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CHAPTER 10

MOVEMENT OF SOLUTES IN SOIL: COMPUTER-SIMULATED AND
LABORATORY RESULTS

M. Th. van Genuchten® and R.W. Cleary

Many of the mechanisms which determine the rate at which chemicals
move through soil have been discussed in the previous chapter. These
mechanisms include such processes as diffusion/dispersion, adsorption,
decay, and intra-aggregate diffusion. Exact analytical solutions can be
derived for some of these processes, such as for linear adsorption and linear
decay (Chapter 9). However, for non-linear cases analytical methods cannot
be used to obtain exact solutions of the transport equations and approxi-
mate methods must be employed. The use of numerical techniques can
provide a useful and often the only alternative in modeling the transport of
solutes in such cases. Obviously, numerical and analytical approaches can
and should complement and augment each other. For example, an analytical
solution may be used to check the accuracy of a numerical program. On the
other hand, a numerical solution may be used to demonstrate the appropri-
ateness (or shortcoming) of a particular assumption necessary in the develop-
ment of an analytical solution. 1

In this chapter some of the transport equations used at present to describe
the movement of chemicals in soils are restated and solutions based on both
numerical and analytical techniques are presented. The influence of several
mechanisms affecting solute transport phenomena are studied, such as
non-linear adsorption, hysteresis in the equilibrium isotherms, and decay.
Special consideration is given to the occurrence of non-equilibrium con-
ditions between a given chemical and its adsorbent, the soil.

10.1. MATHEMATICAL DESCRIPTION

The unsteady-state, one-dimensional convective-dispersive mass transport
equation which describes the concentration distribution of a chemical under-

going adsorption and linear decay in an unsaturated or saturated soil'is given
by:

* Present address: U.S. Salinity Laboratory, 4500 Glenwood Dr., Riverside, Calif. 92501,
U.S.A.
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where c is the solute concentration (ML %), %q is the sorbed concentration
(= a/py), Py is the (dry) bulk density of the soil (ML™), JV is the Darcy
volumetric flux of the feed solution (LT™'), 6 is the volumetric moisture
content, D is the dispersion coefficient (L2T™'), k is a first-order rate coef-
ficient (T"!), t is the time (T) and x is the distance (L). The boundary and
initial conditions for a semi-infinite system undergoing infiltration with a
pulse of water containing a solute of concentration ¢y, followed by solute-
free water may be stated as:

dc Ve, x =0 0 <t <t,
— 0D — + JV¢ = ,
ox 0 x =0 t > t,
E?_},‘;‘:o X = oo t >0
c =0 in 0<x < oo t =0 (10.1a)

- where t, is the duration of the solute pulse applied to the soil surface.
If D is assumed constant, (10.1) for steady, saturated conditions (J¥ and 0
become constants), or for unsaturated, constant moisture content conditions
(Warrick et al., 1971), reduces to:

ac dc d%c py d¥q
Ly — = L _ b 23
" Vox P 0 st FC (10.2)

and the boundary and initial conditions become:

oc e x =0 0 <t <t,
—D—+vc =

ox 0 x =0 t >t
ox
¢ =0 in 0 < x <o t =20 (10.2a)

where v is the average interstitial or pore-water velocity (v = JV/0).

Solutions of (10.2) can be obtained after specifying the adsorption rate
d¥q/ot in the transport equation. Several models for adsorption or ion
exchange may be used for this purpose. These may be divided into two
broad categories: equilibrium models which assume instantaneous adsorption
of the chemical, and kinetic models which consider the rate of approach
towards equilibrium. Table 10.1 presents examples of some of the adsorption "
models at present available. Not included in table 10.1 are those models
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which describe the competition between two ionic species, such as the
commonly used cation exchange equations. Except for a few cases (cf. Lai
and Jurinak, 1971), generally two transport equations (i.e. of the type given
by (10.1)) have to be solved for such multi-lon problems. Only single-ion
transport models will be considered here.

Most of the equilibrium models listed in Table 10.1 are special cases of
the non-equilibrium models. Model 1.4 in particular follows directly from
the rate equation used by Lindstrom et al. (1971) (model 2.4) by setting the
time derivative, 8% q/dt, to zero. All adsorption models further represent
reversible adsorption reactions, except for model. 2.6. The rate equation
proposed by Enfield et al. (1976) is an irreversible adsorption equation
because it does not allow for any chemical desorption (the adsorption rate
is always positive). Model 2.6 was used by Enfield et al. to describe the
adsorption of phosphorus on several soils.

For illustrative purposes this chapter will consider only models 1.3 and
2.3, i.e. the Freundlich-type equilibrium and non-equilibrium adsorption
equations. Both models will be discussed separately.

10.2. EQUILIBRIUM ADSORPTION

It has been shown by several authors (cf. Kay and Elrick, 1967; Bailey
et al., 1968; Davidson and Chang, 1972) that for many organic chemicals the
relationship, at equilibrium, between adsorbed (*q) and solution concen-
tration (c) can be described by a general Freundlich isotherm (model 1.3):

Yq = k" } (10.3)

where k and n are temperature-dependent constants. Although (10.3) could
be derived on physicochemical grounds (cf. Rideal, 1930), it suffices for the
present objective to treat k and n as just empirical constants which may be
determined experimentally, for example using batch equilibration methods.

Equation (10.3) assumes that once the chemical and the porous matrix are
brought sufficiently close together, adsorption will be an instantaneous
process. However, the equation does not specify the exact mode in which
the chemical and the soil adsorption sites may be brought together (e.g. con-
vective transport, diffusion, a shaking process, etc.).

Equation (10.3) may be differentiated with respect to time and substi-
tuted into (10.2). This allows the transport equation to be written in terms
of one dependent variable, c:

dc 1 dc¢  dc ‘
2= e DSy — .
ot R (I ox2 " dx kc) (10.4)
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where the retardation factor R; (introduced by Hashimoto et al., 1964) is
defined as:

R, =1+q'/0 (cf. (9.7)and (9.9))
= 1+ pynkc~Y8 (10.5)

The retardation factor defines the mean velocity of the moving liquid relative
to the mean velocity at which the chemical itself moves through the soil.

Exact analytical solutions of (10.4) are available only when a linear
adsorption isotherm is present (n = 1). The retardation factor then becomes
independent of the solute concentration, i.e.:

Re= 1+ pok/ : (10.5a)

The solution of (10.4) subject to a first-type boundary condition at the soil
surface and for a semi-infinite profile has been given in Gershon and Nir
(1969). Cleary and Adrian (1973) derived the analytical solution for the case
of a finite profile with linear adsorption and a first-type boundary condition.
Selim and Mansell (1976) extended Cleary and Adrian’s work by including
the effects of linear decay. The direct solution of (10.4) subject to the initial
and third{ype boundary conditions given by (10.2a) is apparently not in the
literature. Without giving the lengthy integral transform derivation, we
present this solution for the first time here: '

c _ falxt) 0 <t <t
Cy ¢ {x,t) —c, (x,t —ty) t >ty - (10.6)
where:
v ' Rix—vt
e (x,t) = ;:exp (vx/2D) [exp (—v,x/2D) erfc {W}

RfX + V(t
—exp (v x/2D) erf; W

2

+ Y exp (vx/D) [2 exp (— kt/Ry) erfc {

fo + vt
4D

(4DR;t)"?

+Y X :+ o (RX Vb
v, exp |\~ op (VH V)| erfe \GpR v

v X Rix+ vt
—(V—L+ 1) exp {—éﬁ(v—v()} erfe {WH (10.7)
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and:
v, = vV/1 + 4kD/V?

