Document généré le 25 avr. 2024 10:52

Geoscience Canada

Contaminant Hydrogeology - Part 1: Physical Processes

J. A. Cherry, R. W. Gilham et ]. F. Pickens

Volume 2, numéro 2, may 1975
URI : https://id.erudit.org/iderudit/geocan2_2art01

Aller au sommaire du numéro

Editeur(s)

The Geological Association of Canada

ISSN

0315-0941 (imprimé)
1911-4850 (numérique)

Découvrir la revue

Citer cet article

Cherry, J. A., Gilham, R. W. & Pickens, J. F. (1975). Contaminant Hydrogeology -
Part 1: Physical Processes. Geoscience Canada, 2(2), 76-84.

All rights reserved © The Geological Association of Canada, 1975

Résumé de l'article

L hydrogéologie de I alimentation en eau et I hydrogéologiedes polluants sont
deux branches tres distinctes des sciences physiques La premiere se fonde sur
T'hydraulique des aquiféres. la mécanique des sols, la macro-stratigraphie. et
I'interprétation des systems d'écoulement souterrain en termes du taux
volumétrique de 1'écoulement Parcontre, la seconde repose sur la
microstratigraphie, Thydrogéochimie et sur I'étude de la dispersion
hydrodynamique et des vitesses d'écoulement interstitiel La plupart des
méthodes développées pour I'hydrogéologie de I'alimentation en eaux sont peu
aptes a 'hydrogéologie des polluants La premiere partie de cet article a un
double but. [ 1] d abord de reviser les facteurs géologiques et
hydrodynamiques qui contrélent le mouvement des matiéres dissoutes dans
les systemes d'écoulement souterrain peu profonds. [2) ensuite de décrire
quelques-uns des moyens a la disposition de 1'hydrogéologue étudiant les
aspects physiques de la contamination des eaux souter ramnes et de signaler
certains des problémes qui peuvent se produire durant leur utilisation Jackson
et Cherry discuteront des aspects géochimiques dans la deuxiéme partie de cet
article qui paraitra dans le prochain numéro de Géoscience Canada.

Ce document est protégé par la loi sur le droit d’auteur. L’utilisation des
services d’Erudit (y compris la reproduction) est assujettie a sa politique
d’utilisation que vous pouvez consulter en ligne.

https://apropos.erudit.org/fr/usagers/politique-dutilisation/

erudit

Cet article est diffusé et préservé par Erudit.

Erudit est un consortium interuniversitaire sans but lucratif composé de
I'Université de Montréal, 'Université Laval et I'Université du Québec a
Montréal. Il a pour mission la promotion et la valorisation de la recherche.

https://www.erudit.org/fr/


https://apropos.erudit.org/fr/usagers/politique-dutilisation/
https://www.erudit.org/fr/
https://www.erudit.org/fr/
https://www.erudit.org/fr/revues/geocan/
https://id.erudit.org/iderudit/geocan2_2art01
https://www.erudit.org/fr/revues/geocan/1975-v2-n2-geocan_2_2/
https://www.erudit.org/fr/revues/geocan/

Contaminant
Hydrogeology
Part 1

Physical
Processes

J A Cherry, R W Gillham, and
J. F. Pickens

Department of Earth Sciences,
University of Waterloo
Waterioo, Ontario, N2L 3G 1

Summary

Water-supply hydrogeology and
contaminant hydrogeology cccupy
very different parts of the scientific
spectrum: the former is based on
aquifer hydraulics. soil mechanics,
macrostratigraphy. and mterpretation of
groundwater flow systems in terms of
volumetric flow rates In contrast, the
latter depends on microstratigraphy,
pore water velocities, hydrodynamic
dispersion, and hydrogecchemistry
Most of the methodology developed for
water-supply hydrogeology is not well
suited for contaminant hydrogeology.
The purpose of Part 1 of this article 1s
twofold:- 1} to review the geclogic and
hydrodynamic controts of the
movement of dissolved contaminants
in shallow groundwater flow systems,
and 2) lo outline the nature of some of
the tools available to the hydro-

geologist investigating the physical
aspects of goundwater contamination
and to indicate some of the problems
that may arise in their use. The
geochemical aspects of contaminant
hydrogeoclogy will be discussed 1in Part
2 by Jackson and Cherry. in a future
issue of Geuscience Canada.

Résume.

