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Summary

The transport of chemical compounds in porous homogenous media is well understood
and the theoretical framework well developed. However, most geological media do not
fall in this category. Even the intrinsic heterogeneity in most porous geological media
can not be quantified adequately. Neither deterministic nor stochastic models currently
do a good job of characterizing the transport of chemical compounds in natural
groundwater systems. The situation is even bleaker when evaluating solute transport in
fractured or karstic media. Future development has to be geared to better quantify
subsurface characteristics in regard to fluid flow and transport. Without it, prediction of
the movement of chemicals in the subsurface will not exceed the quality of vague
estimates. Recently a lot of effort has been made to understand the transport of bacteria
and viruses in the subsurface. Much still needs to be understood, especially in regard to
the interactions of microbes with the geological substrate. Nevertheless, much progress
has been made considering that about 20 years ago, most scientists did not believe that
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microbes existed below the soil zone. More studies need to be done on the distribution
of microbial species in the subsurface, their metabolic pathways, and how they can be
used to degrade harmful compounds in our drinking water supply and in the subsurface
in general. Humankind has just barely opened the door to understanding the immense
physical, chemical, and biological complexity of the subsurface starting a few meters
below ground surface.

1. Introduction

The physical, chemical, and biological processes of advection, dispersion, diffusion,
sorption, and degradation discussed in this chapter have to be considered when
evaluating the transport of chemical contaminant compounds, radioactive compounds,
bacteria, and viruses in the subsurface. These processes affect the transported substance
as well as the transport medium (rocks or sediments in the subsurface) and result in
complex distributions of the substance in natural groundwater systems. This
contribution will focus on these processes and their effect on groundwater transport.

2. Advection
2.1. Concept of Macroscopic Groundwater Velocity

A geological medium is any type of rock or sediment in the subsurface. If groundwater
flow occurs through the pore spaces between the grains of the rock or sediment, that
geological medium is called a porous medium. Examples of porous media are sandstone,
gravel and sand aquifers. In some geological media groundwater flow occurs through
fractures (e.g. granite) or conduits (e.g. karstic limestone) or through a combination of
pores, fractures, and conduits (e.g. basalt).

Flow Direction

Figure 1. Different pathways through a porous, geological medium. The average linear
groundwater velocity is the straight-line distance from A to B divided by the average
time needed to travel this distance by all water particles.
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When groundwater flows through a porous medium, individual particles of water may
choose different pathways around the grains of a geological medium (Figure 1). A
particle of water may need a longer or a shorter period of time to move from plane A to
B depending on the chosen pathway. It is impossible to measure the time it takes for
each water particle. Only the average time for water traveling from A to B can be
measured experimentally. Thus, we have to accept a macroscopic viewpoint of the
problem and define a macroscopic average travel time, a linear distance between plane
A and B, and an average linear groundwater velocity for water moving from A to B.
The average linear groundwater velocity is defined by dividing the straight-line distance
from A to B by the average time it takes for water to travel from A to B.

2.2. Advective Transport

The term advection refers to the transport of a solute by the bulk movement of
groundwater, the movement of particles within flowing water. The velocity of the bulk
movement of groundwater is nothing else than the average linear groundwater velocity,
also called the advective velocity when referring to the transport of solutes in a
groundwater medium. The one-dimensional flux of a solute through a porous medium
can be expressed by the equation below:

J=v, -Cn, (1)

where:

J=mass flux per unit area per unit time

vi= average linear groundwater velocity in the direction of flow
C= concentration in mass per unit volume of solution

ne= effective porosity of the geological medium.