Equation (10.7) may be simplified for the particular case when no decay
processes are present (k = 0). By applying L'Hospital’s rule to the second
term of (10.7) it may be shown that the equation reduces to the solution
derived by Lindstrom et al. (1967) for no decay:

- 2 172 _ 2
i) = berte [T o (0 ey | (R

2 4DR,t)!"? 7DR, 4DR,t
1 vx |, vt Rix + vt
—= + =+ — .
5 exp (vx/D) (1 D DR,) erfc [(4DR,t)“2} (10.8)

Referring to section 9.7 of the previous chapter it is pointed out that in the above
equation (10.7) the decay-diffusion/dispersion interaction is expressed in terms of the
variable v, = v(1 + t), whereas previously the parameter t was used for this purpose (cf.
(9.105)). Since the present case is based on a linear adsorption isotherm, the retardation
factor Ry is a constant, so that v/R¢ = v* and D/Ry = D* (9.104). Formulating (10.7) in
terms of the variables used previously:

Lp = D/v = D*v*

b= L(x— vty VDL Eo=d{x—(+1)v't}//D

a = v't//D't; a, = (t+ 1)v't//Dt
one obtains:
o e TIILD) e — exp (L 1)/ ) erfe(E, + )]
ct (t+2)
+ 2%%/2})0_) fexp {— 7 t(c+ 2)a” Yerfe (£ + )
—exp (} 1x/Lp)erfe (£, + a,)] (10.7a)

where x/Lp = (£ + @)® —£% has been left intact. For t = 0, £, > £, and a, > @; expanding
the last term to cancel ¢ appearing in the denominator then leads immediately to the pre-
vious equation (9.56), which is thus identical with {10.8) above.

Unfortunately, no exact analytical solutions are available when the
adsorption isotherm is non-linear. Approximate solutions may still be derived
for some special cases as was shown in chapter 9 for favorable exchange
(n <1). Generally, however, one must resort to numerical techniques in
order to obtain results (Van Genuchten .and Wierenga, 1974; Gupta and
Greenkorn, 1976). The numerical solutions presented in this chapter were
obtained using a finite difference approach, and were programmed in the
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IBM S§/360 CSMP-language as discussed extensively elsewhere (Van
Genuchten and Wierenga, 1974, 1976a). In the CSMP approach, the spatial
derivatives are approximated with suitable finite differences, while the
integration in time is performed using a predictor-—corrector Runge-Kutta
type algorithm (IBM; 1967). This approach has proven to be a relatively
simple way of obtaining solutions for rather complex distributive systems,
without sacrificing accuracy in the results.
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Fig. 10.1. Freundlich equilibrium plots for k = 0.2 and four different values for the
exponent n.

10.2.1. Non-linear adsorption effects

First the influence of a non-linear adsorption isotherm on the shape and
position of a solute pulse travelling through a soil column will be studied.
For illustrative purposes the constant k in (10.3) was chosen to be 0.2 and
the value of n was allowed to vary between 0.4 and 1.5, as shown in
Fig. 10.1. The isotherms are clearly much more non-linear near the origin,
but become approximately linear as the maximum value is approached. The’
maximum concentration, cg, of the feed solution was given an arbitrary value
of 1.0 ug/cm>. The curves plotted in Fig. 10.1 were subsequently used in
conjunction with (10.4) (k = 0) to calculate the distribution of the chemical
versus depth, both in the solution and adsorbed phases. Results are shown in
Fig. 10.2. A total of 20cm? of a chemical solution was applied to the soil
surface and leached out with a solute-free solution at a rate (JV) of
16 cm/day. The chemical hence is in the feed solution for only 1.25 days
(ty). The calculated profiles in Fig. 10.2 are plotted after three days. Other
data used to calculate the curves are given with Fig. 10.2.

Recalling the extensive discussion on the shape of the ‘“‘base front”, i.e.
the front in the absence of diffusion/dispersion, as influenced by concave,
linear, and convex adsorption isotherms (see section 9.3), one finds that the
curves based on the linear isotherm (n = 1) exhibit a nearly symmetrical
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Fig. 10.2. Solution (c) and adsorbed (¥q) concentration distributions versus distance as
obtained with the four equilibrium isotherms of Fig. 10.1, and the following soil-physical
data: py, = 1.40 g/cms, JV =16 cm/day, 8 = 0.40 em?®/em?® and D = 30 em?/day.

shape for the present block feed, i.e. a block front as modified by diffusion/
dispersion. This is not true, however, when n deviates from one: the more
non-linear the adsorption isotherm, the more asymmetrical the resulting
solute distribution becomes. When n = 0.4, for example, a very steep solute
front develops while the distribution near the soil surface becomes much
more dispersed. The appearance of a sharp front may be explained by con-
sidering the ratio v/R; in (10.4). Since R, increases rapidly with decreasing
concentration (n = 0.4), the ratio v/R; will decrease when the solute con-
centration becomes smaller, i.e. ahead of the solute front. This in tum slows
down the movement of the chemical before the front. The ratio v/R; on the
other hand is much higher at the higher concentrations. The higher the
concentration, the faster the apparent velocity of the chemical will be; the
higher concentrations now tend to override the lower concentrations and a
step front will develop. Owing to the developing high concentration
gradients, however, the front will never attain a block form. The diffusion
forces become very strong here and will always maintain a smooth curve. It
should be noted that the retardation factor also influences the steepness of
the front through the ratio D/R, in (10.4). Since R is very large near the
toe of the concentration front, the apparent dispersion of the solute distri-
bution will be much less here than at the higher concentration (cf. the
relevant discussion on p.321 in the previous chapter).

The sharpening of the solute front when n <1 may also be explained by
considering the differential capacity for adsorption, d“¥q/dc, i.e. the slope of
the equilibrium isotherms. When n <1, d“¥q/dc is relatively large at the lower
concentrations. This means that the rate of adsorption at lower concen-
trations is much higher than at higher concentrations. Because more material
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will be drawn from the soil solution towards the adsorption sites located at
the downstream side of the solute front, the solution concentration initially
will increase only very slowly, With each increase in concentration, however,
d¥q/dc decreases, resulting in the adsorption rate becoming smaller. This in
turn forces the solution concentration to increase faster, leading to the
observed steep front. When the bulk of the chemical has passed, i.e. near the
soil surface, a small decrease in concentration initially will result in the
release of only a small amount of material adsorbed (d¥q/dc is small at the
higher concentrations). With each decrease in concentration, the desorption
rate of the chemical increases, bringing more and more chemical into
solution and hence resulting in a slower decrease in the solution concen-
tration. This then explains the highly dispersed solute distributions near the
entrance of the soil column.

When n > 1, the reverse occurs. Adsorption at the lower concentrations is
now relatively minor and the toe of the front propagates with a velocity
nearly equal to that of the liquid. At the higher concentration, however,
adsorption is now much more extensive, resulting in a slower rate of move-
ment. Hence the concentration front becomes increasingly more dispersed
in appearance as time progresses. After most of the chemical has passed and
the concentration starts decreasing, initially much of the chemical which was
adsorbed will go into solution (d%¥q/dc is large) and hence the concentration
will remain relatively high. Again, with each decrease in concentration, less
material will go into solution (d“g/dc decreases rapidly) and the solution
concentration will drop quicker, resulting in the steep front upstream of the
solute pulse. Some of these observations have also been discussed in the
previous chapter. The curves presented in Fig. 10.2 are representative of the
processes of desodication (n <1) and sodication (n >1), although the
adsorption isotherms may be somewhat different than the Freundlich ones
used here (cf. sections A7.3.3 and A7.4 in volume A of this text, and the
discussion of Figs. 9.11 and 9.14).

10.2.2. Chemical hysteresis effects

Several studies recently have revealed the possibility of a hysteresis
phenomenon when studying the adsorption and desorption of different
pesticides and soils. Hornsby and Davidson (1973), Swanson and Dutt
(1973), and Van Genuchten et al. (1974) all encountered hysteresis in the
equilibrium isotherms. In these studies the coefficients k and n in the
Freundlich isotherm (10.3) were found to depend on the sorption direction,
i.e. whether adsorption (d%q/dt > 0) or desorption (d%q/at <0) occurred.
Figure 10.3 shows an example where adsorption and desorption follow
different curves. These isotherms were used by Van Genuchten et al. (1974)
to describe the movement of the herbicide picloram (4-amino-3,4,6-
trichloropicolinic acid) through a Norge loam soil. Other examples of
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Fig. 10.3, Equilibrium adsorption (¥q,) and desorption {¥qq) isotherms for Pigloram
sorption on Norge loam. The adsorplion isotherm is given by “q, = 0.180 ¢%%  The
desorption isotherms may be calculated from equations 10.10 and 10.11.

hysteresis can be found in the studies quoted above. The desorption param-
eters of the curves plotted in Fig. 10.3 may be determined by equating
the Freundlich equations for adsorption and desorption, as follows:

wqr = kn(cr)na = kd(cr)"d (109)

where the subscripts a and d refer to adsorption and desorption, respectively,
and where c, and Yq, represent the solution and sorbed concentrations when
the sorption direction is reversed from adsorption to desorption, i.e. where
a%¥q/ot = 0. Solving (10.9) for ky yields:

ka nglng

kg = "a¢ = } (10.10)
qr

The ratio n,/ngq was found to be a function of ¥q,: _

ny/ng = 2.105 + 0.062%q;'-07 (10.11)

For the three curves shown in Fig. 10.3 the values of n,/ny are 2.22 (¥q, =
0.365), 2.34 (¥q, = 0.223) and 2.98 {(¥q, = 0.0767). These values are close
to those reported by Swanson and Dutt (1973), who observed an average
value of 2.3 for the adsorption and desorption of atrazine using different
soils. Similar values were obtained also by Homsby and Davidson (1973),
and Van Genuchten et al. (1977). Smaller values, however, were obtained by
Wood and Davidson (1975), and Farmer and Aochi (1974) for the desorp-
tion of different organic chemicals from different soils.
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The isotherms shown in Fig. 10.3 were used by Van Genuchten et al.
(1974) to calculate effluent concentration distributions of picloram from
30-cm long columns. Results for one experiment (fig. 3 in the original study)
are shown in Fig. 10.4 and are compared with the experimental effluent

data. The concentrations in the Figure are plotted versus the number of pore
volumes leached through the soil column.

