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INTRODUCTION: POLLUTANTS IN SOIL ENVIRONMENT

This paper deals with the problems related to transport of pollutants under field 
conditions on pedon scale. It means that the discussed features are mainly derived 
from experiments on plots of the size 10 m 2.

Pollutants are all by man produced substances which enter the environment and 
modify it, mainly by worsening its ecological qualities. If pollutants enter the soil 
either from point or non-point (diffusive) sources, two processes follow: Gradual 
increase of pollutants concentration in soil and the transport of pollutants in soil.

Due to the increase of concentration of pollutants in the soil solution, the 
chemical and physico-chemical soil properties change if the concentration reaches 
and exceeds a threshold value. Then, the physical properties may change, too. 
Pollutants at or above certain concentration act either directly upon the soil 
edaphon, or indirectly upon them through changed soil properties. The knowledge 
of nature and intensity of induced changes is not transferable from one soil 
taxonomic order to the other one.

The concentration of pollutants may decrease if the substances enter the plants. 
This process is positively employed in soil remediation on heavily polluted soils. 
On the other hand side, the pollutants entering the plants may thus enter the food 
chain. The degree of their hazardous action depends upon chemical bonds in which 
the pollutants enter the chain and upon their biological accessibility to animals and 
finally to men.

Transport of pollutants by water erosion either in dissolved form, or, more 
frequently as bound by soil particles and by soil organic matter contributes to the 
change of pollutant concentration. At the erosion side the decrease of concentra­
tion follows while at the bottom of slopes at recipient side the concentration may 
increase. The consequent pollution of surface waters is well known. The system 
is dynamic, the amount of released and/or bound pollutants depends upon many 
factors, e.g. on concentration of free pollutants, on pH, Eh, aeration, the amount 
of free iron oxides etc.

Thus, the definition of the top boundary condition in models on the transport 
of pollutants for practical tasks of environmental protection has to take into 
account many acting factors.
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Pollutants are transported in soils to deeper horizons where their accumulation 
and decontamination process differ from the root zone. The uniformity in coeffi­
cients characterizing those processes all over the soil profile may lead to substan­
tial errors in the results of modeling. The transport usually continues further on to 
ground waters. We have to differentiate between various types of pollutants and 
their behavior during the transport in the soil profile:

-  Simple chemical solutions are not reacting with the soil matrix during the 
transport and the variation in their viscosity and surface tension is negligibly 
small, if any. Soil water characteristics determined for water are applicable for 
the transport of the pollutant and they behave as constants in the convective- 
diffusion equation (CDE), in detail see e.g. Kutflek and Nielsen [1994].

-  Chemical solutions are reacting with the soil by exchange reactions, precipi­
tation, dissolution, complexation etc., see e.g. Yong et al. [1992]. If the soil 
porous system is not changed and the alteration of viscosity and surface tension 
of soil solution is negligibly small, then the soil water characteristics determi­
ned for water are fully applicable even for the transport of these pollutants.

-  Chemical solutions are reacting with the soil in a similar way as in the previous 
case, but their influence upon the soil matrix is so extensive that the soil porous 
system is changed [Yong et al., 1992] and we are dealing with attacking 
pollutants. The change runs either in a short time span, practically instanta­
neously, or the change is conditioned either by the altered action of pedo-edap- 
hon, or by slow diffusion of pollutant into the soil matrix from the preferential 
pores (see later). Soil water characteristics which enter the CDE are no more 
constant during the transport and they have to reflect the changes in time of 
the soil porous system.

-  Part of pollutants are entering into organic complexes and conditionally 
transported together with those „porters”. Their release as well as their bonding 
are dependent upon physico-chemical conditions in soil solution and in ground 
water resources. Soil water characteristics are usually not altered, if the change 
in surface tension and in viscosity is negligible.

-  Transport of pollutants in gaseous phase, which is restricted to air filled pores 
mutually connected. The physical characteristics of the soil and of the porous 
system are constant during the process, which is described by diffusion 
equation.

-  A significant change in surface tension and partly in viscosity could be 
expected for organic pollutants. Soil water characteristics are modified.

Modeling of the transport process when mutual influences of ions, produced 
substances during the transport where heat transport is included is the example of 
a more complex approach by Śimunek and Suarez [1993]. Still a progress in 
modeling of the role of pollutants attacking the soil matrix and thus causing 
transformation of soil porous system together with soil water characteristics is 
expected.