L hydrogéoniogie de 'alimentation en
eau et I'hydrogéologie des polluants
sont deux branches trés distinctes des
sciences physiques La premiere se
fonde sur I'hydraulique des aquitéres.
'a mecanique des sols, la macro-
stratigraphie. et linterprétation des
systems d'écoulement souterrain en
fermes du taux volumelrique de
I'écoulement Parcontre, la seconde
repose sur la microsiratigraphie,
I'hydrogeochimie et sur I'étude de la
dispersion hydrodynamique etdes
vitesses d ecoulement interstiticl La
plupart des méthodes developpees
pour I'hydrogéoclogie de I'alimentation
en eaux sont peu aptes a
I'hydrogéologie des polluants La
premiére partie de cet article a un
double but. (1) d abord de reviser les
facteurs géologigues et
hydrodynamiques qui controlent le
mouvement des matiéres dissoutes
dans les systémes d'écoulement
souterrain peu profonds. (2} ensuite
de décrire quelques-uns des moyens
ala disposition de I'hydrogéologue
étudiant les aspects physigues de la
contamination des eaux scuter
rainnes et de signaler certains des
problémes qui peuvent se produire
durant leur utihsation Jackson et
Cherry discuteront des aspects
géochimigues dans la deuxiéme
partie de cet article qui paraitra dans
le prochain numeéro de Géoscience
Canada.

Introduction

During the past 10 to 15 years the
emphasis in hydrogeology has been
gradually shifting from aguiter
expluration and groundwater resources
development to problems of
subsurface contamination. Three
factors have contnibuted to this
change. First, without the pubhc alarm
over cnvirenmental degradation and
the subsequent governmental
response. financial resources would
not have heen made available for
subsurface contamination studics,
Second. the remarkable advances in
instrumentation for chemical analysis
made in the last two decades have
allowed accurate determinations to be
made of many trace contamimants in
the environment. Finally, during this
pericd scientists nave created a body
of theory and practice which has
begun ta permit the analysis of the
dispersive and sorptive propertes of
subsurface-flow systems

Having introduced the term. we shall
now define the meaning of
contaminant hydrogeology as the
application of hydrogeological and
geochemical theory and prachce to the
protection of aguifers fram
contanmnation to the protection of
surface water environments from
contarmination transmitted through
subsurface flow systems, and to the
design and monitering of subsurtace
waste management facilities
Furthcrmore we shall designate a
dissolved species as a contaminant if 1t
is present at concentrations above the
concentration levels that would occur
under natural conditions.

This review will only be concerned
with the transport of solutes in the
saturated groundwater zone. It will
further be assumed that the
contaminaled water has a density and
viscosity similar 1o uncontaminated
water In the same system. Problems of
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contamination from the inscluble
components of petroleum products,
sea-water intruston. gas migration and
contaminant transport in the
unsaturated zone will not be
considered. By this, we do not imply
that these problems are not important.
On the centrary, for anything
meaningfu! to be sard. they would
require their own reviews.

Contamination problems for which
the following discussion is appropriate
would include the migration of the
soluble components of leachate from
sanitary landfills, septic fields, waste
lagoons, feedlots, road salts, surface
applied chemicals such as fertilizers.
pesticides, buried radicactive wastes
and many others. The specific
contaminants would include heavy
metals. dissolved fraction from
petroleum products, other soluble
organtc materials including pesticides,
nutrients such as nitrogen and
phosphorous. radionuclides, and a
wide range of salt sclutions.

In these problems groundwater is the
transporting vehicle and sorption of the
contaminant in the porous medium is
the retarding mechanism. We will not
deal specifically with biochemical
mechanisms that cause concentration
changes of some types of contamin-
ants Allentuation of a solute in a
groundwater flow system refers to the
reduction in concentration that occurs
as a result of the combined etfects of
mechanical mixing. molecular diffusion,
and sorption due to chemical
processes such as ion exchange.
precipitation. and co-precipitation

The Transport Equation

The purpese of the following
discussion 1s to show the principles
involved (Bear. 1972} in developing the
fundamental ditterential equation that
descnbes the movement of
contaminants in groundwater flow
systems, and then to give an indication
of the physical significance of the
varous terms in the equation As such,
this discussion s not completely
rgorous mathematically.