0.8
Picloram
0.6 r
cleg b
<—No hysteresis

0.4

0.2}

With hysteresis
ol . . T
15 20 25 30 . 35

Fig. 10.4. Calculated and observed effluent curves for Picloram movement through Norge
loam. The calculated curves were obtained with the following soil-physical data: py, =
1.53 gfem®, J¥Y =14.2 cm/day, 0 = 0.363 cm’/em®, D = 2.8 em?/day, to = 0.896 days
(To =1.17)and L = 30 cm.

The number of pore volumes may be defined as the amount of liquid leached through
the column, divided by the liquid capacity of the column, i.e.:

T = Ve W (10.12)
oL L '

where L is the length of the column. When no adsorption occurs and diffusion/dispersion
processes are neglected, the solute in the column would travel with a velocity equal to
that of the liquid in which it is dissolved. The retardation factor R¢ in that case would
be 1.0 and the chemical will appear in the effluent after exactly one pore volume. When
adsorption occurs, however, the chemical will travel slower than the liquid and hence
will appear in the effluent after more than one pore volume of solution is leached through
the soil column. Assuming a linear approximation of the adsorption isotherm (k, = 0.18,
n, = 1.0), and using the data of Fig. 10.4, one may calculate a retardation factor RI, of
1.76 ((10.5a)). The chemical will now travel with a mean velocity equal to {1.76)" or
0.57-times the velocity of the liquid, i.e. the chemical will appear in the effluent after
1.76 pore volumes. Owing to the presence of diffusion and dispersion processes and the
slight non-linear character of the adsorption isotherm, the exact break-through of the
chemical may be somewhat different, but should still be centered around 1.76 pore
volumes (Fig. 10.4). By plotting the relative concentration versus pore volumes, the
adsorption characteristics of the chemical and the soil are more clearly shown.
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Figure 10.4 illustrates the importance of using both adsorption and
desorption characteristics. The solid line is calculated when the hysteresis
phenomena are ignored and adsorption and desorption are assumed to follow
the same (adsorption) isotherm. The effluent curve in this case acquires a fairly
symmetrical shape. When hysteresis is included in the calculations a much
better description of the data results. The front side of the calculated curves
is not affected by hysteresis, since the chemical processes are determined
here by the adsorption isotherm only. During desorptlion, however, the
isotherm is convex upwards (n < 1) and a long “‘Lail’’ develops during elution
of the chemical. The development of the tailing in Fig. 10.4 may be
explained in a similar way as was done in the previous section for a general
non-linear isotherm, which resulted in the dispersed appearance of the
chemical near the entrance of the soil column (Fig. 10.2, n = 0.4).

Figure 10.4 not only shows that the occurrence of hysteresis in the equili-
brium isotherms induces heavy tailing, but also that the peak concentration
decreases significantly. From the Figure it is clear that excluding hysteresis
effects when calculating effluent concentration distributions may result in
serious disagreements between observed and calculated distributions.

10.2.3. Decay effects

The two previous examples were obtained with the assumption that the
chemical undergoes no decay reactions (biological or chemical transforma-
tion). In many systems which contain such compounds as pesticides,
ammoniacal fertilizers, and radioactive materials, decay processes are usually
present. A thorough analytical analysis of decay was given in section 9.7, and
only one example will be briefly discussed here.

To illustrate the influence of a decay sink on an effluent curve, the experi-
mental paramelers of the last example were used (assuming no hysteresis),
together with a first-order decay coefficient %k (cf. (10.2)) which was allowed
to vary between 0.0 and 0.5 day !. Results were obtained for both a short
pulse (t, = 0.896 day) and a continuous feed solution, the latter case result-
ing in a complete break-through of the chemical (Fig. 10.5; solid and dashed
lines, respectively). Owing to the increase in degradation with increasing
values of #, the maximum concentration in the effluent clearly decreases.
The complete break-through curves (dashed lines) approach an equilibrium
value which depends on the value of & used in the calculations. It should be
noted that a slightly non-linear isotherm was used to obtain the curves
plotted in Fig. 10.5 (n = 0.94). When the isotherm is approximated by a
linear relation (k = 0.18, n = 1.0), the concentration distributions are given
exactly by the analytical solution of (10.7). The steady-state value of the
concentration during break-through (Fig. 10.5) for this case is given by (see
for example Gershon and Nir, 1969):
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2 exp {%% (1—V1+ 4Dk/v‘2)}

c .
< - _ (10.13
Ce (1 +v1 + 4Dk/v?) )
_ 2exp (—4 vix/D)
<_ (T2 - cf. (9.107)) (10.14)

It is interesting to note that this steady-state solution (dc/dt = 0%g/ot = 0)
holds regardless of whether or not the chemical is adsorbed by the medium,
and hence is independent of the particular form of the adsorption isotherm.
The final concentrations in Fig. 10.5, reached after approximately 2.3 pore
volumes, can, therefore, also be calculated with (10.13).

Pulse, t70B56 days
————— Continuous k=0.0

1.0 e emmmmm il

0.8
cley t

0.6}

047

0.21

0 — —

05 10 15 20 25 30 ML
Fig. 10.5. Effect of first-order decay on Picloram movement through Norge loam. The
soil-physical data are the same as used in Fig. 10.4.

10.3. NON-EQUILIBRIUM ADSORPTION

In Fig. 10.4 experimental effluent concentrations were compared with
calculated curves which were obtained with the assumption that at any time
equilibrium exists between sorbed (¥q) and solution (c) concentrations.
Although an excellent description of the experimental data was obtained,
provided the observed hysteresis phenomenon was included in the numerical
calculations, some small deviations are apparent at the break-through side of
the effluent curves. The chemical seems to travel somewhat faster than pre-
dicted with the equilibrium model. Similar and more severe deviations
between experimental and equilibrium curves have been observed in a
number of studies (Kay and Elrick, 1967; Davidson and Chang, 1972; Green
et al., 1972; Van Genuchten et al., 1974, 1977; Wood and Davidson, 1975).
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The deviations mentioned here are presumably caused by the inability of the
chemical to be adsorbed instantaneously by the medium during its transport
through the soil.

. Many explanations have been given to account for this inability to reach
equilibrium. First there is the possibility that a true kinetic adsorption
mechanism is present, i.e. the chemical will be adsorbed slowly, even when
it is assured that the chemical molecule and soil adsorption site are physi-
cally in close contact. Hence a finite rate of adsorption is present. When this
is the case and it is the only reason for non-equilibrium, the movement of
the chemical in a soil should be described completely by coupling the trans-
port equation (10.2) with one of the kinetic rate equations listed in Table
10.1 (or with any other appropriate rate equation).

