in the water-filled portion
only. The cumulative pore volume of the porous medium after mineral reactions is shown in
part (b) of the graph, which was calculated with Eq. (25). Discontinuities resulting from the

overlap of the two pore-size domains are identified by vertical lines.

In this example the initial PSD was derived from the van Genuchten soil moisture characteristic
curve for loamy sand [57]. The pore radius that divides the water-filled and the dry pore
spectrum ry;,, is taken as 0.001 mm. This corresponds to a moisture content of 0.195. For
illustrative purposes the L¢-factor is artificially magnified to a value of 1.2, which relates to an
increase in effective porosity by 0.046 during a single time step At. This value is much larger
than would occur in numerical simulations and was chosen simply to display how mineral
reactions affect the PSD. In the example applications (§4, §6), the maximum change in effective

porosity in a single time step is orders of magnitude smaller, which gives values of Lf closer to

unity.

Fig. 2 near here

Fig. 3 shows the original water retention curve in terms of head together with the discontinuous
piecewise soil moisture characteristics that results from Eq. (13). In addition, the fitted
moisture characteristic curve that is used for the calculation of unsaturated aqueous phase flow

is displayed. More details on the fitting procedure are given in §3.2.

Fig. 3 near here
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2.3 Permeability model

From the numerous models that can be used to relate changes in hydraulic conductivity and
mineral reactions to microbial activity [e.g., 17,22,58-65], the popular Mualem approach [66]
was chosen for both relative conductivity and saturated conductivity, in order to be consistent
with the underlying assumptions of the capillary pore bundle concept. The relative hydraulic

conductivity K (LT-!) is calculated from the saturated hydraulic conductivity K,; (LT-!) using:
1\Mm]?
K(0) = Ky 0" [1 — (1 - @m> ] , (16)

where the reduced moisture content 0, is defined by:

0-26
Q=—"1% (17)

gsat - Gres
and [ is the tortuosity parameter.

Because of locally varying van Genuchten parameters as well as K¢, the conductivity function
becomes space and time dependent, i.e., at any location the conductivity evolves according to
the local conditions, even if the initial soil is homogeneous. The new saturated conductivity after

an incremental change in mineral volume is obtained from [18,54]:

2
l * 2

o] T'3 %
. _ sat : fO r*_Zf (r)dr _ sat\ [@" (Osar — Ores 18
Ksat = Ksat 0 3 = Ksat 9_ — ﬁ ’ (18)
sat fo T'f(T)dT' sat a sat res

where, as before, K,,;, @ and 6, are the properties of the medium at the start of the time step

and K;;;, a* and 05, are the properties after time step At. Observe the independence of
saturated conductivity of the shape parameter n, which is only true form = 1—%[17].

Limitations of this assumption were discussed by van Genuchten and Nielsen [67].

2.4 Mineral film model in saturated conditions

In fully saturated conditions where the entire PSD is affected by mineral reactions, the selective

radius shift model reduces to a continuous film model. Eq. (13) becomes

(gsat - 97’35)14?c

6*(h) = m
|1+ (Lyan)"]

+ Ores, (19)

where Ly is calculated from the change in mineral volume according to
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cat — 0
13 = (u)_ (20)
4 Gsat - gres
Due to the changes of pore radii in the entire PSD no fitting procedure has to be employed to
determine the new soil moisture characteristic curve. As can be seen from Eq. (19), the

parameter n is not affected by mineral reactions, whereas
a* = Lra. (21)

In the fully saturated case, a comparison with the related biofilm model [18] can be performed.
The Taylor model [18] assumes the development of an impermeable biofilm throughout the PSD

with a homogeneous thickness, Lt (L), irrespective of the pore volume according to
=71+ Ly (22)

The change in pore radii affects the cumulative pore volume distribution as
r 7,]2
9*(r)=f— + Lqr)dn . 23
S Ly O+ Lyr)dn (23)

For the numerical integration of Eq. (23) in conjunction with the van Genuchten hydraulic

model Maple version 12 [68] was used.

Fig. 4 near here

Fig. 4 shows the development of water retention curves in loamy sand [57] upon reduction in
pore space by 20.2% according to the Taylor model [18] with a homogeneous film thickness
([18], Eq. (23)) and our model (Eq. (19)) where the film thickness is proportional to the pore
volume. In the Taylor model [18], small pore sizes, characterized by larger drainage heads h, are
equally affected by the clogging process, whereas our model shows an increasing reduction in

pore size at lower drainage heads, which correspond to larger pores.