This equation is known as the
transport equation. Applying the law of
conservation of mass to the convection
of a contaminant in a dispersive porous
medium in which chemical sorption
oceurs yields. for an arbitrary volume
of porous medium:

net rate of

flux of
change of
_ solute
mass of solute | = .
into the
within the
element

volume element

Mathematically this can be stated as:
ac _ 39"

1) naT—ﬁdlvFJr 3t
where C is the solute concentration
(mass/unit voiume of soiution), F is the
solute flux (mass per unit area/unit
fime). div is the vector operator
divergence, n is the porosity {volume
voids/total elemental volume), and q*
is the mass of solute transterred to or
from the sohd phase in the elemental
volume The solute flux F includes two
terms: flux resulting from the average
bulk movement of the fluid, referred to
as convenclion, and which can be
represented by

2) Fe = MVC

and flux resulting from dispersive
effects which can be represented by

3) Fp = —NOVC

where Vv 15 the vector of the average
linear pore water velocity, D15 the
dispersion coefficient and \J 1s the
vector operator gradient. The negative
sign befere the dispersive term
indicates that the contaminant moves
towards the zone of 1dwer
concentration. The nature of the
dispersion process is ciscussed later,

Since the total solute flux across the
sides of the elemental volume of
porous medium is the sum of equations
{2) and (3}, substitution into eguation
{1} and assuming steady one-
dimensional flow and solute transport
in the positive X direction results n
4 %’Q:Q(Dr}@}—‘-’ ?—CJ g

4 axt T ax Gxon #
In this torm [ 15 assumed 1¢ be
independent ¢f concentration. The first
term on the right hand side of equation
(4) describes the movement of the
solute resulting trom dispersive effects,
the second term describes the
movement resulting from convective or
bulk flow of the fluid, while the last term
accounts for the losses and additions
of the solute due to chemical
processes.

In contaminant hydrogeology the
preblem is to obtain quantitative or at
least semi-quantitative estimates for
each of the terms in this equation.

/i

rate of transfer

S;:llj?eoc:m of solute to or
f
of the —+| from the solids
within the
element
element

Hydrogeologisls who wish to simulate
real contaminant migration patterns
using mathematical models must use
some form of this equation extended in
two or three dimensions 1n a very
formai sense. Field hydregeoclogists
faced with the direct field problem of
mapping contaminant plumes using
test drilling, piezemeters or observation
wells are dealing with the combined
result of the processes described in
this equation. We will now briefly
discuss the velocity and dispersive
terms in equation (1). The sorplicn
term will be discussed in part 2. In
essence these three terms are the
foundation of contaminant
hydrogeclogy.

Determination o Groundwater
Velocities

The groundwater velocity referred 10 in
equation (1) 1s the average linear pore
water velocity, which means that it is
the velocity that one would obtain if
one knew the linear distance between
two points along the actual flow path of
the water and divided it by the time
required for travel due to conveclion
between the twe ponts. On a
microscopic scale, the real average
water velocity in the pore spaces is
larger than the average linear velocity
because the interstitial flow paths have
considerable tortuosity, particularily in
granular deposits (Fig. 1y The average
inear porc water velocity. hereafter
referred to simply as the groundwater
velocity, 1s related to the specific

ACTUAL FLOW
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Figure 1

Schematic representabion of the conceptual
flow paths of the average hinear
groundwaler velocity.
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discharge u described by the Darcy
equation, by

5) K

v —-Y=— 2-¥h

ne ne
where u is the volume flux defined as
the volume flow per cross sectional
area orthogonal to the flow vector per
unit time, K 1s the hydraulic
conductivity, often called the
coefficient of permeability. h 15 the
hydraulic head, and € 1s an empirical
constant dependent on the
characteristics of the porous medium.
Grisak and Jackscn (1975) have
pointed out that the data of Ellis ef al.
(1968) indicates values of € between
098 and 1.18 for the homogeneous
sands used in therr experiments
Grisak and Jackscn state that to their
knowiedge there are no published data
on € determinations for non-uniform or
heterogeneous matenals. It 1s normally
assumed that € - 1 and therefore V -
u/n. This is sometimes called the
Dupuit-Forchheimer assumption.

Methods for determining the velocity
in groundwater flow systems can be
grouped mto three main categories: {1)
artificial tfracers. (2) environmental
1sotopes. and (3) the Darcy equation
with the Dupuit-Forchheimer
assumption. The tracer method is the
most direct and the most accurate
Tracers commonly used are salts such
as NaC1 or CaC1_, dyes such as
rhodamine or fluorescein, and artificial
radioisotopes such as tntium, sulphur-
35, and others. The method usually
involves injection of the tracer at one
or more wells with subsequent
menitoring along the predicted flow
paths. This type of tracer study is
usually quite expensive and time
consuming because numerous
observation wells or plezometers are
required to map the migration patterns
In heterogeneous geologic materials
and because natural groundwater
velocities are commonly very low. Long
periods of observation may be required
to obtain representative results. Alsc,
the rate of change of the tracer
concentration at the observation wells
can he very difficult to interpret in a
heterogeneous geologic environment,
To date very few tracer injection
experiments have been conducted in
Canada, which may to some extent
reflect a general lack of familiarity by
Canadian hydrogeologists with artificiat
tracers. rather than their relative