A second possible reason for non-equilibrium may be the significant
physical resistances encountered by a chemical in trying to reach the
sorption sites of the porous matrix during its movement through the soil.
This may be especially true for aggregated (Green et al., 1972) and/or
unsaturated soils (Nielsen and Biggar, 1961). In these cases the chemical has
to diffuse first out of the larger, liquid-filled pores (mobile liquid) into an
immobile liquid region before it can be adsorbed by those sorption sites
located inside the aggregates or along the walls of blind pores. This situation
is now merely a physical problem in that the physical make-up of the
medium is responsible for non-equilibrium (physical vs. kinetic non-
equilibrium). Adsorption in the immobile region of the soil becomes now a
diffusion-controlled mechanism. It should be noted that this physical non-
equilibrium may be demonstrated also with chemicals which are not
adsorbed by the medium. Material still has to diffuse into the immobile
zone, especially when the soil is highly aggregated (see for example the
studies by Nielsen and Biggar, 1961; McMahon and Thomas, 1974; Van de
Pol, 1974). Both mechanisms for non-equilibrium will now be discussed
separately.

10.3.1. Kinetic non-equilibrium

As mentioned previously, serious deviations have been observed between
experimental data and predictions based on equilibrium models. Figure 10.6
shows an example of how serious these deviations can be. The example is
taken from Van Genuchten et al. (1977), who studied the adsorption and
movement of the herbicide 2,4,5-T (2,4,5-Trichlorophenoxyacetic acid)
through 30-cm long columns containing Glendale clay loam soil. The equi-
librium adsorption and desorption isotherms for this herbicide and soil are
given in Fig. 10.7. Note again the hysteresis between adsorption and desorp-
tion. The isotherms, both for adsorption and desorption, are described with
Freundlich-type equations. The ratio n,/nqy was found to be 2.3 ((10.10)),
resulting in desorption curves of the form:
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wq — de0.344 (1015)

The curves plotted in Fig. 10.6 were obtained with and without the inclusion
of hysteresis effects in the calculations. Once again one can see that the
elution side of the experimental effluent curve is reasonably well described
when hysteresis is taken into account. The break-through part of the effluent
curve, however, is poorly predicted.
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Fig. 10.6. Calculated and observed effluent curves for 2,4,5-T movement through Glen-
dale clay loam. The following soil-physical data were used in the calculations: pp, = 1.36
glem?®, JV = 5.11 em/day, 0 =0.473 em¥fem?, Tg = 2.761, D = 8.4 cm?/day and L =
30 cm.

/ x Adsorption
-fﬂ w o Desorption

Q 5 10 15
¢ lpglem3) ‘
Fig. 10.7. Equilibrium adsorption (Yg,) and desorption (Yqq) isotherms for 2,4,5-T

sorption on Glendale clay loam. The adsorption isotherm is given by “q, = 0.616 o2
the desorption curves by “Yqq = kdco' 4

Several authors have suggested the use of a kinetic model, rather than an
equilibrium one, to improve the predictions. A rate equation frequently used
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is based on model 2.3 (Table 10.1). In the present notation, this equation
may be written as:

o"q

_ n_ w 10.16
o = helke" = "q) (10.16)

where k, is a kinetic rate coefficient with units of day™' . Several analytical
solutions of (10.2) and (10.16) may be derived, provided the adsorption
isotherm is linear (n = 1) and hysteresis is neglected (Van Genuchten, 1974,
appendix B). Subject to the particular initial and boundary conditions of
(10.2a), the solution may be expressed in the following dimensionless form:

_C_ . Cl(s, t) 0 < t < tO
Cy (s, ) —c, (s, t —tg) t >t (10.17)
with:

c1(s,1) = Gls, 1) exp (= rRot) + 7 || G(s, 1) [Rolo() + VR 7/(E 1)1, (§)]

exp [—r(Rpr +¢t—1n)jdr (10.18)

1 s(1 — )2 st —s(1—1t)?
G(s_, t) = Eerfc "/T+ A/(;{-) exp {T}
2
~%(1 s+ styet erfe A SO (10.19)

4t

Ppk k.x

¢ = 2r/Rp7(t —17); Rp = —0-; r = v (10.20)
VX vi vto

= 5 = 3 = — 21

s D’ t < o " (10.21)

where [, and I; are modified Bessel functions of the first kind and of order
0 and 1, respectively. To maximize generality, the solution is expressed in
four dimensionless variables. The variable R, is a system constant since it is
completely defined by properties of the chemical and medium. The variable
r defines to what degree local equilibrium between solution concentration
and adsorbed concentration is reached during the transfer process, and is
essentially the same as the scaled variable %, introduced in section 9.6 of the
previous chapter. The scaled variables s and ¢ reduce to the often used Péclet
number, Pé (= vL/D), and the number of pore volumes, T ((10.12)), when
effluent concentrations from a finite soil column are considered.
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It should be mentioned here that all solutions given in this chapter are derived for a
semi-infinite medium. When these solutions are used to calculate effluent concentrations
by setting x = L, some small errors may be introduced. llowever, owing to the uncer-
tainly of the exact physical processes at the exit of the column as well as the relatively
small influence of the - mathematical boundary conditions generally imposed on the
system, i.e. the condition dc/0x = 0 at x = L (see for example the discussions by Wehner
and Wilhelm, 1956; Pearson, 1959; Van Genuchten and Wierenga, 19741), the solutions

obtained for a semi-infinite medium should provide close approximations for those of a
finite medium.

The analytical solution given above will now be used to investigate
whether or not the kinetic model represents an improvement over the equi-
libnum model in describing the experimental data of Fig. 10.6. To be able
to use this solution, the observed hysteresis effects have to be ignored. This
presents no objection, however, since interest for the moment is only in the
description of the break-through side of the effluent curve (hysteresis has
no effect on this part of the curve as was shown in Figs. 10.4 and 10.6). It is
further necessary to linearize the slightly non-linear adsorption isotherm of
Fig. 10.7. The following procedure was used by Van Genuchten et al. (1977)
to obtain this linearization. Denoting the linearized isotherm by “Yq = k!¢,
and requiring that the areas under the isotherm over the range 0—10 ppm
(the column was leached with a 10-ppm 2,4,5-T solution) for both the

linearized and the non-linear Freundlich equations be the same, one has from
Fig. 10.7:

10 10
fo klede = fo 0.616 c®™2dc (10.22)

from which a value of 0.426 for the linearized adsorption constant, k! , may be
calculated.

Figure 10.8 compares the experimental data of Fig. 10.6 with curves
based on (10.17)—(10.21), using values of the dimensionless rate coefficient,
r, ranging from O to oo. The curve labeled r = 0 represents the solution when
no adsorption takes place (no exchange of material), while the curve for
which r — oo represents the limiting case of equilibrium adsorption. it is
evident from Fig. 10.8 that no one value of r results in an acceptable des-
cription of the experimental data. It was found that the predictions could
not be improved by either varying the Peclet number (Pé), or by including
the non-linearity of the adsorption isotherm into a numerical solution of the
same kinetic model. Similar plots were prepared, based on either model 2.4
or 2.5 (Table 10.1) and these showed only minor differences from those
given in Fig. 10.8. Hence the kinetic model seems unable to fit the experi-
mental data of Fig. 10.6.

Several other authors have compared predictions ba_éed on kinetic models
with experimental data. Homsby and Davidson (1973) compared the same
kinetic model as discussed above with experimental data on the movement
of Fluometuron through Norge loam. Concentration distributions versus
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depth were presented for two pore-water velocities (v): 0.59 and 5.50 cm/h.
The values of the ratio k,/v for these two experiments were 5.93 and 0.64,
respectively. By comparison, the ratio k,/v for the curve labeled 7.0 in
Fig. 10.8 equals 7.0/30, or 0.23 cm™!. The rather high values of &, /v used by
Hormsby and Davidson (1973) suggest that their calculated curves would
be the same or very close to those obtained with equilibrium solutions. The
kinetic model used by these authors wasnot compared with the equilibrium
model; hence no conclusions could be drawn on whether the kinetic model
actually improved the description of the data or not.
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Fig. 10.8. Effect of the dimensionless rate coefflicient, r, on calculated effluent curves
for 2,4,5-T movement through Glendale clay loam. The open circles represent observed
data points, and are the same as those shown in Fig. 10.6.