TRANSPORT IN SOIL POROUS SYSTEM

All transport processes running in soils occur in the soil porous systems. Let 
us denote that parts of the soil space which are not filled by the soil solid phase by
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the term pore. Pores are variable in their size, shape and mutual interconnection. 
The distribution of pores according to their size is the basic information and the 
size of pores is estimated either indirectly from the laws of hydrostatics (Laplace 
eq.) and hydrodynamics, or from the direct observation and visualization of pores. 
Combination of both is advantageous. The example of pore size distribution is in 
Figure 1.

For the study of transport of pollutants in the soil we prefer the classification 
of pores according to the laws of hydrostatics and hydrodynamics [Corey, 1977] 
and we define three basic categories of pores [Kutflek and Nielsen, 1994):

1. Submicroscopic pores which are so small that they preclude clusters of water 
molecules to form fluid particles or continuous water flow paths. Since convection 
does not exist in these pores, the laws of fluid mechanics are not applicable. Pores 
belonging to this category are often neglected.

2. Micropores, or capillary pores where the shape of interface between air and water 
is determined by the configuration of pores and by the forces on the interface. The 
resulting air water interface is capillary meniscus. The flow of water in bodies with 
microporous system is described by Darcy-Buckingham equation (DBE) if the 
material is not fully saturated by water. The non steady flow is described by 
Richards equation (RE) derived from DBE and equation of continuity. For transport 
of pollutants we use CDE. We distinguish [Othmer et al., 1991; Dumer, 1991; 
Kutflek and Nielsen, 1994]:
2.1. Matrix (intrapedal) pores within soil aggregates, their shape, size, coatings 

of walls, cuttans and nodules depend upon soil genesis and they are relatively 
stable in long term time span if neither amendments nor attacking pollutants 
are applied to the soil. Let us note, that due to the cuttaneous film-like forms

FIGURE 1 Pore size distribution curves [Kutflek and Nielsen, 1994]
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which cover the aggregates, the saturated conductivity of the surface of 
aggregate is usually reduced, compared to the whole matrix of the aggregate 
[Gunzelmann et al., 1987].

2.2. Interaggregate (interpedal) pores between the aggregates. They are relati­
vely stable in soils which are not affected by intensive agriculture and 
attacking pollutants. Their morphology depends upon the soil genesis. In soils 
under intensive agriculture their volume and shape are negatively influenced 
and in addition to it, the A horizon is affected by seasonal variability (Table 
1). Tillage causes the temporal increase of the porosity in this category of 
pores, however its role disappears in less than one season. Interaggregate 
pores are sometimes misinterpreted as macropores, see e.g. the pore size 
classification in Glossary of Soil Science Terms [1996], which was accepted 
from soil micromorphology, neglecting general hydraulic criteria. Micropo­
res which originated due to the decay of hair roots belong to this category too 
providing that their size enables the existence of capillary menisci. They are 
typical by their high stability. Fine cracks in swelling-shrinking soils belong 
to this category, too, if capillarity dominates in them. However, their exist­
ence depends upon the soil water content.
The boundary between the two categories has to be estimated from the pore 
size distribution curve, which shows two or three peaks, one primary for 
matrix (intrapedal) pores and one or two secondary peaks for interaggregate 
(interpedal) pores. The equivalent pore radius of the boundary between the 
two subcategories is with rough approximation between 15 to 30 |im. The 
pore size distribution curve is simply obtainable from the soil water retention 
curve. For separated two retention curves, one for interpedal and the second 
one for intrapedal pores van Genuchten’s [1980] equation is applied and the 
unsaturated conductivity for each system is computed by Mualem’s [1975] 
and van Genuchten’s [1980] procedure. If the existence of the two subcate­
gories of micropores is neglected and the soil water retention curve is plotted 
through the experimental data as a smooth curve with one inflection point 
only, the computed unsaturated hydraulic conductivity may differ from the 
reality by several orders of magnitude underestimating the values all over the 
unsaturated domain (Figures 2a and 2b).