degree of usefulness in contamination
studies in this country,

Another approach 1o the use of
artificial fracers is the single-well
ditubon technigue. sometmes called
the point-dilution methed. This involves
placing a tracer in the slotted zone of a
well bore while maintaining the naiurai
water level and measunng the change
in concentration in the well bore as the
tracer I1s transported into the
groundwater flow system. The tracer
concentration 1s then related to the
natural groundwater velocity in the
undisturbed geologic materials exterior
to the borehole zone (Brown et al.,
1972). The method can also be used in
some situations to determine the
direction of flow In the borehole. Point
dilution tests require hitle field time and
are relatively iInexpensive compared to
mosl other methods of groundwaler
velocity determination. However the
value of grouncwater velocity obtained
from this method 1s applicable only 1o a
local volume of geological matenals in
the vicinity of the well bore. A compre-
hensive review of pomt-dilution
techniques 1s presented by Halevy el
qaf (1967). The only published
Canadian example of its use is by
Barry and Merritt (1970) and Merritt
{1975). There is a need for evaluation
of this technigue 1n a vartety of
Canadian hydrogeological
environments.

The main environmental 1sotopes
suitable for groundwater velocity
estimates are tritium and carpon-14
These two radioactive constitutuents
can be used to obtain approximate
“ages’ of groundwater In many
subsurface environments, Tritium is a
radicisotope of hydrogen having a
mass of three and a half-lie of 12.3
years. It occurs in the envircnment as
a resuit of beth natural and artficial
processes. Cosmic radiation
estabhshed a concentration of about
10 Trtium Units (T U.) in temperale
zone continental meteoric waters
{Brown et al., 1972). One Tritium Unit
corresponds to a concentration of one
triturn atom per 10" hydrogen atoms.
After 1953 the tritium content of
precipitation increased as a resuit of
thermonuclear lesting (Brown, 1961),
with values as high as 10,000 T U.
occurring in the northern hemisphere
in 1963 following exlénsive weapons
testings in 1961-2. From this time the
tntiurm concentrations in rain ang snow

have decreased. During the past few
years the average annual value has
been about 80 10 120 T U. at Ottawa
(R. M. Brown. pers. comm., 1975},
QOnce tntium enters the groundwater
zone, the concentrations are affected
only by radioactive decay and mixing
{tispersiun). Assuming that mixing 1s
not a major influence, R. M. Brown (in
R H Brown ef al. 1972) has indicated
that the following cases can occur, for
a northern hemisphere continental site
in 1972
13 “The water has a concentration
ot €3 T.U This means that no water
younger than 20 years 1s present
That s, more than 20 years are
required for water to reach the
sampling point from the recharge
area. This 1s the case of most
confined aguiters. Phreatic aquifers
can have low tritium content due to
{a) very slight infiltration (arid and
semi-and regiens), (b} long perco-
lation time {low transmissihty,
great depth of water table). {c) age
stratification of water below the
water table. 2) The tntium content
is 3-20 T.U. A small amount of
thermenuclear tntium 13 present,
indicating most probably water of
the first test penod, 1954-61.
3) The tritium content is >20 T.U.
The water of high tritum content
1s chviously of recent origin It
varnations cccur through the year
and are related to the variations
m precipitation over the recharge
area. the flow-through is rapid and
direct and the transit ime may be
evaluated from the time-lag n
appearance of the annual peaks.
The vanability may also be caused
by a seasonal change in the source
ot the water or the relative
proportions ot water from different
sources, €.9. a tritium-free water of
decp circulation and a young water
of hugh tritium content, generally
of a more superficial circulation.”
Although there is need for
quantitative data on the dispersive
properties of groundwater flow systems
in a variety of Canadian hydrogeologic
settings, intium serves at the present
time as a useful indicator of relatively
young groundwaters. We anticipate
that it will soon become a rather
routing tool in contaminant
hydrogeclogy. Trilum does not require
special sampling or handling methods.
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Carbon-14 has a half-life of 5,730
years and, like tritium, occurs as a
result of both natural and man-made
processes. It can be used to detect
relativety old groundwaters and is
useful in the age range of about 1000
years to about 30,000 years. The "“C
content of groundwater decreases by
radicactive decay. If the effects of
mixing are negligible the fraction of the
original "*C remaining at any point
along the flow path is a measure of the
time since the water entered the
groundwater zone from the soil zone,
Since the "C ts measured relative 1o
the total inorganic carbon content of
the sample, the origin of both the '*C
and the stable carbon mus! be taken
into account in the calculation of the
groundwater age. This problem is
discussed by Brown (1972), Wigley
(1975) and others. Payne {1972) has
concluded:

“The present status of knowledge

is such that individual "C

measurements in the form of

estimated ages should be treated
with caution. Differences in age at
different points in an aqguifer, thus
arriving at estimated groundwater
velocities, are to be preferred. In
any case, the isotope data should
be examined together with the
overall chemistry to give added
confidence in the interpretation.”