Van Genuchten et al. (1974) compared observed and calculated effluent
concentrations for the movement of picloram through Norge loam. The
calculated curves were based on both the equilibrium model and kinetic
models 2.3 and 2.4 (Table 10.1). No satisfactory description of the experi-
mental data could be obtained with any of the three models, except for a
few experiments where the experimental data approached the equilibrium
model. In that case the predictions of the kinetic and equilibrium models
were about the same, since again rather high rate coefficients had to be used.
The two kinetic models hence did not substantially improve the predictions
of the data. The authors suggested that physical rather than kinetic
phenomena produced the observed devialions between experiment and
calculations,

Further experimental and calculated concentration profiles in soil columns
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were presented by Huggenberger et al. (1972) for the movement of lindane
through different soils. These authors used the model derived by Oddson
et al. (1970), i.e. similar to (10.17) but with negligible dispersion. The
solution of Oddson et al. (1970) is rather conveniently expressed with
Goldstein’s (1953) J-function, as follows:

C _ {Cl(t) R 0 < t < t()
where
0 t <1
ey(t) = J(u,w) = .
1—e™¥ 50 e "I, (2Vwr)dT t > 1 (10.24)
and
u=rRp; w=r(t—1) (10.25)

The use of this model by Huggenberger et al. (1972) resulted in a rather
poor prediction of the experimental data. The chemical not only traveled
much faster into the column than predicted by their model (the ratios k,jv
used by these authors ranged from 0.1 to 1.0cm™), but the concentration
distribution also appeared much more dispersed in the column than could
be described by the no-dispersion model.

From the discussions above it appears that as yet no conclusive evidence
~ exists that kinetic rate models are able to describe the often observed faster
movement of the chemical than that'predicted by equilibrium models.
Obviously, more experimental evidence should be produced before definitive
conclusions can be reached. However, the limited amount of experimental
and theoretical investigations to date suggest that other, maybe more
important, physical soil phenomena may have to be theoretically included if
one is to describe satisfactorily the observed experimental data.

10.3.2. Physical non-equilibrium .

Nearly all attempts to describe solute movement in soils have been based
thus far on the convective—dispersive equation, appropriately modified to
include such processes as adsorption and decay ((10.2)). Without adsorption
and decay, this equation becomes: i '

dc d%c dc ; ‘

— = D= —y—= .

ot ax?  ox | (10.26)
The general features of (10.26) have been discussed at length in section 9.5
((9.51)). Except for small values of the dimensionless group vx/D, solute
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distributions based on (10.26), whether plotted versus depth or as effluent
curves, appear either sigmoidal in shape or more or less symmetrical (depend-
ing on the boundary conditions imposed at the soil surface).

As early as in 1961, Nielsen and Biggar (1961) observed serious deviations
between the sigmoid-type break-through curves predicted with (10.26) and
experimental curves for the movement of chloride through Oakley sand and
glass beads. The lower the water content during their experiments, the more
serious these deviations became. The solute appeared earlier in the effluent
than could be predicted with the equation, while considerably more water
was needed to reach a relative concentration of one. The early break-through
of the chemical and the tailing towards complete displacement was attri-
buted to the unsaturated conditions during their experiments. The authors
argued that, when the water content decreases, more and more of the larger
pores are eliminated for transport, resulting in a larger proportion of the
water being located in relatively slow moving or immobile (stagnant or dead)
zones. They suggested further that these almost stagnant or immobile water
zones would act as sinks to ionic diffusion during the displacement process,
leading to a nearly incomplete displacement. The occurrence of this stagnant
water has been the subject of many other studies (Turner, 1958; Aris, 1959;
Coats and Smith, 1964; Villermaux and Van Swaay, 1969; Gupta et al.,
1973). '

Several other conditions seem to influence the occurrence of immobile
water, such as the presence of aggregates (Biggar and Nielsen, 1962; Green
et al., 1972), or the use of undisturbed soil cores (McMahon and Thomas,
1974). The magnitude of the flow rate has also been linked with the presence

of immobile water (Biggar and Nielsen, 1962; Gaudet et al:, 1977).
' Several theoretical studies have dealt with the presence of immobile liquid
zones (see also chapter 9). Deans (1963) modified (10.26) to include the
transfer by diffusion from mobile to immobile zones. His model was later
used by Coats and Smith (1964), Villermaux and Van Swaay (1969), and
Bennet and Goodridge (1970), and may be written in the following form:

0 9Cm +0 oc, =0 D—azc"‘ — v, 0 Ocm 10.27
0 _ac‘”‘ =k 10.28
a at a(cm Ca) ( - )

where the subscripts m and a refer to mobile and immobile liquid regions,
respectively, and v, is the average interstitial velocity of the liquid in the
mobile region of the soil (v,, = JV/0,,). The mass transfer coefficient &,
(day ") determines the rate of exchange between the two liquid regions. The
model assumes that this rale of exchange is proportional to the concen-
tration difference between the two liquid regions.

Equations (10.27) and (10.28) assume that no adsorption is present.
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Van Genuchten and Wierenga (1976b) modified the model to include
adsorption. The following set of differential equations resulted:

0 écﬂ+ awq"‘+(). aca+ 1— 9"
m T T PP Ty a 5t pPu(l —p) at
d2cp, ‘ oc,,
= GmD—&; *‘Vmﬂm—ax— (10.29)
0¥q, dc,
poll =p) 5 F0a 0 = Ralem —ca) (10.30)

where “q,, and “q, represent the amounts adsorbed in the ‘‘mobile’” and
stagnant regions, respectively, both specified per unit mass of soil assigned to
these two regions. The mass fraction of solid phase assigned to the mobile
region on the basis of the corresponding adsorption capacity, Q, is indicated
with the parameter p, such that YQ,, = p¥Q, and ¥Q, = (1 — p)¥Q. Equations
(10.29) and (10.30) were derived by assuming that adsorption around the
larger liquid-filled pores would not necessarily be the same as the adsorption
around the micropores in the immobile zone. When a chemical moves
through an aggregated and/or unsaturated soil, only part of the adsorption
sites may be readily accessible for the invading solution. These sites are
located around the larger pores and in direct contact with the mobile liquid.
However, when an immobile liquid zone is present, some of the material can
only be adsorbed by the stagnant part of the medium after it has diffused
into the immobile zone, made up of dead (blind) pores and micropores
inside aggregates. The division of the adsorption sites into two fractions, one
fraction located in the ‘mobile’ region and one fraction in the stagnant
region of the soil is characterized by the parameter p, When p = 0, all
adsorption occurs away from the mobile liquid inside the stagnant region of
the medium. In that case the model reduces to the one elaborated upon in
section 9.6.

When it is assumed that equilibrium adsorption occurs, and the Freundlich
isotherm is again used to describe the relation between sorbed and solution
concentrations ((10.3)), the number of dependent variables may be de-
creased from four to two. Substitution of (10.3) into (10.29) and (10.30)
leads then to:

oc,, 9]

ca
(0 + pupkncis '] = + [0, + pu(1 — penel ™'} =
d%cy, 0
= 0D 5 7~ Vb, —;—}'(“— (10.31)

oc,
ot

[0 + pu(1 — plkncy™'] = ka(Cm —¢4) (10.32)
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Several analytical solutions of (10.31) and (10.32) are available, provided,
again, that the adsorption isotherm is linear (n = 1) and that no hysteresis
between adsorption and desorption is present (Appendix B of Van Genuch-
ten, 1974). For initial and boundary conditions equivalent to (10.2a) (¢ has
to be replaced by ¢.,), the dimensionless solution is:

Crm ¢ (s, t) , 0 <t <t
o e, t)—ci(s, t—to)  t >ty (10.23)
Ca ca (s, t) 0 <t <t
,cf C2 (s, t)_C2 (s, t _to) t > to (10.34)
with:
t
¢i(5,1) = Gls, t) exp (= rt/zR) + 5= [ Gls, ) H, (¢, )dr (10.35)
{
4
cy s, t) = rjo G(s, 7) Hy (¢, T)d7 (10.36)
X 1 Sllz(ZRf —t) st 172 _S(ZR —t)2
G(s, t) = = —t Il LA . S
&8 =3 erfc{ (4zR 1)V mzR,| P 42R, 1
1 st sY2(zR; + t)
—_— + + _— S
5 (1 s zR;)e erfc {_—ﬁ_(cLzR,t)”’ (10.37)
u 172
H,(t,7) = e™¥™® { Ig(y)z + 1 (¥)/(1 —2) (;) } (10.38)
w 172
Hy(t,7) = e7v v {Io(y)/(l—-z)+ I,(y)z (;\) } (10.39)
rT r(t—1)
= 2y/uw; = —; = — 10.40
y uw; “ =R w T =R, ( )
The (italic) dimensionless variables are defined as:
eme m Vim vt kaX
= Ton = N = —; L= 10.41
z OR, ° s D’ t = r: Oy ( )
where:
) Vmom Jv
O0uRim = O0p +popk; OR; = 0 +p,k; v = = (10.42)
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Note that when effluent concentration distributions are considered (x = L),
s and t, respectively reduce to the column Peclet number Pé (= v,,L/D) and
the number of pore volumes leached through the column, T(= vt/L). In that
case the solutions are expressed in four independent parameters, R, P¢é, z,
and r. Of these four parameters, the retardation factor is the most easily
determined independently, for example, from batch equilibration studies.
The remaining three parameters however are less easy to quantify. The para-
meter z, for example, depends on the fraction of mobile liquid in the
medium ¢,,(= 0,/0) and the fraction of the sorption sites located in the
dynamic region of the soil (p). These quantities are difficult to quantify a
priori. Generally elaborate curve-fitting techniques have to be used to deter-
mine their values (Van Genuchten and Wierenga, 1977).