TABLE 1. The time dynamics of soil water retention curves [Kutflek, 1999]

Parameters in 0s 
eq. of van Ge­
nuchten

0s i OCi ni 052 0/2 062 П2

Fluvisol, sugarbeet
April 0.475 0.095 0.0145 3.113 0.380 0.0 0.0011 1.16
September 0.418 0.036 0.0456 3.906 0.382 0.0 0.00032 1.25
Cambisol, lawn
May 0.448 0.108 0.1057 2.729 0.340 0.011 0.0035 1.548
September 0.456 0.064 0.234 3.280 0.392 0.0 0.0032 1.551
0 -  soil water content, index S -  is for saturation, r -  for residual water content, 0w = 0, in all 

instances, index 1 is for interpedal (interaggregate) porous system, index 2 is for intrapedal (matrix) 
porous system. Symbols a, n are parameters of van Genuchten equation [1980], where , m = 1 — 
1/и.
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FIGURE 2a. Soil water retention curve and the derived unsaturated conductivity K(h) with satu­
rated conductivity Ks as matching point when two subcategories of pores were neglected 
[Othmer et al., 1991]

3. Macropores, or non-capillary pores of such a size that capillary menisci are not 
formed across the pore and the shape of air-water interface is planar [Doleżal and 
Kutflek, 1972; Bouma, 1981]. The boundary between micropores and macropores 
is formed by the equivalent pore radius approx. 2 mm. The flow of water and solutes 
inside of these pores is either in the form of a film on the walls of the pore or filling 
the whole crossectional area of the pore and the combination of both along the pore 
due to the pore size and shape variability can be expected. The flow just in the 
macropore is described either by a modified Chézy equation or by the kinematic 
wave equation [German and Beven, 1985]. The origin of macroppores is closely 
related to their stability and persistence in time (adapted from Doleżal and Kutflek, 
[1972]):
3.1. Macropores formed by the activity of pedo-edaphon as decayed roots, 

earthworm channels etc. They have quasi-tubular form and they are well 
persistent in time and relatively independent upon variation of the soil water 
content with walls saturated conductivity well below the average values in
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FIGURE 2b. Soil water retention curve was split into two curves, one for intrapedal pores (1), 
and one for interpedal pores (2). The derived unsaturated conductivity K(h) with Ks as matching 
point for conductivity in interpedal pores and K(h = -100 hPa) as matching point for conductivi­
ty in intrapedal pores [Othmer et al., 1991]

the soil matrix. Some channels originated from hair-roots may belong to the 
subcategory 2.2. of micropores (interpedal pores).

3.2. Fissures and cracks occurring as the consequence of volumetric changes of 
swelling-shrinking soils. They have planar forms and they are dependent 
upon the soil water content. They disappear at water content close to satura­
tion. The saturated conductivity across the surface soil film on the walls of 
the cracks exhibits a decreased saturated conductivity. Fine fissures with 
capillarity belong from the point of view of hydraulics into subcategory 2.2 
of micropores.

3.3. Macropores originating due to soil tillage. The depth of their occurrence 
is limited and they disappear usually in less than in one vegetation season. 
Their persistence depends upon meteorological situation and type of plants.
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Soil porous system with 2.1. plus 2.2. is sometimes denoted as system with 
dual porosity. In some instance soils with micropores and macropores are denoted 
as soils with dual porosity, too. The terminology is not unified. The earlier concept 
of mobile and immobile water (i.e. chemical soil solution, too) is still applied and 
the flow in interpedal pores is understood as flow of mobile water while water (or 
chemical solution, respectively) inside of aggregates, i.e. in intrapedal porous 
system is denoted as temporally immobile water.

In soils with detectable aggregation we deal with two different domains of 
velocity fields. One domain is related to interpedal pores and is characterized by 
an accelerated flux. The second domain of intrapedal pores conducts water and 
solutes at relatively slow flow rates and the net of interpedal pores is the source 
of fluxes. Thus local non-equilibria occur. Modeling is performed by application 
of RE and CDE. For transport into intrapedal system of pores simple diffusion 
procedure looks as a good approximation.

In soils with macropores, another domain of velocity fields exists and the 
transport of solutes can be approximated as immediate process after ponding the 
soil surface. However, in instances of even slight unsaturation (with pressure head 
below zero), macropores below the surface are out of function, not conducting 
solutes.

The terminology looks sometimes as confusing. We shall denote the system of 
interpedal and intrapedal pores as bi-modal, while the system with micropores and 
macropores will be called dual porous system.