Fig. 5 near here

The development of hydraulic conductivity in relation to the pore space is illustrated in Fig. 5. A
larger sensitivity of saturated conductivity on changes in pore volume is observed for our model
compared to the Taylor model [18]. Since the large pore-size fraction carries most of the flow a
reduction of its volume has a larger effect on conductivity than the same volume reduction in

the small pore-size fraction. It is noted here that an analytical extension of the Taylor model
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[18] to the case of dissolution is impeded by the singularity in the PSD at zero pore radius.
Without additional assumptions, an additive increase in pore radii immediately leads to an

infinite pore volume (see §7.2).

3 Numerical model description and implementation

3.1 Program flow

The numerical treatment of the simultaneous processes of aqueous phase flow and transport,
reactions and changes in hydraulic properties was handled using, a sequential non-iterative
split operator. The split operator decouples chemical element flow from geochemical speciation
and reaction calculations as well as hydraulic parameter updating by solving sequentially in the
discretised time domain. Extensive discussions of operator splitting techniques and their

performance are available elsewhere [69-76].

Fig. 6 illustrates the split operator method used, with the main modules highlighted in bold. The
variables that are passed between modules are shown in rounded boxes. At the beginning of
every time step, aqueous phase flow and solute transport is calculated implicitly for all cells in
the discretised spatial domain. Element concentrations are passed to the geochemical reaction
calculations, which are carried out cell-wise. The change in mineral volume is passed to the
hydraulic property model, which updates the hydraulic parameters of the current cell and saves
them for use in the flow module in the following time step. Thus, flow calculations are
performed globally for the entire domain whereas reactions and hydraulic parameter
adjustments are calculated locally for each computational cell. With central finite differences for
the space discretisation the accuracy of the computation of flow, transport and reactions is

0(Az2, At).

Fig. 6 near here

The simulation of unsaturated flow and solute transport was extensively verified with

HYDRUS-1D [77].

As mentioned above, the scheme was implemented through the modelling framework PHREEQC
[30], which gives direct access to simulation of comprehensive geochemical processes. Solution
speciation, cation exchange, surface adsorption and equilibrium mineral reactions are
calculated according to standard thermodynamic models applying the local equilibrium

assumption. Kinetic reactions are calculated by integrating user-definable rate equations.
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The effect of reaction-induced changes in water contents (e.g., through mineral hydration,
dissolution or precipitation) on flow, transport and hydraulic properties is a priori considered

by re-calculating water contents from liquid phase elements after each reaction step.

3.2 Change in hydraulic parameters: Fitting procedure

The discontinuous PSD in Fig. 2a arises from the assumption that no redistribution of water is
allowed during the reaction process. Although convenient, this is a somewhat crude
approximation. Mineral reactions and water redistribution are simultaneous. Capillarity
provides the mechanism to move water into the smallest pore-size fraction that can
accommodate the current moisture content and therefore smooth the discontinuities in the PSD
that are produced by the current conceptualization. For that reason, a new van Genuchten soil
moisture characteristic curve is fitted to the piecewise retention function, Eq. (13), that results
from pore-size-selective mineral reactions. The fitting procedure smoothes the small
discontinuity in slope shown in Fig. 3. As well, there are significant practical benefits in fitting a
unique soil moisture characteristic curve for every computational cell. It eliminates the need to
(i) store a complex piecewise soil moisture characteristic curve, and (ii) to compute numerically
the unsaturated hydraulic conductivity function (using Mualem’s formula) for each

computational cell at each time step.

For the simultaneous fitting of the van Genuchten parameters (n and @) a multidimensional
downhill simplex method [78,79] was employed. Since Eq. (13) cannot be inverted analytically,
the original soil moisture characteristic curve with 6, instead of 6, is evaluated at 40
locations equally distributed over the moisture spectrum from 6, to 8¢,;. (Tests have shown
that a larger number of evaluation points does not yield noticeably improved fits.) The
calculated values of h are inserted into Eq. (13) to yield 40 pairs of 8; and h; (full dots in Fig. 3)
for which the new retention parameters n* and a* are optimized. The updated conductivity

relation is then calculated based on the new retention parameters and Eq. (18).

The best fit for the new soil moisture characteristic curve calculated with a least-square
objective function alone may predict a slight but unphysical increase of pore volumes in the dry
part of the retention at precipitation and a decrease at dissolution. In order to prevent this non-
physical behaviour, a penalty term is added to the least-square criterion in the overall objective

function, ¢:
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o= Z’l’iz + il H[7ioq + sgn(Ly — 1) 7] [1 —H (hi - Tlfm)] (24)
x|1-H <hi B Tl‘ZLf>]'

where sgn is the Sign function [e.g., 56]. In Eq. (24), 7 is the difference between the fitted Eq. (8)

and Eq. (13) at the evaluation points i:

r.—0
7= 1 (hy) = Opps + ———T5— 4 — 0*(hy). (25)
[1+ (a*h)™' ]

Because the endpoints of the retention curve (6;,; and 8,,,) are known, 7, = 0.