Referring to (9.48) and (9.102) of the previous chapter it is pointed out that for p = 0
(all adsorption sites assumed to be located within the stagnant region) one obtains
z = 0,/(0 + pyk), such that (1 —2) = A¢,.

Before continuing the discussion of the 2,4,5-T effluent data given in the
previous two sections, a sensitivity analysis will be carried out for each of the
four dimensionless parameters 2z, R, Pé, and r. Each variable was allowed to
vary while keeping the remaining three constant. Results are shown in Figs.
10.9—10.12. The concentration curves were plotted versus pore volumes,
assuming that the chemical was in the feed solution during the first three
pore volumes.
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Fig. 10.9. Effect of the dimensionless variable z on calculated effluent curves from an
aggregated sorbing medium.

The influence of the parameter z is*shown in Fig. 10.9. This parameter
defines the relative contribution of the mobile phase to the overall retar-
dation of a solute front in the system. In the limiting case when z =1, no
immobile water is present (¢, = 1) and all sorption sites are immediately
accessible for the displacing chemical solution (p = 1). The model then
reduces to the convective—dispersive equation, modified for linear adsorp-
tion ((9.45)), and the effluent curve becomes nearly symmetrical in shape
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(Fig. 10.9). When a 'large immobile liquid zone is present (0, <0), the
velocity of the liquid in the mobile region will increase because the convec-
tive transfer processes are confined to a smaller cross-sectional area
(Vg = JV/0,,). Particularly the combination of ¢, <1 and p <1 (stagnant
regions containing a substantial fraction of the sorption sites) leads to an
early break-through of the chemical (a “faster” moving liquid with relatively
less retardation in the mobile region). At the same time the chemical may
diffuse slowly from the mobile into the stagnant region, where part of it will
be adsorbed. This diffusion process will continuously remove material from
the mobile region, resulting in a “tailing” phenomenon as manifested by the
slow increase in concentration after the first appearance of the chemical in
the effluent (Fig. 10.9). The extreme case when 2 = 0.4 may occur when the
medium is highly aggregated or exhibits severe channeling (also for certain
fractured media). In that case the effluent curves become very distorted
(asymmetrical). 1t should be noted that the analytical solution ((10.33)—
10.42)) breaks down when 8, = 0 and p <1 (some sorption sites are located
in ‘“dry” stagnant regions, possibly in densely compacted aggregates or
between closely packed soil particles). Some of the sites are then assumed
to be completely inaccessible for the displacing fluid. Total adsorption as
seen by the “undisturbed” soil will now become less than that inferred from
static (batch) equilibrium measurements on ‘disturbed’ soil (R ., <Ry). The
solute distribution in this case will retain its nearly symmetrical shape as
predicted by the linear equilibrium model (section 10.2.1), but the resulting
effluent curve will be displaced to the left of the curve labeled 1.0 in Fig.
10.9. This particular approach was used by Van Genuchten et al. (1974) and
Wood and Davidson (1975) to model the relatively faster movement of the
chemical through the soil.

The influence of the retardation factor is shown in Fig. 10.10. As ex-
pected, the chemical appears later in the effluent when R, increases (i.e.
when sorption increases). Also the peak concentration seems to decrease
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Fig. 10.10. Effect of the retardation factor, Ry, on calculated effluent curves from an
aggregated sorbing medium.
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somewhat with increasing adsorption. When R; =1, no adsorption occurs
and the model simulates the movement of an inert chemical through an
aggregated medium. Tailing in this case becomes less pronounced (¥ig.
10.10), because no adsorption can take place in the stagnant region and the
chemical can be stored only in the immobile liquid of the stagnant region.
Hence relatively less chemical has to diffuse into the immobile zone.
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Fig. 10.11. Effect of the dimensionless mass transfer coefficient, r, on calculated effluent
curves from an aggregated sorbing medium.

Fig. 10.11 shows the effect of the mass transfer coefficient r on the shape
and position of the effluent concentration distributions. When r =0 no
material can diffuse into the stagnant region of the soil, and adsorption is
confined to the dynamic region of the soil. In this case, the effluent curve
again acquires a nearly symmetrical shape. When r is small, the exchange by
diffusion between dynamic and stagnant regions is still very slow, resulting
in the bulk of the chemical traveling through the medium nearly unaffected
by the exchange. However, the stagnant zone keeps exchanging material with
the mobile liquid, resulting in extensive tailing, both during break-through
and elution. With increasing values of the mass transfer coefficient, the rate
of exchange increases, eventually leading to a new equilibrium where the
concentrations in mobile and immobile liquid are identical (¢, = ¢,). This
limiting case is represented by the curve r = oo, The curves given in Fig.10.11
are nearly identical to those shown in Fig. 10.8. This is not surprising
because the intra-aggregate diffusion model ((10.31) and (10.32)) is math-
ematically similar to the kinetic adsorption model ((10.2) and (10.186)).

Finally, the influence of the column Peclet number, Pé, is shown in Fig.
10.12. The influence of Pé on the shape of the calculated curves is relatively
small. Note the discontinuities of the curve for which Pé = oo, at both 1.3,
and 4.3 pore volumes. From TFig. 10.12 one may conclude that an approxi-
mate value of the dispersion coefficient generally is sufficient when des-
cribing the leaching of chemical through aggregated, unsaturated soils. An
interesting observation may be made when comparing Figs. 10.11 and 10.12,
When r is large, a small change in the value of this coefficient seems to have
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Fig. 10.12. Effect of the Peclet number, P4, on calculated effluent curves from an aggre-
gated sorbing medium. :

the same effect as a change in the dispersion coefficient. Also, from Fig. 10.8,
when the kinetic rate coefficient is large, i.e. near equilibrium adsorption, a
small change in this coefficient results in effects which could also be ob-
tained in an approximate way by a change in the dispersion coefficient (see
the relevant discussion of Fig. 9.17). These are rather important obser-
vations. It seems highly probable that when the dispersion coefficient is
fitted to experimentally obtained concentration profiles, it will also include
any small kinetic or intra-aggregate diffusion effects which may be present.
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Fig. 10.13. Calculated and observed ef{luent curves for 2,4,5-T movement through Glen-
dale clay loam. The open circles represent observed data points, and are the same as those
shown in Fig. 10.6.

The question remains whether the intra-aggregate diffusion model is able
to better describe the previously shown experimental 2,4,5-T effluent data
than was possible with either the equilibrium model (Fig. 10.6) or the
kinetic model (Fig. 10.8). Figure 10.13 shows a best-fit comparison of the
experimental data with the diffusion model, using a value of 0.426 for the
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linearized adsorption constant k). Values of the three curve-fitted para-
meters, z, Pé, and r, are shown in the Figure. An important improvement
‘in the description of the data is obtained; especially the front side of the
effluent curve is well described by the model. The same Figure also shows the
effects of hysteresis and non-linear adsorption on the calculated results. It
appears that these influences are rather small. The slope of the break-through
side of the curve increases slightly when non-linear adsorption is considered
(section 10.2.1). The inclusion of hysteresis in the model again does not
affect the front part of the curve, but it results in an earlier decrease in con-
centration during elution of the chemical, as well as more prolonged tailing
at the higher pore volumes. However, from Fig. 10.13 it is clear that
hysteresis does not affect the results to any great extent. Such a conclusion
is not possible when intra-aggregate diffusion is neglected, as was shown in
Figs. 10.4 and 10.6. Thus for the conditions of this study, intra-aggregate
exchange of 2,4,5-T between dynamic and stagnant regions seems to be far
more important than the observed hysteresis in the adsorption—desorption
process.