PREFERENTIAL FLOW

There are three types of preferential flow:

1. The accelerated flow in interpedal pores (category of micropores) and in 
macropores.

2. Fingering mainly due to instability on the wetting front.
3. Irregularities in hydrophility.

1. Preferential flow in interpedal and macropores

Preferential flow in interpedal pores and preferential flow in macropores are 
two different processes which have only one feature in common: Accelerated flow 
compared to the flow in the whole soil matrix.

These two types of accelerated flow are sometimes interchanged or denoted as 
preferential flow in macropores, especially when the field data on preferential flow 
are described. However, they are not compatible especially from the point of view 
of physical interpretation and mathematical modeling. Each of these two processes 
is described by different type of equation. Preferential flow in interpedal system 
occurs either in saturated or in the unsaturated conditions, described by RE and 
CDE, while the flow in macropores can exist only if the inflow part of the 
macroporous system is under positive pressure head. Neither RE, nor CDE are 
applicable (see above). Further on, in the direction of flow in macropores, the 
surrounding soil is usually under a negative pressure, i.e. it is unsaturated by water
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and the solution penetrates into the surrounding soil in a similar way as described 
just for soil water by Germann and Beven [1985]. Similar process of diffusion of 
the solution into soil matrix exists from interpedal pores [see e.g. Becher, 1991] 
by rates in orders of magnitude smaller than the flux exists in the net of interpedal 
pores.

Just for rough demonstration on the rate of flow in the system of interpedal 
pores compared to the rate of flow in the system of intrapedal (matrix) pores let 
us compare the saturated conductivities. If saturated conductivity of the matrix 
only is Ks = 1, the matrix plus interpedal pores have Ks = 102 and more. Partial 
review of the problem is in series of papers by Ju et al. [1997]. Let us note that the 
term funnel flow is used, too.

Thus, from the point of view of hydrodynamics we can speak on heterogeneous 
soil porous system. This type of heterogeneity plays a dominant role upon what 
we are actually measuring when we use different techniques in experiments on 
transport of pollutants in the field [Kutflek, 1997]. For a lucidity of the discussion 
we have to combine the REV scale (representative elementary volume) with the 
pore scale.

Soil sampling and the next laboratory determination of the content of pollutants 
offers information on the solution of pollutants in micropores only. If the soil 
samples are taken without deforming them, solution in the whole system of 
intrapedal (matrix) pores is taken and will be determined, while the solution of 
pollutants in interpedal pores may not be representative when the size of the sample 
is less than REV. When the samples are taken by augers, they are usually more or 
less compressed and an unknown portion of pollutant solution in interpedal pores 
is lost. Assuming not the same concentration of pollutant in the two subcategories 
of micropores, especially in field pulse tests, the gained information on pollutant 
concentration may not be fully representative.

Gravity lysimeters are provided with impervious plate on the bottom, where 
. the flux is collected. It is mainly the flux through macropores, in some instance 
with a very small portion from interpedal pores. The criterion on REV is usually 
reached. Similar data are obtained from the tile drained experimental plots. The 
portion of pollutant solution from interpedal pores is not simply detectable and 
usually it is not known.

Suction lysimeters are provided by a porous plate at the bottom and via the 
applied negative pressure the pollutant solution is collected from all macropores 
and from the portion of interpedal pores. This portion is limited in its equivalent 
diameter by the applied suction at the bottom of the plate. If this suction is at least 
-  100 hPa, we can assume that all preferential pores are drained and the discharged 
solution represents the preferential flow, providing that the size of the plate 
corresponds to REV.

Lysimeters refilled with disturbed soil offer not reliable information on 
transports in natural soils and we have to consider the refilling material as a 
surrogate soil, as it follows from our knowledge on the role of backfill in the trench 
of tile drained soils [Kutflek, 1996]. Light sandy soils may be exception, if the 
backfill is carefully done.

Suction cups collect the pollutant solution from the net of interpedal pores up 
to the equivalent diameter given by the applied negative pressure. There is a low 
probability of detecting macropores and therefore only one portion of preferential 
flow is measured. Since in majority of instances REV is in size bigger than the
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domain from which the solution is collected by the cup, a certain number of cups 
is needed at each depth in order to get reliable data. The number of cups depends 
upon the size of cups and the required accuracy. The information is not transferable 
to other soil taxons.