In words, Eq. (25) means that a penalty || is added for each evaluation point in the objective
function, whose residual 7 is larger in the case of dissolution and smaller in case of
precipitation compared to the previous evaluation point, counted in direction of increasing
heads. In addition, the penalty is only applied if the head of the evaluation point is within the
inert part of the pore spectrum. In the example from §2.2, the penalty ensures that the gradient

of the fitted soil moisture characteristic in Fig. 3 is smaller than the gradient of 8*(h), which

Riim

results from Eq. (13) for heads smaller than L

. Looking at the PSD in Fig. 2a, the penalty

guarantees that the PSD, which results from back-conversion of the fitted moisture

characteristic always remains on or above f(r) for the inert pore-size fraction.

. 1 , . e
Above it was noted thatm =1 — -~ We explored the effect of relaxing this restriction in the

fitting process but since there was little or no benefit in the quality of the fits obtained the

restriction on m was kept.

3.3 Assumptions and limitations

In the present scheme, the pore structure is considered rigid, changes in aqueous phase
saturation due to mineral reactions are disregarded, and the effect of variable liquid phase
density on flow is neglected. All mineral phases in the system are assumed distributed
uniformly throughout a computational cell, and are accessible to pore water regardless of the
macroscopic moisture content. The residual moisture content is modelled as an immobile phase
in flow and transport calculations but it is considered part of the soil solution in all geochemical
reactions. This implies perfect mixing between the immobile and mobile pore water. Since the
residual moisture content is not considered part of the water conducting pore space, the

equivalent radius of water-filled pores is zero. It is expected that the tortuosity!in the
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conductivity-moisture relation is also affected by mineral reactions [80-82]. Nevertheless, [ is
left constant at the suggested value of 0.5 [66] in order to avoid invoking additional

assumptions.

4 Influence of pore-size selectivity on hydraulic parameters

Using Eq. (19) the influence of mineral film development in the entire pore space versus pore-
size selective mineral reactions (Eq. (13)) can be evaluated. Following the example of calcite
precipitation in [29], a calcite supersaturated solution infiltrates into a soil column with fixed
partial pressure of CO; at 10-15atm. Kinetic calcite precipitation is simulated according to the
rate equation [83]. Parameters, column properties, initial and boundary conditions of the

simulation are summarized in Table 1.

Table 1 near here

Fig. 7a illustrates porosity, as 6, which corresponds directly to the volume change through
precipitated calcite, together with saturated hydraulic conductivity (b) and the van Genuchten
parameter a (c) after 7.5 h of continuous infiltration. In this simulation the influence of changed
hydraulic properties on flow and solute transport is deactivated in order to evaluate the
influence of pore-size selectivity with equal changes in mineral volume. In flow-coupled
simulations the different alteration of hydraulic properties leads to different mineral

precipitation patterns.

Fig. 7 near here

The results clearly show the large effect of pore-size selectivity on changes in saturated
hydraulic conductivity. Compared to the case where the entire PSD is affected, the selective
radius shift model predicts a considerably smaller reduction in saturated conductivity (80%
non-selective versus 93% selective) with the same change in porosity. This difference is
consistent with the consideration that the saturated conductivity is largely determined by the
larger pores sizes. A small radius change in the larger pores therefore may affect conductivity

more than a larger change in the small pore-size fraction.

5 Example application: Kinetic halite dissolution

In the following, the selective radius shift model is applied to investigate the effect of kinetic

halite dissolution on the hydraulic properties of loamy sand [57].
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The Kinetics of halite dissolution is controlled by two distinct processes: NaCl detachment from
the mineral surface according to surface coordination chemistry [84-87], and the transport of
ions into the bulk solution through the interfacial layer quantified by transition state theory

[88]. Alkattan et al. [89] proposed the overall reaction rate R (molT-1M-1):

keke
R = ( )c 1-0Q), 26
kc + kt eq,h( ) ( )
with saturation ratio (), equilibrium concentration of halite ions (Na, Cl) in solution c,q p,, rate
constants for the surface reaction effect k. (T-1) and rate constant for the transport effect k;
(T-1). In the following simulations, the rate constants and equilibrium concentration k., k; and

Ceq,n are combined into a single constant with the value of 0.2 mol (kg water)! min-1, which is

within the range of experimentally determined reaction rates [89].

The rate at which ions are released/precipitated is strongly influenced by the mineral surface
area in contact with the aqueous phase. However, the dependency of surface areas on mineral
mass is dependent on the pore geometry. Parkhurst and Appelo [30], for instance, suggest a
general reduction of surface area with decreasing mineral mass. This is in contradiction to the
pore bundle concept, where the mineral surface increases with mineral dissolution. As noted by
Steefel and Lasaga [15], “any number of methods can be used to calculate reactive surface areas,
although none of them has been verified in a natural system”, thus here we choose to neglect the

change of reactive surface area and its influence on the rate of halite reaction.