The curves representing non-linear adsorption, with and without hysteresis
(Fig. 10.13), were obtained with a numerical solution of (10.31) and (10.32)
(Van Genuchten and Wierenga, 1976a). To be able to use this solution, one
needs separate estimates of the parameters p and 0,,. These may be obtained
by leaching the same column with an inert material such as tritium. Figure
10.14a shows effluent distributions of tritiated water which were obtained
from the same column for which the 2,4,5-T data were obtained. The
effluent data of tritium were also fitted to the linearized intra-aggregate
diffusion model, resulting in the parameter values shown in the Figure. A
small retardation of the tritium was observed during its displacement
through the column. The linearized adsorption constant k! in the Freundlich
isotherm was found to be 0.009, equivalent to a retardation factor R; of
1.027. Estimates of the parameters p and ¢, (= 0,,/0) may then be obtained
by assuming that they are the same for both tritium and 2,4,5-T movement.
From the definitions of z ((10.41)), R ,, and Ry, one obtains:

ZR; = ¢ + p(R;—1) (10.43)

Using the values for 2,4,5-T (Fig. 10.13; R; = 2.225; 2 = 0.661) and tritiated
water (Fig. 10.14a; Ry = 1.027; 2 = 0.926), (10.43) leads then to:

(0.661)(2.225) = ¢_ + p(1.225) (2,4,5-T)

(0.926)(1.027) = ¢, + p(0.027) (3H,0) (10.44)
or:
bm = O _ 494
0
p = 043 (10.45)
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The above derivation assumes that the ratio of mobile to total water (8,,/0)
for the two experiments is the same. This assumption seems reasonable since
the two displacements were carried out at approximately the same flow
velocities (JY equals 5.11 and 5.09 cm/day, respectively for 2,4,5-T and
tritium) and at the same water contents (6 equaled 0.473 and 0.460,
respectively). The assumption that p is also the same for the two chemicals,
however, may not be entirely true owing to the different adsorption mechan-
isms for 2,4,5-T and tritium. The herbicide 2,4,5-T is adsorbed by the
organic matter fraction of the soil (O’Connor and Anderson, 1974), while
the observed tritium retardation may be caused by some isotopic exchange
of tritium with crystal-lattice hydroxyls of the clay fraction of the soil, or by
replacement of some exchangeable cations by *H*. However, by changing
the value of p for tritium slightly and considering the small value of the
retardation factor for tritium, it is easily demonstrated that the values of ¢,
and p (for 2,4,5-T) will remain essentially the same.

1.0
8]
<2 mm

0.8
Cm
cf

0.6 ;

«—Tp= 0512
0.4 B = 0L

Tp=233-

Fig. 10.14. Calculated and observed effluent curves for tritium movement through Glen-
dale clay loam. Results were obtained with two different aggregate sizes and bulk
“densities, but with approximately the same pore-water velocities. a: < 2 mm aggregatoes,
po = 1.36g/em”, JV = 5.09cm/day, 8 = 0.460cm’fem®, z =0.926, P6 =95, r= 1.47
and Ry = 1.027.b: < 6 mm aggregates, p,, = 1.13, JV = 5.54 cm/day, 0 = 0.399 cm3/cm3,
z=0.631,Pé=35,r =1.64,and Rg = 1.025.
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The value of the parameter ¢, as derived above indicates that about 94%
of the water in the column may be considered mobile water, and that only
6% is immobile. This small amount of immobile water has little effect on the
calculated results for tritium (Fig. 10.14a). In fact, the effluent distribution
of this example could be described equally well with appropriate solutions of
the convective—dispersive equation (10.26). When the amount of immobile
water increases, however, such a description becomes exceedingly difficult.
Figure 10.14b represents a more extreme case where nearly 50% of the water
in the column is immobile. Note that the effluent curves, for both a short
and long solute pulse, become much more asymmetrical than the approxi-
mately symmetrical ones shown in Fig. 10.14a. The curves in Fig. 10.14b
were obtained using larger aggregates in the soil column, as well as a lower
bulk density. Both conditions seem to favor the presence of stagnant liquid
regions in the soil. When larger aggregates are present, the pore-size distri-
bution is likely to become much broader owing to the creation of larger
interaggregate pores and the existence of a significant amount of small intra-
aggregate (micro) pores. An increase in aggregate size also increases the
diffusion length between mobile and immobile regions, leading to a slower
exchange of material between the two liquid regions. The bulk density may
also affect the amount of immobile water present. When the bulk density
decreases, the pore-size distribution is also likely to become broader, owing
to the creation of larger interaggregate pores (given the same aggregate size).
The broader the pore-size distribution, the broader also the pore-water
velocity distribution will become: some water will move faster in the soil,
and some water will not move at all or only very slowly compared to the
average pore-water velocity. Hence, the diffusion processes between fast and
slowly moving liquid zones become more important. The curves shown in
Fig. 10.14b may be typical for the leaching processes in undisturbed
aggregated field soils.

The influence of aggregate size on the effluent distributions for 2,4,5-T
seems to be less than for tritium. Figure 10.15 shows the effluent concen-
tration profiles obtained from aggregates of less than 6 mm (experiment 4-1
of Van Genuchten et al., 1977). The chemical appears slightly earlier in the
effluent compared to the experimeéntal data shown in Fig. 10.13, but this is
primarily a result of the presence of more immobile liquid. The value of p
found for the larger aggregates is only slightly smaller than for the smaller
(< 2mm) aggregates: 0.40 vs. 0.43. This value was not significantly affected
by either aggregate size or bulk density (Van Genuchten et al., 1977). The
average value determined was 0.40, indicating that 40% of the sorption sites
are located around the larger, liquid-filled pores of the dynamic region, while
60% of the sites are located either inside aggregates or along blind (dead-end)
pores.

Figure 10.16 further shows the effluent concentration distributions of
boron (H3;BO,) obtained from 30-cm long columns packed with the same
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Fig. 10.15. Calculated and observed effluent curves for 2,4,5-T movement through Glen-
dale clay loam. The following soil-physical data were used in the calculations: pp = 1.31
glem®, 3V = 16.81 cm/day, 0 = 0.456 cm’Jem®, Lo = 4.028 days and L = 30 cm.
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Fig. 10.16. Calculated and observed effluent curves for boron movement through Glen-
dale clay loam. The following soil-physical data were used in the calculations: py, = 1.22
glem®, 3¥ = 17.12 em/day, 0 = 0.445 cm®fem?, 1, = 5.06 days and L = 30 cm.

(6-mm aggregate-sized) Glendale clay loam soil material. The equilibrium
-adsorption isotherm for this chemical and soil was adequately described with
the non-dinear isotherm ¥“q = 2.77 C*®"* (Van Genuchten, 1974). No
hysteresis was observed for this chemical. In a separate experiment with
tritium, the fraction of mobile liquid, ¢,,, was found to be 0.85, and the
Peclet number, Pe, was found to be 56. The dashed line in Fig. 10.16 is
based on these parameter values. Although the description of the experi-
mental data is reasonable, it may be improved by increasing the value of the
dispersion cocfficient (solid line). Boron adsorption during batch equili-
bration was found Lo be complete only after shaking the chemieal and soil
for about 1—5h. Hence, some kinetlic effects are likely to be present during
boron movement at a volumetric flux, JY¥, of 17.12 cm/day. It was shown
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earlier (Fig. 10.8) that the kinetic adsorption mechanism will smear the con-
centration front in a way which is very much similar to an increase in
dispersive transport (Fig. 10.12). Because the present study assumes equi-
librium adsorption, the observed small kinetic effects may be included in the
model by increasing the dispersion cocefficient.

The fraction of the sorption sites located in the dynamic region of the soil
(p) for the boron experiment is higher than the value found for 2,4,5-T
(0.54 vs. 0.40). This indicates that relatively more boron is adsorbed in the
vicinity of the main flowing paths of the moving liquid. Apparently more
boron is adsorbed at the exterior of the aggregates, while relatively more
2,4,5-T is adsorbed inside the aggregates. The differences in p for boron and
2,45-T are probably indicative of the different adsorption mechanisms for
the two chemicals. Boron adsorption presumably takes place on the mineral

fraction of the soil (Rhoades et al., 1970), while 2,4,5-T adsorption occurs
on the organic fraction.