If the general directions of
groundwater flow are known in a
regional groundwater flow system, the
differences in '*C ages of samples
along the flow paths can be used to
calculate average groundwater
velocities. This technique enables
many of the uncertainties associated
with true age estimates from raw '*C
sample radioactivity leveis 1o be
avoided. The identification and
delineation of segments of
groundwater flow systems in which
there is old, low-velocity water can be
very useful in studies for subsurface
waste management. Because of very
low hydraulic conductivities in areas of
unfractured clayey deposits, it is quite
feasible for shallow groundwater to be
many thousands of years old.

Tritium and *C data are most useful
if the generaf directions of groundwater
flow are known fram water-level
observations in wells or piezometers. in
Canada active research on the use of
tritium and "*C in groundwater studies
has recently been initiated at the Chalk

River Nuclear Laboratories {(AECL) and
at the University of Waterloo. These
technigues are more widely used

in Europe.

The most common approach to
estimating groundwater velocities in
contaminant studies is the use of
pumping tests and single-well water-
level response tests for estimaling
hydraulic conductivities (K} along with
water-level measurements in
piezometers and wells 1o determine the
hydraulic gradients. This information
can be used with porosity estimates to
calculate velocities using the Darcy
equation with the Dupuit-Forchheimer
assumption as indicated in equation
{5). In their application to subsurface
contamination problems hydro-
geologists with a base of experience in
the water supply field are often unduly
confident.

Pumping test methods are described
in detail by Walton (1970), Kruseman
and De Ridder (1970) and many
others. These tests yield bulk average
values of K for relatively large
segments of the groundwater regime.
In contaminant hydrogeology these
values are only marginally usetul at
best. In stratified hydrogeologic
settings they can be seriously
misleading because the hydraulic
conductivities of the layers in which
most of the contaminant movement
occurs are often much larger than the
bulk average values calcutated from
pumping test data. If pumping tests
have a role to play in contaminant
hydrogeclogy, it is probably in the area
of continuity testing of permeable beds
in stratified deposits, rather than for
determination of useful K values.

Methods tor single well response
tests are described by Hvorslev (1951),
Ferris and Knowles (1954} and Cooper
et al. (1967). The apparent K values
that can be calculated from this type of
test data depend on:-1) the true K
value of the geologic materials near
the slotted zone of the well or
piezometer, and 2) the degree of
clogging or berehole disturbance.
These K values often seriously
underestimate the K value of the
undisturbed geclogic materials and
must be used with great caution.

For the Darcy equation with the
Dupuit-Forchheimer relation to be
useful in contaminant hydrogeology, it
wilt be necessary to develop means of
determining rehable K distributions on

79

a micro-stratigraphic scale. In other
words, we will have o determine K
values for critical beds or lenses that
may only be a fraction of a metre in
thickness. In most hydrogeologic
setlings in granular deposits this wili
require detailed and careful coring to
obtain relatively undisturbed samples
for permeameter testing in the
laboratory. One of the rare Canadian
examples of this approach is the study
of Parsons (1960). It is difficult to avoid
the uncertainties inherent in the
application of K values determined on
cores from the vertical direction to
velocity estimates in the harizontal
direction.

Use of the Darcy equation with the
Dupuit-Forchheimer retation for
groundwater velocity determination in
fractured rock or fractured cohesive
deposits such as some glacial tills or
lacustrine clays may yield very
misleading results hecause not only is
a representative K value difficult to
determine within an uncertainty of less
than plus or minus one order of
magnitude but porosity also may have
an order of magnitude or more of
uncertainty associate with it (Grisak &!
al, 1975). In granular non-indurated
deposits such as the Quaternary
deposits of Canada, porosity is almost
invariably in the refatively narrow range
of 0.2 to 0.45, In these materials the
main source of uncertainty is the K
estimate. As hydrogeclogists gain
experience in the field of contaminant
studies, there will prcbably be a shift
from obtaining velocity estimates using
the Darcy-Dupuit-Forchheimer
approach to increased usage of
artificial tracers and environmental
Isotopes.