In the following, we present three simulations of a 50 cm long column with different initial and
boundary conditions. The column has a cross sectional area of 10 dm? and contains loamy sand
that is homogeneously amended with halite, which is the only non-inert mineral in the column.
The initial pore water in the column is at equilibrium with the mineral phase and flushed with
pure water. Simulation domain properties and initial hydraulic properties are summarized

in Table 2.

Table 2 near here

5.1 Quasi steady state flow; high moisture content

The first simulation was carried out under moist conditions with boundary and initial

conditions given as
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(27)

Fig. 8 illustrates the simulation results 60, 180 and 300 min after the start of pure water
infiltration. The column profiles of ® are shown in part (a). Small variations in ® are mainly due
to the increase of f,; in combination with a fixed moisture content boundary condition. Since
the hydraulic properties within the medium change during the simulation, neither a constant
flux nor a constant moisture content boundary leads to steady state flow conditions. A 20%
increase in g, is shown in part (b) of the graph. Since 6y, is equivalent to the effective
porosity, its increase reflects the volume of halite that has been removed from the pore space by
kinetic dissolution. In the given moisture conditions the flow velocities are on the same
timescale as the reaction kinetics, such that mineral volumes decline more gradually than the
step change that is typical for equilibrium reactions. The van Genuchten parameters a¢ and n
generally increase, as shown in parts (c) and (d). In the first 5 cm of the column a decrease of
is observed, which is due to the initial perturbation of the flow, where dissolution proceeds at a
slightly lower soil moisture content. The saturated hydraulic conductivity K,; in part (e) almost
doubles during the course of the simulation, driven by the increase in ,,; and enhanced by the

general increase in a.

Fig. 8 near here

The change in the van Genuchten shape parameter n indicates the increasing importance of
larger pore sizes in the substrate. With increasing n, a, K¢, and 8,4, the medium evolves from a

loamy sand towards sand, according to the categorization of soils in Leij et al. [57].

5.2 Quasi steady state flow; low moisture content
This simulation was performed with the same column properties (Table 2) but with different
moisture conditions to the previous example in order to demonstrate the effect of saturation on

hydraulic properties. Boundary and initial conditions were

(28)

Fig. 9a shows again a small perturbation of the initial steady state moisture content, caused by
the changes of hydraulic properties. Due to low water contents and long residence time in a
computational cell, dissolution nearly reaches local thermodynamic equilibrium during a time

step. The solution becomes saturated with respect to halite in the first cell that contains the
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mineral and no further dissolution takes place downstream. As a result, the increase in 84,4; in
part (b) proceeds with a distinct step change. The large decrease in the van Genuchten
parameters a and the almost constant n (parts (c) and (d)) results from the size selectivity of
the dissolution reaction, which now only takes place in the fraction of the pore space that
corresponds to small pore radii. Due to the decrease in « the increase in K,,; (part (e)) is

reduced compared to the simulation at higher moisture contents.

Fig. 9 near here

6 Example application: Calcite precipitation due to cation exchange

This example illustrates the application of the selective radius shift model to the case of mineral
precipitation occurring due to cation exchange during transient infiltration. The example is
motivated by the frequently observed permeability reduction in reactive barriers, where
minerals precipitate due to adsorption-desorption processes [43,44,90]. Reactive barriers are
designed to protect groundwater aquifers from contamination by adsorbing pollutants (e.g.,
heavy metals) onto the solid soil structure. Therefore, materials with high cation exchange
capacity are of particular interest in this remediation technique. The simulation is carried out
for a clay loam with initially uniform hydraulic properties, which contains a potent exchanger at
a depth of 10 cm downwards. Its cation exchange capacity is set to values that are extremely
high for natural soils but can be reached by synthetic exchange materials [91] or organic

adsorbents [92].

Initially the exchange sites are filled with calcium ions. The infiltrating solution contains a high
ionic strength sodium carbonate solution at the saturation limit of natron. As soon as the
infiltration front arrives at the exchange layer, calcium is replaced by sodium leading to a
snowplough phenomenon [93-95], where concentrations of desorbed calcium exceed initial
concentrations. In addition, the solution is allowed to equilibrate with respect to calcite, which
immediately precipitates most of the released calcium ions due to high carbonate

concentrations. The simulation properties are summarised in Table 3.