Eqg. (1) assumes that the transport of mass does not affect the pattern of flow. The
assumption is not true if for example solute and groundwater have a significantly
different density, causing the flow of mass and water to diverge. Also, there are some
instances where the linear average groundwater velocity differs from the advective
velocity of the mass. Bacteria may move faster than solutes through the groundwater
medium just because of their size. While water flows along pathways of both low and
high microscopic velocity (Figure 1), bacteria of a certain size can only move along
large enough pore spaces through which they fit. This in effect causes bacteria to move
along preferred pathways of high microscopic velocity and a cloud of injected bacteria
may travel from A to B faster than the average time water needs. A larger advective
velocity has also been noted for negatively charged ions. Electrical charges due to the
presence of clay minerals may force these anions to remain in the center of the pores
where the microscopic velocity is large. If the negatively charged ions are large, a
cumulative effect due to both size and electrical charges can occur, causing the solute to
move at a maximum microscopic velocity by choosing preferred pathways and
remaining in the center of the pores. On the other hand, solutes can move at a slower
velocity than the average linear groundwater velocity if the geological medium takes on
properties of a semi-permeable membrane or if sorption is involved (which will be
discussed later). For most practical problems, however, it can be assumed that dissolved
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mass and groundwater will move at the same advective rate. The effective porosity ne in
Eq. (1) is the porosity through which flow can occur. Not-interconnected and dead-end
pores are not included in the effective porosity.

If advection was the only process affecting the transport of a solute in an idealized,
homogeneous porous medium, the result would be that the solute would move in the
form of a distinct, sharp concentration front through the groundwater medium (Figure 2).
Two different cases of injecting a solute into the groundwater medium can be
distinguished. The injection can be either in form of a continuous source (Figure 2a) or
as a point source in which the solute is injected as a sudden slug (a slug of bacteria, for
example, would maintain the same size and concentration during transport, Figure 2b).
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Figure 2. Solute transport by advection only in an isotropic, homogeneous porous
medium: (a) continuous source, solute is continuously applied at an initial
concentration; (b) point source, a slug of solute concentration is released during a short
time interval.. C, denotes the initial concentration of the solute, C denotes the
concentration of solute at time and distance shown in figure.

3. Dispersion and Diffusion
3.1. Mechanical Dispersion

Mechanical dispersion is caused by the different flow paths water particles take in a
geological medium (Figure 1). Some of the flow paths are faster because they follow a
more direct path or because they are going through larger pores or through the center of
pores in which water flows faster because less friction is involved. Other flow paths
may be slower because they are closer to the grain boundaries, thus being exposed to
more friction in the pore throat, slowing down the water particles. The different flow
paths of the water particles cause the mechanical dispersion, a mechanical mixing and
dilution of the solute within the bulk movement of groundwater.
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The numerical value of mechanical dispersion is the product of advective groundwater
velocity and the dispersivity. The dispersivity is a characteristic property of the
geological medium, and differs in value for each of the spatial components. For
examples, if all the pores are nearly the same size, dispersivity of the rock or sediment
would be low. Dispersivity in the direction of flow is referred to as longitudinal
dispersivity (in x-direction), dispersivity perpendicular to flow is referred to as
transverse dispersivity both in a horizontal plane to flow (in y-direction) and in a
vertical plane to flow (in z-direction, flow up or down in a groundwater medium).

It is generally assumed that longitudinal dispersivity is about 10 times larger than
transverse dispersivity because the local variation in the velocity field is much more
dominant in the direction of flow rather than perpendicular to it. Transverse dispersivity
is primarily caused by flow paths that branch out from the centerline of solute
movement due to the tortuosity of the geological medium. Concentration distributions
(plumes) of a point source form ellipsoids of revolution in three dimensions. If vertical
transverse dispersivity is smaller than horizontal transverse dispersivity, as is often the
case in layered sedimentary rocks, the plumes take on a surfboard shape.

3.2. Molecular Diffusion

Molecular diffusion is caused by random molecular motion due to the thermal Kinetic
energy of the solute. The molecular motion in liquids is smaller than in gases but larger
than in solids. The coefficient of molecular diffusion is smaller for liquids in a porous
medium than in a pure liquid because a collision with the solids of the groundwater
medium hinders diffusion. The value of the coefficient of molecular diffusion depends
on the type of solute in the groundwater medium, but for major anions and cations it

usually ranges between 10 and 10! m?s™.
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