Electrical resistance blocks offer information on concentration of the solu­
tion inside of intrapedal (matrix) and interpedal pores when the solution in porous 
material of the block reaches the same concentration of the solution as the 
surrounding soil. Their disadvantage is a long time interval required to reach 
equilibrium between the concentration of the solution in soil and in the porous 
material of the block. Disadvantage related to the small size of the block, compa­
ring it to REV, is analogic to suction cups. Macropores are reached rarely, it means 
that only one portion of preferential flow is detected, if macropores exist in the 
tested soil profile.

TDR offers information on concentration of the solution in intrapedal (matrix) 
pores and in interpedal pores. Macropores are reached rarely and if reached, they 
do not represent the reality of the field since the rod of the instrument does not 
pass representative assembly of macropores on REV. The length of rods can be 
chosen so that it covers the horizontal length of REV if macropores are absent and 
the representability of flow in micropores is approximately reached.

It follows from this discussion that experimental data obtained by various 
detecting techniques are usually not comparable and in majority of instances the 
effort to do so is futile. On the other hand side, two or three types of detectors may 
offer full information on transport and on preferential fluxes of pollutants, if they 
are properly combined.

2. Preferential flow due to fingering

A wide variety of instabilities may occur when transport of miscible and 
immiscible fluids is realized in soil porous media. Most frequently, the fluxes are 
driven by viscous and gravity forces. Gravity driven instabilities are related to 
infiltration and redistribution of water in soil. The linear stability analysis suggests 
that the water air interface will be unstable if its velocity is less than the saturated 
conductivity of medium. This wetting front instability results in formation of 
fingers where the transport of water and chemical solutions is realized.

The hydrodynamic instability of flow in unsaturated soil may take place due to 
the soil stratification and due to the imposed initial and boundary conditions. It is 
observed when hydraulic conductivity increases with depth and the fluid meets an 
interface of great variation of hydraulic conductivity K, i.e. from a smaller value 
(fine texture soil, or compacted upper layer) to a greater value (coarse texture soil, 
or loose sublayer). RE or CDE assume the validity of the hypothesis on water front 
stability. As this condition is not met, the mentioned equations are not applicable. 
Due to the instability of the front, narrow zones, called „fingers” of nearly 
saturation (or of increased water content) are formed ahead of the continuous 
wetting front and these fingers are protruded in time. They occur not only during 
infiltration, but they have been observed in early stages of redistribution, too. As 
for measuring techniques, similar principles are valid as discussed for preferential 
flow in interpedal and macro-pores. Fingers are domains of preferential flow and 
preferential transport of chemicals in soils. Parameters of fingers as dF -  finger
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diameter, qF -  average flux in the finger are dependent upon the saturated 
hydraulic conductivity Ks , sorptivity S, and 9S, 9j, saturated and initial soil water 
content. With fractal characterization of fingering, two types of models were 
created:

(i) Diffusion limited aggregation,
(ii) Invasion percolation model [Onody et al., 1995].

3. Preferential flow due to irregularities in hydrophility

Dry soils of high organic content and peats are known to inhibit water infiltra­
tion, ultimately forcing water to flow via preferential paths through unsaturated 
vadose zone. Important is the value of critical soil water content QCR. If actual 
0 < Qcr , the soil behaves as water repellent, i.e. hydrophobic with high value of 
wetting angle above 90°. With water-entry value of the boundary wetting branch 
beneath the air entry value of the main drainage branch, perturbations occur 
leading to formation of fingers [Ritsema et al., 1998]. The formalism of fingers 
description and modeling is the same as in previous chapter.

SUMMARY

Transport of pollutants under field conditions on the pedon scale is discussed 
considering the soil porous system and forms of preferential flow. Soil porous 
system is classified into three basic categories according to the laws of hydrostatics 
and hydrodynamics: Submicroscopic pores, micropores and macropores (pores 
without capillarity). Micropores are subdivided into intrapedal (matrix) pores and 
interpedal pores. Seasonal dynamics mainly of interpedal pores is documented. 
Three types of preferential flow are characterized:

1. The accelerated flow in interpedal pores (i.e. in category of coarse micropo­
res) and in macropores.

2. Fingering due to the instability on the wetting front mainly influenced by 
soil layering.

3. Perturbations on the wetting front due to the irregularities in hydrophility. 
The discussion is accomplished by the recommendations on the measuring met­
hods and techniques.
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