Table 3 near here

Reaction equations for cation exchange and calcite dissolution/precipitation are:
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2Na* 4 CaX, = 2NaX + Ca*?  log(¥) = —0.80

(29)
CaCO$ = CO¥ + Ca™ log(%) = —8.48
Initial and boundary conditions are:
t=0, z>0, 6 =0.1, c=0,
(30)

t=>0, z=0, 6 =0.3, C = Ceqns
where ¢4 ,, denotes equilibrium concentration of sodium carbonate with natron.

Results of geochemical parameters are illustrated as column profiles in Fig. 10. Part (a) shows
the development of molal sodium concentrations. In the first profile after 5 d, the infiltrating
sodium has reached the reactive barrier and starts to replace calcium ions from the exchange. At
later times the progress of sodium concentrations is strongly retarded compared to the
moisture front due to continuous uptake by the exchanger. Part (b) shows the molal calcium
concentrations in solution. Due to the precipitation of calcite, calcium concentrations in solution
are low (< 0.2 millimolal) despite the large amounts that are replacement from the exchanger (2
mol (1 soil)1). Parts (c) and (d) show amounts of adsorbed calcium and sodium, respectively.
Because of the large abundance of sodium ions, calcium is almost completely removed from the
exchanger despite preferential adsorption of calcium over sodium. Part (e) shows the total
amount of precipitated calcite. Owing to high carbonate concentrations the moles of

precipitated calcite are almost equal to the moles of initially adsorbed calcium.

Fig. 10 near here

Changes in hydraulic properties that result from calcite precipitation are displayed in Fig. 11.
Part (a) illustrates the moisture profiles that results from infiltration into the initially dry
medium with a constant moisture content boundary. The first snapshot after 5 d shows an
undisturbed infiltration profile in a homogenous clay loam. In subsequent profiles, the moisture
content shows small perturbations that result from space and time dependent hydraulic
properties. In regions where calcite has precipitated the moisture content is generally lower,
mainly due to reduced effective porosity. Part (b) shows the reduction in effective porosity that
immediately follows from calcite precipitation. Profiles of the van Genuchten characteristic
curve parameters « and n, displayed in parts (c) and (d) of the figure, show thatn is more
sensitive to the moisture content and therefore pore-size selectivity of the reaction than a
under the simulated conditions. The increase in n indicates a decreasing contribution of small

pore sizes to the total pore volume. Despite the increase in a a general reduction of K, is
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observed in part (e). However, the increase in @ with precipitation at higher moisture contents

can be traced in slightly smaller decreases of K.

Fig. 11 near here

The development of the PSD of the clay loam is displayed in Fig. 12. In contrast to the loamy
sand in the previous example, clay loam shows a monotone decrease of f(r) with increasing
pore radius. In terms of the van Genuchten formula, this monotone behaviour occurs for n > 2.
In addition, the size selectivity with preferential decrease of small pore sizes as a result of
precipitation in unsaturated conditions is displayed. Comparison of the PSD’s at 10 and 16 cm
shows a larger decrease of pore sizes between 2 x 104 and 3 x 10-3 cm during precipitation at
larger soil moisture (16 cm) than during precipitation at lower soil moisture (10 cm). However,
a magnification of the final PSD’s at radii from 1.1 x 10-* to 1.14 x 10 (insert Fig. 12) reveals a
crossover of the PSD’s after precipitation, which verifies more precipitation in smaller pores at

lower moisture contents.

Fig. 12 near here

The influence of pore-size selective mineral reactions on the conductivity-moisture relations
(Eq. (16)) is presented in Fig. 13. Although at first sight counterintuitive, we observe a hydraulic
conductivity increase with mineral precipitation at a given 6. This is partially due to the
increase of @ with decreasing 6,,;. However, by plotting K in terms of © the influence of 6,; on
hydraulic conductivity is eliminated. The hydraulic conductivity-moisture content curves in Fig.
13 are therefore only dependent on K,; and n. The fact that the conductivity-moisture relation
after mineral reaction at 10 cm depth is still above the original curve at given O results from
pore-size selectivity precipitation and hence change in n. As mentioned already, larger values of
n are associated with a lower contribution of small pores to the total pore volume. Thus, at same
0, a higher proportion of water is carried through large pores in the medium with precipitated
calcite. The effect of reduced K;,; dominates the change inn only in moist conditions with @

above 0.92 (insert in Fig. 13).

Fig. 13 near here
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7 Discussion

7.1 Discussion of modelling results

From the example simulations, it can be seen that mineral reactions can have an important
impact on the soil moisture characteristic and hydraulic conductivity-moisture content

relationship.