10.3.3. Mobile and immobile concentration distributions in soils

The success of the intra-aggregate diffusion model in describing experi-
mental data for the movement of tritium, 2,4,5-T, and boron suggests the
importance of physical processes associated with the leaching of chemicals
in the field. Many field soils exhibit some kind of aggregation or channeling;
such conditions seem to favor the existence of large zones of immobile
water. In addition, leaching processes in the field frequently occur under
unsaturated conditions and often at relatively low flow rates, both of which
also favor more immobile liquid. Wild (1972) studied the movement of water
and mineralized nitrate (formed from soil organic matter) under a bare field
site, and found that the leaching of the nitrate was much more gradual than
could be predicted by miscible displacement theories. He suggested that
water was moving mainly through the larger cracks and channels, and hence
was unable to leach the nitrate that was contained largely in the relatively
immobile regions of the aggregates (peds). Gumbs and Warkentin (1975) also

"concluded that water was moving through the largest interaggregate pores
during infiltration into an aggregated clay soil under zero pressure. The
wetting front apparently bypassed some of the aggregates, which then
remained relatively dry for some period of time. These two examples suggest
that the infiltrating water may not necessarily displace the moisture inside
‘the aggregates, but may leave this immobile water relatively undisturbed
during its movement through the soil. When the invading liquid contains a
solute, displacement in the aggregates and away from the larger cracks and
channels will become strongly dependent upon diffusion processes, and
should be incomplete for a considerable amount of time after the water/
solute front has passed.

Considerable evidence for the existence of immobile liquid zones in the
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field may be found in a recent study by Quisenberry and Phillips (1976).
Small pulses of water and chloride were applied to two field soils and the
downward propagation of these pulses was followed in time. Both the water
and solute moved rapidly, even though the moisture content during the
experiments- was generally less than the field capacity of the soil. The rapid
migration of both water and solute beyond the lowest (90 cm) sampling
depth suggests that it was the applied water which moved through the soil
and not the initial soil water which could have been displaced by the feed
solution. If the surface-applied water had displaced the initial soil water
during its movement downwards, the chloride should have been measured
near the soil surface (as was the case in studies reported by Warrick et al.
(1971), and Kirda et al. (1973)). Apparently channeling, especially beneath
the Ap horizon, was responsible for the rapid movement of both water and
chloride, resulting in little or no convective displacement away from the
channels. It seems evident that in this case a considerable amount of dead
water is present in the soil, probably much higher than the 50% observed for
the data in Fig. 10.14 (see also the recent study by Wild and Babiker, 1976).

When such large percentages of stagnant water are present, it is evident
that the conventional convective—dispersive equation may be inadequate in
describing the leaching process. The intra-aggregate diffusion model may
prove to be a better model for such conditions. An important feature of this
model is its ability to differentiate between such mobile and immobile liquid
zones. Figure 10.17 gives an example of the type of distributions one may
obtain with this model. The solute profiles inside a 30-cm long soil column
were obtained with (10.33) and (10.34), using the same parameter values as
were used for the calculated curve shown in Fig. 10.14b. It was assumed,
however, that the solute was in the feed solution for only 1 day (t, = 1).
Figure 10.17 shows that the concentration in the immobile liquid (c,) is
considerably different from that in the mobile liquid (c,,). Owing to the
diffusion of the solute into and out of the immobile zone, the immobile
concentration lags behind the mobile concentration. The weighted average
concentration, {c), at any point in the column is given by:

(€) = dmem + (1 — dm)ca (10.46)

Since the fraction of mobile water was 0.53 for this experiment it follows
that the average concentration in the profile is approximately the average
of ¢, and c,.

When a sorbing medium is considered, the differences between mobile and
immobile concentrations become even more pronounced. Figure 10.18
shows the distributions of 2,4,5-T, inside a 30-cm long soil column, obtained
with the same data as given in Fig. 10.15. Also in this case 60% of the
adsorption occurs in stagnant regions, but because of the increased sorptive
capacity of the soil much more material can diffuse into the stagnant region
before adsorption in this part of the soil will be complete. As a result, the
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Fig. 10.17. Concentration profiles inside a 30 cm long soil column at different times
during leaching with a short pulse (tg = 1 day) of tritiated water. Numbers on the curves
indicate times (days) after leaching is initiated. Values of the parameters used to con-
struct the curves are given in Fig. 10.14b.
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Fig. 10.18. Concentration profiles inside a 30 cm long soil column at different times
during leaching with a continuous feed solution of 2,4,5-T. Numbers on the curves indi-
cate times (days) after leaching is initiated. Values of the parameters used to construct
the curves are given in Figure 10.15.

concentration in the immobile region will increase much more slowly than
when tritium movement is considered. For example, at 20 cm from the soil
surface, the relative concentration in the mobile phase reaches 0.5 after 0.8
day, while at this depth it takes about 2.4 days or three-times as long for the
immobile liquid to reach a relative concentration of 0.5. That fraction of the
chemical which diffuses into the stagnant region of the soil and which will
remain in solution may be calculated by considering transport equation
{10.32), which governs the exchange between mobile and stagnant regions of
the soil. The first term on the left of {(10.32) represents the material which
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will be stored in the immobile liquid, while the second term gives the ma-
terial which is actually adsorbed by the stagnant region. Assuming linear
adsorption (n = 1), the fraction remaining in the solution is found to be
equal to 0, /10, + (1 — p)py k}.

For the data given in Fig. 10.15, one may calculate that only 17% of the
chemical which diffuses into the stagnant region of the soil will remain in
solution, the remaining 83% being adsorbed by this part of the soil. For
tritium, however, nearly 100% will remain in solution. Thus, when sorption
increases, relatively more material can diffuse into the stagnant region. Since
this diffusion process is very slow compared to the rate at which the bulk of
the chemical moves through the soil, the differences between mobile and
immobile concentrations are likely to increase when sorption further
increases.

Solute distributions like those shown in Figs. 10.17 and 10.18 may also be
helpful in understanding at least some of the factors controlling the varia-
bility of sampling results obtained when suction cups are used for solute
measurements in the field (England, 1974; Hansen and Harris, 1975). A
suction cup essentially represents a point source of suction in the soil matrix,
and the suction applied through the cups to the soil will determine, in part,
the minimum pore size that will be drained in the immediate vicinity of the
cup. It is obvious that the physical make-up of the cup as well as the way
they are installed, play important roles in the performance of the cups
(Parizek and Lane, 1970). The microscopic location of the porous cup in the
medium, however, seems to be of prime importance. When the cup is
installed inside a large soil aggregate (or ped), or away from a channel or
large interaggregate pore, it is likely that mainly immobile liguid will be
withdrawn through the sampler device. This will also be the case when the
cup, during its installment, is pressed into the soil too strongly, so that the
soil becomes locally compacted. The immobile liquid which will be with-
drawn from the soil in such cases, may have a concentration quite different
from that of the mobile liquid, as evidenced by the distributions shown in
Figs. 10.17 and 10.18.

One may also expect a concentration—time effect when soil water is
withdrawn through suction cups. This effect will depend upon the history
of the solute distribution. For example, when a suction cup is installed such
that it is in contact with both macropores and micropores, the sampler is
likely to first withdraw mainly mobile liquid. With increasing time, and
depending upon the conductivity of the individual pores, the mobile liquid
around the porous cup will drain slowly away, leading to a lower rate of
water uptake by the sampler. When a sufficiently large pressure is applied,
more and more liquid will subsequently be withdrawn from the immobile
regions through the smaller micropores. When this is the case, the solute
concentration sampled is likely to change with time. Referring to the distri-
butions of Fig. 10.18, for example, one may always expect a decrease in
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concentration with time, since the immobile concentration lags behind the
mobile concentration. For the distributions given in Fig. 10.17, however, the
concentration will decrease with increasing sampling length only when the
mobile concentration is higher than the immobile concentration (e.g. in the
upper 159" after 1 day). After 1.5 days this situation is reversed and the con-
centration of the liquid withdrawn through the cups is likely to increase
during sampling in the upper part of the column.

Obviously any of several factors may account for the serious concentration
variability sometimes observed in the field during suction cup cosampling.
The intra-aggregate diffusion model results of this chapter, however, appear
to provide a quantitative description and explanation for the iinportant soil-
physical phenomena which no doubt are a major contributor to this
observed variability for many soils.
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