Dispersion and Complex Flow Paths
As a solute is transported in a
groundwater flow system it gradually
spreads and occupies an ever-
increasing porticn of the flow domain
beyond the region it 15 expected to
occupy according to the average
ground-water velocities. This spreading
phenomenon that causes dilution of
the contaminant is called
hydrodynamic dispersion. It occurs due
t0:- 1) the thermal-kmetic energy of the
particles (diffusion) and 2) mechanical
mixing due to fluid convection. The
results of the dispersive processes in
homegeneous granular deposils are
shown schematically in Figure 2.
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Figure 2

Schemalic representaton of the diution
process caused by the mechameal
aispersion 1 granuiar porous media
fadapted from Danel 1952 and Bear. 1972)

In the convective component,
contaminated and uncontaminated
water are mixed therefore causing
contaminant dilution as a result of the
velocity distribution within single pores,
and the velocity distribution resulting
from the pore size distribution. Since
this velocity distribution is random and
cannot be described on a molecular
level, the disperston coetficient D must
be considered as an empirical number,
Dispersicn is the net result of two
processes, which in the direction of
flow can be expressed as
6) DL - DL + Dd
where D(_1s the longitudinal dispersion
coefficient, D 7 is the longitudinal
coefficient of mechanical dispersion
due to convective mixing, and Dy is the
effective coefficient of molecular
diffusion 10 the porous medium.

I contaminant movement in aquifers
the contribution of Dg to the dispersion
term 1s usually negligible because the
groundwater velocities are not small,
resulting in the D" term being
relatively large. In finer grained beds
such as unfractured clays, clayey silts,
and shales the groundwater velocities
are normally very low and molecular
diffusion can be significant.

In laboratcry experiments the
coefficient of dispersion in the direction
of flow (s normaily found to be much
larger than the coefficients in the two
transverse directions. The coefficient
of dispersion is assigned values n
these three orthogonal directions. The
directional nature of the dispersion
coefficients is generally considered to
relate to the directional nature of the

hydrodynamic processes with respect
to flow rather than to directional
gecmetric properties of the porous
medium. [n other words, granular
deposits that are geometrically
1Isptropic, and censequently have
1sotropic hydraulic conductivities, are
still directional with respect to
dispersion. In laboratory expenments
using homogeneous poreus materials
D i1s normally found fo be larger than
the transverse dispersion coefficient,
DT. by & factor of 5 to 20. Although
geometric properties of the medium
may affect dispersion independent of
the directional effect of flow, it does not
appear that suitable experiments have
been performed to evaluate this
possibility. The mathematical com-
plexity that would result 1s
considerable.

From laboratory experiments using
cylinders or boxes filled with granular
media such as sand or glass beads il
has been established that
7) D =a VT
where oLi1s a characteristic property
{length unas) of the porous medium
known as dispersivity and m is an
exponent which (s commaonly close to
unity and depends upon the amount of
mixing that occurs due to molecular
diftusion normat 1o the direction of flow
{Bear. 1972, p. 606). In laboratory
experiments on homogeneous granular
materials values fora | are of the
order of 10 to one cm, which in effect
indicated that dispersion 1s a relatively
minor process under laboratory
conditions that invelve granular
homogeneous materials or materials
assembled in simple layered
arrangements (Greenkorn. 1970)

The dispersivities associaled with the
migration patterns of contaminants or
artificial tracers in the field can be
estimated using mathematical models,
either analytical or numerical, based on
equation {1) or its expansion in 2 or 3
dimensions. To reduce the
uncertainties in the dispersivity
estimates when calibrating these
models, it is desirable to analyse the
migration patterns of non-sorptive
sclutes, that is. solutes that do not
interact chemically with the sofid
porous medium as transport 0ccurs.
Examples of relatively non-sorptive
contaminants or tracers are C1°, NO,,
trittum and the stable isotopes. oxygen-

18 and deuterium Approximate
numerical solutions to equation (4} n
two dimenstons and without the
sorphion term are generally used In
digital-computer simulation studies of
the cbserved migration patterns of
these constituents. From field studies
the disinibution of valuss for the
following parameters are estimated:-(1)
hydraulic conductivity, 2) porosity. 3)
hydraulic head. and 4) contaminant
concentration. The first step in the
modelling procedure is to simulate the
hydraulic head distribution This usually
nvolves considerable adjustment of
the K distribution until the simulated
head pattern adequately resembles the
tield pattern. The next step 1s to
simulate the contaminant
concentration distribution using the
simulated flow pattern and a tnal-and-
error adjustment of the values of the
dispersiviies.a| andaT, until the
simulated contaminant migration
pattarn closely resembles the pattern
observed in the field. In fractured rock,
it rs usually necessary also 1o treat
porosity as a trial-and-error adjustment
parameter.