Comparing the simulations in §5.1 and §5.2, the influence of the degree of saturation on the final
retention parameters and saturated conductivity becomes obvious. The different evolution of «,
with a small increase at a high moisture content and a strong decrease at a low moisture content
has a marked influence on K,; according to Eq. (18): K, increases by about 73% at for the
high moisture content case compared to about 32% for the low moisture content case, despite
the same increase in porosity for each case. This occurs because a medium with a high
proportion of small pores exhibits a larger resistance to flow than a medium with large pores
amounting to the same pore volume. Nevertheless, most models for hydraulic properties
changes neglect the influence of the PSD on permeability, even though its influence is
considerable in calculations of flow and transport even in fully saturated situations where flow

is governed by K, alone.

The case of calcite precipitation (§6) demonstrates the capability of the new simulation tool to
integrate complex geochemical reactions such as adsorption and desorption processes.
Although this simple example is not a realistic representation of geochemical processes in a
reactive barrier, the potential key mechanism for exchange-induced permeability reduction is
captured. In the region of the exchanger, moisture contents increase gradually from relatively
dry (6 = 0.1) to moist conditions (6 = 0.3), which highlights the influence of soil moisture on
the change in soil moisture characteristics and hydraulic conductivity. In the first few
centimetres of the exchanger layer, precipitation takes place in the tip of the diffuse moisture
front at low moisture contents. As a result of the exchange process, the precipitation front
becomes increasingly retarded with respect to the moisture front so that precipitation takes
place at higher soil moisture within the reactive barrier. The resulting PSD’s in Fig. 12 verify the
conceptualization of saturation-dependent, pore-size selective mineral reactions with a larger
reduction of smaller pore sizes in dry conditions. Increasing final values of @ and decreasing n in
the exchange layer represent the change in moisture content at which the mineral reaction

takes place.

Interestingly, the reduction in permeability is largest close to the upper boundary of the

exchanger layer, where it reduces the infiltration capacity at full saturation (Ky,;). However, it is
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important to note that the actual value of unsaturated conductivity is not only dependent on
Kgq: but also onn, 6, and last but not least 8. Thus, the unsaturated conductivity cannot be

inferred from hydraulic parameters alone but is directly interrelated with flow.

7.2 General model discussion

A principle criticism of any 1D simulation of mineral reactions and flow is the fact that self-
enhancing instability phenomena cannot be captured. Within the domain of reactive flow in
unsaturated soils three main types of interfering instabilities occur: (i) reaction instabilities due
to initial heterogeneities in the hydraulic properties with dissolution of wormholes and karst
phenomena [1,96-105], (ii) flow instabilities with moisture content fingering during the
infiltration of a moisture front [106-116] and (iii) density instabilities due to local differences of
solution densities [117-124]. However, the scope of this paper is not to investigate instability
phenomena, but to propose a new approach that relates changes in mineral volumes and
hydraulic properties. The validity of the current 1D model is therefore restricted to regions
along flow lines with lateral homogeneity. With an integration of the proposed model for pore-
size selective mineral reactions into a 3D reactive flow and transport simulator, interactions and
feedbacks between instability phenomena could be investigated. Conceptually speaking, the
approach presented here could be included in a 3D model, but at the cost of the loss of the tight
coupling with PHREEQC achieved in the present 1D model. This tight coupling gives a significant

benefit in that the full suite of PHREEQC’s geochemical modelling capabilities is available.

The bundle of capillary tubes model, which is the foundation of the presented model, has been

critically reviewed by Larson et al. [26], who stated three major inadequacies:

- The use of cos ¢ in Eq. (2) as a measure of wettability does not adequately describe real

porous media.

- The irregular geometry of real porous matrices and associated effects (e.g., inkbottle

effect) are ignored.
- The connectivity and “branchiness” of real porous media is ignored.

Lehmann et al. [125] therefore conclude that the PSD’s derived from the capillary pressure/fluid
saturation relationship does not correspond to the geometrical PSD. Despite these
shortcomings, the capillary tube model is widely applied as a simple link between continuum-
scale hydraulic properties and PSD’s [17,18,29,126]. The concept of modifying pore volumes
through mineral reactions can be integrated also into more sophisticated pore network models

that can be used to relate PSD’s to soil moisture characteristic curves.
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Our main contribution here is the advancement of existing models for the effect of chemical
reactions on physical transport properties in unsaturated soils. As mentioned in §2.4, our model
draws upon the Taylor model for biofilm growth [18]. When that model is applied to
bioclogging, Lgr in Eq. (22) is restricted to negative values, which gives physically plausible
results. However, the same model was applied to mineral reactions in the vadose zone for
precipitation, Lgr < 0, and for dissolution, Lgr > 0 [29]. Starting from either the van Genuchten
f@)

or the Books and Corey models [127], the pore number distribution, P(r) = T that results

from the pore bundle concept has a singularity at zero radius. Thus, any additive increase in
pore radii due to dissolution leads to infinite pore volume and permeability. Freedman et al.
[29] only arrived at meaningful results by discretising the radius spectrum and therefore

neglecting small pore sizes before applying radius changes due to mineral dissolution.

In our model, the approach of Taylor et al. [18] is adapted such that the volume change in each
pore is proportional to its current volume (Eq. (10)). This proportionality assumes a strict
dependency of mineral reactions on local solution concentrations. As this dependency is a
macroscopic characteristic of the system, different pore scale behaviours could be envisaged,
e.g.,, pore-size dependent nucleation site density. The application of any film-type model to
mineral reactions relies on the assumption that precipitation and dissolution occurs
homogeneously along pore walls (thin film assumption). Thus, the model is not applicable to the
precipitation of large crystal-forming minerals. The joining of pores due to dissolution reactions
and the resulting changes in PSD’s and hydraulic properties is neglected. Together with the
assumption of a rigid pore structure the model is therefore only valid for a limited amount of

mineral dissolution.

Clement et al. [17] recognize the functional dependency of the saturated conductivity on o for
the combination of the van Genuchten model with the Mualem conductivity. For cylindrical
pores with effective lengths proportional to radii they arrive at a simple relation between

permeability and changes in porosity according to

19
* * -

sat _ ( sat) 6. (31)
Ksat Osat

However, since their model assumes that there is a proportionality between changes in
maximum pore radius and porosity the model is not applicable to unsaturated conditions where
the large pore sizes are unaffected by dissolution/precipitation reactions. In general, power
laws that are based on an analogy to unsaturated conductivity only apply if changes in porosity

affect the largest pores in the PSD. Reactions in unsaturated soils, however, affect only the small



602
603
604

605
606
607
608
609
610
611

612

613
614
615
616
617
618
619
620
621
622
623

624
625
626
627
628
629

630
631
632
633

24

pore-size fraction, making application of a power law unsuitable. Here, we fit a single water
retention curve that equally represents the reaction-affected and inert part of the pore space,

and so obtain a new «a that can be used directly to calculate changes in K.

Taylor et al. [128] apply a statistic approach to relate dispersivities in pristine and bioclogging-
affected soils. However, in a porous medium whose PSD is derived from a van Genuchten
retention function the described procedure is inapplicable since the conductance distribution
function exhibits a singularity at zero conductance and thus the variance of conductance is not
well-defined. The combined simulation of flow solute transport, reactions and changes in
hydraulic properties is therefore limited to situations were changes in dispersivities do not

significantly affect reaction patters e.g., through the dominance of advective transport.

8 Conclusions

In this study, a new model for the effect of mineral dissolution/precipitation on hydraulic
properties of unsaturated soils is developed and applied to the case of kinetic halite dissolution
in loamy sand and equilibrium calcite precipitation due to cation exchange in clay loam. In
contrast to existing approaches, the model divides the pore spectrum in an inert, dry part and a
reaction-affected wet part, whose pore-size distribution (PSD) is changed according to changes
in mineral volumes. Pore radii in the reactive part are modified such that the change in pore
volume over a time step in the discretised numerical model is proportional to the pore volume
itself. Combining the inert and reaction-affected PSD’s results in a piecewise retention curve, to
which a new continuous soil moisture characteristic function is fitted in order to smooth
unphysical discontinuities and obtain a single set of retention parameters. The updated

retention parameters are directly used to calculate changes in saturated hydraulic conductivity.

The model is integrated into a numerical scheme for comprehensive geochemical reactions and
unsaturated solute transport where, because reactions vary in time and space, each cell in the
discretised model domain has time-dependent hydraulic properties characterized by a single
set of hydraulic parameters. Because of the sensitivity of results on the fitting procedure and
accumulating fitting errors, a penalty function is introduced into the objective function of the

downhill simplex method in order to avoid unphysical results.

The examples give further insight into the effect of moisture content on the spatial and temporal
evolution of PSD’s and retention parameters 844, n and a. The evolution of porous media is
demonstrated for the case of Kinetic mineral dissolution and precipitation due to cation

exchange in a simplified reactive barrier.
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The main finding of the simulations is the strong influence of the degree of saturation on
changes in Ky, which could not be determined without considering an unsaturated flow model.
In the example given (§4), equal changes in porosity lead to increases in K, of about 73% at
high moisture content compared to 32% at low moisture content. The difference is due to the
relative importance of small pore sizes, as reflected in the quadratic influence of the van
Genuchten parameter a on K4, which accounts for the. The same general tendency is found in
simulations of transient infiltration. Especially under condition of low saturation, permeability
models that rely on porosity alone [e.g., 17,22,63,129] greatly misestimate Kj,; for changes in

porosity in unsaturated conditions.