This approach using two-
dimensional digital models has been
used by Konikow and Bredehoett
(1974). Robson (1974) and Pinder
{1973) for contanmination patterns in
granular deposits. and it has been used
n fractured rock by Robertson and
Barraciough (1973} and Bredehoeft
and Pinder {(1973) Longitudinal and
transverso dispersttivites obtained from
the above simulation studies are
generally in the range of 10'to 10" cm,
whch s as much as five orders of
magnitude larger than typical
laboratory dispersivities If the above
field values are truly representative of
dispersive capabilities of natural
geclogic materials, we would be left
with no alternative but to conclude that
contaminant plumes in active
groundwater flow systems spread
extensively both longitudinally and
laterally. If this is the case, detection of
the migration paths of contaminated
groundwaters in heterogeneous
materials should be a relatively simple
task not requiring large numbers of
monitoring pomnts. An alternative
explanation for the excessively large
dispersivities obtained i the simulation
studies is that the fitting procedure
makes use of excessive d.spersive
fluxes to account for part of the
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transport component that is really
convective. This error could be difficult
to identify, particularily in situations
where the distribution of water-level
and contaminant concentration data is
rather sparse, as in the case of the
investigations cited above. None of the
above studies included an extensive
analysis of parameter sensitivity. The
above studies involved apparent
contaminant migration patterns
obtained from samples collected from
boreholes either uncased or sfotted
over large vertical intervals; for
example, hundreds of metres in the
study area of Robertson and
Barraclough (1973). Contaminants
moving with little or no attenuation
within narrow horizons would normally
be detected at greally diluted
concentrations when sampled in the
open boreholes. Using the triai-and-
error simulation procedure to explain
the dilution on the basis of a two-
dimensional model of the three-
dimensional system, one would
probably resert to a strong dispersive
flux and a weaker convective flux. It is
our conclusion that dispersivities
obtained by parameter adjustment
procedures based on simulation
models of poorly monitored field
situations probably have little physical
signficance in terms of the actual
dispersive capabilities of the
hydrogeologic system,

Another problem encountered in the
two-dimensional digital simulation
approach to studies of regional
contaminant migration patterns is that
some simulation results are found
relatively insensitive to dispersivity as
an input parameter (Konikow and
Bredehoeft, 1974; Robson, 1974).
Robson concluded that the larger the
numerical grid interval used in the
model, the less sensitive the model is
to dispersivity within a given simulation
period.

Determination of useful values of
dispersivity in field problems of
contaminant migration ts rather crucial
in contaminant hydrogeology. If
dispersivily values of the order of
magnitude typical of faboratory tests on
simple granular materials are
appropriate, contaminant dilution by
dispersion is very weak. If the values
commonly reported in the literature as
a result of digital simulation studies
have real physical signiticance, we can

expect both granular and fractured
geological materials to be capable of
causing great dilution of contaminants
in groundwater ffow systems, An
example of the difference in the
dispersive capabilities of a low
dispersivity groundwater regime and a
high dispersivity groundwaler regime is
shown in Figure 3.

The question arises as to how can
useful dispersivity values be obtained
for field situations. This problem is far
from being resolved. Ore approach is
the two-well tracer injection test as
described by Grove and Beetem
(1971) and Grove (1971). However the
mathematical models used 1o calculate
dispersivities from these tests are
based on the assumption that the
tracer transport regime can be
represented adequately in two
dimensions and that the geologic
materials at the test sites are
homogeneous.

We expect that the dispersivities of
natural geologic materials which are
inherently heterogenecus compared to
the materials normally used in
laboratory dispersivity experiments are
somewhat larger than the laboratory
values. Theis (as quoted in Grove and
Beetem, 1971) suggested that field
values may be two orders of magnitude
larger. A major effect of hetero-
geneities of different hydraulic
conductivities is to cause abrupt
changes in the groundwater flow paths.
This is illustrated for two simple cases
in Figure 4. Using sand-box
experiments, Skibitzke and Rebertson
{1963) showed that the presence of
small discrete lenses of high hydraulic
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Changes in the areal extent of a
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conductivity within a matrix of lower
conductivity sandstone can cause
much stronger dispersion than
occurred when the lenses were not
present (Figure 5). Hillier (1975} using
a box of simitar design, showed that
the presence of discrete lenses of
lower conductivity can cause flow
pattern distortions that produce even
less transverse dispersion than
occurred when the lenses were not
present. In other words, hetero-
geneities can cause spreading or
channelling or fingering of contaminant
migration plumes. These effects are
shown schematically in Figure 5,
Because of heterogeneities caused by
stratigraphic variations of different
scales in geologic materials, the
number and spacing of piezometers or
wells necessary to adequately monitor
migrating zones of subsurface
centamination or zones of potential
contamination cannot be determined
without detailed drilling programs. The
nature and density of drilling required
in contaminant hiydrogeology is much
different than in water-supply
hydrogeology.