Although at first sight counterintuitive, for unsaturated conditions the moisture content-
dependent hydraulic conductivity, K(8) increases due to mineral precipitation and decreases
during dissolution at given 8. This is mostly due to the dependency of the Mualem conductivity
on O and changes in 84,,. However, from Fig. 13 it can be concluded that even at same reduced
moisture content, the unsaturated hydraulic conductivity changes in the opposite direction to
B4+ and K¢, over most of the moisture spectrum if mineral reactions take place at low
moisture contents. This result becomes obvious considering that after precipitation in small
pores water has to be carried through larger pores that pose less resistance to flow and vice

versa for dissolution.

The model offers the potential for experimental confirmation of the development of PSD’s by

measurements before and after mineral reaction reactions.
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Figure captions

Fig. 1. Link between continuum-scale hydraulic properties and pore-size distribution

via the pore bundle concept.

Fig. 2. Pore size distribution (a) and cumulative pore volume (b) of a porous medium
undergoing selective mineral dissolution in the wet portion of the pore space. The over-
lap of wet and dry pore space that results from dissolution of wet pores with no redi-

stribution of water during the reaction time step is marked by vertical lines.

Fig. 3. Soil moisture characteristic curves of the initial soil, after mineral dissolution ac-

cording to Eq. (13) and the fitted van Genuchten moisture characteristic, Eq. (8).

Fig. 4. Development of the pore-size distribution according to the model by Taylor et al.

[18] and the selective radius shift model with a reduction in effective porosity by 20.2 %.

Fig. 5. Sensitivity of saturated conductivity on changes in effective porosity according to
the model of Taylor et al. [18] and the selective radius shift model in saturated moisture

conditions.

Fig. 6. Flow chart of numerical model. Main computational modules are in bold, and va-

riables that are passed between the modules are listed in the rounded boxes.

Fig. 7. Influence of pore-size selectivity on the development of hydraulic properties af-
ter 7.5 h of infiltration of a supersaturated calcite solution and kinetic calcite precipita-

tion.

Fig. 8. Column profiles of main simulation results for kinetic halite dissolution at high

water contents with infiltration of pure water at time 60, 180 and 300 min.

Fig. 9. Column profiles of main simulation results for kinetic halite dissolution at low

water contents with infiltration of pure water at time 3000, 9000 and 15000 min.

Fig. 10. Column profiles of geochemical properties for calcite precipitation due to cation

exchange with infiltration of sodium carbonate solution at time 5, 20, 200 and 450 d.
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Fig. 11. Column profiles of moisture content and hydraulic properties for calcite preci-
pitation due to cation exchange with infiltration of sodium carbonate solution at time 5,

20,200 and 450 d.

Fig. 12. Effect of calcite precipitation on pore size distribution for time-varying mois-
ture content at different locations in the exchange layer. Insert: Magnification of pore-

size distribution at cross-over pore radius.

Fig. 13. Conductivity-moisture content relation of original clay loam (5 cm) and in the
exchange layer after calcite precipitation. Insert: Magnification of conductivity relation

close to full moisture saturation.



35 Tables

36 Table 1: Parameters, column properties, initial and boundary conditions for the com-

37  parison of pore size selective precipitation and precipitation in entire PSD.

Domain properties

Column length 0.4m
Cell length 0.01 m
Time step 450s

Cross section area 0.1 m2
Initial hydraulic properties

Osat 0.5

Ores 0.085

a 4.4 m1

n 2.2

l 0.5

Koyt 2.1714x103m s
Initial conditions

Water content 0.2

Temperature 25°C

Partial pressure CO; 10-15
Boundary condition z= 0 m

0 0.2
Temperature 25°C
Partial pressure CO, 10-15
'Qcalcite 1.8
Boundary condition z= 0.4 m
0 0.2
Temperature 25°C

Partial pressure CO, 10-15

38



39 Table 2: Domain properties and initial hydraulic parameters for simulation of kinetic

40  halite dissolution.

Domain properties

Column length 50 cm
Cell length 1cm
Time step 1 min

Cross section area 10 dm?
Initial hydraulic properties

Osat 0.41

Ores 0.057

a 0.124 cm!

n 2.28

l 0.5

Koot 0.243 cm min-!

41



42  Table 3: Domain properties and initial hydraulic parameters for simulation of calcite

43  precipitation due to cation exchange.

Domain properties

44

Column length 20 cm
Cell length 0.5 cm
Time step 0.1d
Cross section area 10 dm?

Initial hydraulic properties

Osat 0.41

Ores 0.095

a 0.019 cm1
n 1.31

l 0.5

Kot 0.26 cm h1
l 0.5
Inflowing solution (mol/kgw)
Na*t 2.858

(;0'32 1.429

pH 7

CEC2(z =10 cm)

4 eq (kg soil)!

a Cation exchange capacity; initially filled with calcium ions
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