In one of the few very detailed three-
dimensional monitoring studies of
contaminant migration reported in the
iiterature, Childs et af. {1974) reported
the following conclusions based on
investigations of waste-migration
patterns from septic field systems in
sandy deposits near Houghton Lake,
Michigan:

"The waste-migration plumes at

Houghton Lake range from simple,

multichemical plumes that move with

regional flow to complex plumes
that bifurcate, that show different
migration patterns for different
chemicals, and that move up the
regional gradient for shert distances.

The complexity of these patterns is

attributed to a combination of the

following system properties: loading
rate and recharge at the waste
source, local hydrology, chemical-
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a composed of granular materials, the
classical concept of flow through a
porous medium is generally
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adsorption capacity of the soil, soil
microbiology, regolith texture and
fabric, and proximity to other waste
sources. Based on the observed
patterns, it is suggested that
observation wells be placed so that
an in-depth, 3-dimensional array of
samples can be obtained.”
These conclusions are especially
noteworthy considering the fact that
Childs et al. concluded that the
deposits in the study area are
"homogeneous to the eye”. They also
noted that:

“the plumes migrate along zones

in the regolith that, although they

are texturally similar, show subtle
differences in fabric that result in
slight variations in permeability.

These bifurcations indicate that

detection of a shallow plume does

not negate the existence of other
plumes of the same constituent

at depth.”

In the field it is difficult to recognize
the degree of influence of micro-
stratigraphic variations on flow line
irregularities and velocity variations

using hydraulic head data from wells or
piezometers. The hydraulic head
distributions can be relatively smooth
within the range of water-level
measurement error, but because the
velocity vector is proportional to the
first derivative of the hydraulic head
function in space (Eg. 5), variations of
V can be large. This has been
demonstrated by Hiller (1972) using
digital simulations of hypothetical two-
dimensional flow in porous materials
with random heterogeneities of
permeability. He concluded that the
influence of permeability variations on
the fluid pressure distribution is small
compared to the irregularities in the
front of a tracer moving through

the system.

In regard to dispersion in fractured
geologic materials the statement by
Castillo et al. (1972) is a reasonable
indication of the current status of
investigations:

“Although the basic theoretical

aspects of . . . (dispersion) . . . have

been treated at length for the case
where the permeable stratum is

inadequate to describe the flow
behaviour in jointed rock, and it
becomes increasingly unsuitable for
the analysis of dispersion. Despite
these limitations, little work has

been directed toward extending
these ideas to handle flow through
jointed rock formations . . ."

Using a simulation model verified by
laboratory experiments described in a
separate paper by Krizek et al. (1972),
Castillo et al. show that very irregular
dispersion patterns can be produced
by relatively simple joint patterns. In
nature, most joint or fracture systems
are complex and in many situations
could produce contaminant migration
patterns that would be very difficult or
impossible to monitor.

In Canada nearly all bedrock that
has significant permeability is
fractured. This includes such diverse
materials as shale, sandstone,
limestone, dolomite, and igneous and
metamorphic rocks of the Precambrian
Shield. The prediction of flow paths and
dispersion in these materials may, in
many situations, not be a practical
endeavour.

In the Interior Plains Region and
locally in other regions, clayey
Quaternary deposits such as glacial
tills and glaciolacustrine clays are
commonly fractured. Grisak and
Cherry (1975) and Grisak et al. (1975)
have shown that the fracture networks
represent a hydraulic continuum
through which groundwater flows at
velocities many orders of magnitude
larger than in unfractured clayey
deposits. The reason for the extreme
velocity differences is evident from the
Dupuit-Forchheimer relation. The
effective bulk fracture porosity of the
fractured tills and clays is in the order
of 10" whereas the porosity of the
unfractured materials is in the range of
0.2 to 0.4. The influence of fractures on
the sorption term in equation (1) is
discussed in Part 2 of this paper.
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Conclusion

The differential equation that describes
the migration of dissolved
contaminants in groundwater flow
systems has been established for more
than a decade. For the movement of
conservative constituents it includes
two main physical parameters (1)
groundwater velocity and (2)
dispersivity. The problem facing
hydrogeologists in the following
decade is to determine the most
reliable and efficient methods ot
determining these parameters under
field conditions and to develop a more
quantitative understanding of the
uncertainties associated with the field
determinations.
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