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Scale-Dependent Dispersion in a Stratified Granular Aquifer

JOHN F. PICKENS AND GERALD E. GRISAK

National Hydrology Research Institute, Inland Waters Directorate, Environment Canada, Ottawa, Ontario, Canada K14 OE7

The magnitude of longitudinal dispersivity in a sandy stratified aquifer was investigated using labora-
tory column and field tracer tests, The field investigations included two-single-well injection-withdrawal
tracer tests using "*'I and a two-well recirculating withdrawal-injection tracer test using 'Cr-EDTA. The
tracer movement within the aquifer was monitored in great detail with multilevel point-sampling instru-
mentation. A constant value for dispersivity of 0.7 cm was found to be representative (and independent
of travel distance) at the scale of an individual level within the aquifer. A dispersivity of 0.035 cm was
determined from laboratory column tracer tests as a representative laboratory-scale value for sand from
the field site. The scale effect observed between the laboratory dispersivity and the dispersivity from indi-
vidual levels in the aquifer is caused by the greater inhomogeneity of the aquifer (e.g.. laminations within
individual layers) and the averaging caused by the groundwater sampling system. Full-aquifer dis-
persivities of 3 and 9 cm obtained from the single-well tests indicate a scale effect with the value obtained
being dependent mainly on the effect of transverse migration of tracer between the layers and the total
injection volume. The full-aquifer dispersivity of 50 cm from the two-well test is scale-dependent, con-
trolled by the distance between the injection and withdrawal wells (8 m) and hydraulic conductivity dis-
tribution in the aquifer, Scale-dependent full-aquifer dispersivity expressions were derived relating dis-
persivity to the statistical properties of a stratified geologic system where the hydraulic conductivity
distnibution is normal, log normal or arbitrary. In the developed expressians, dispersivity is a linear func-
tion of the mean travel distance. Proportionality constants ranged from 0.041 to 0.256 for the hydraulic

conductivity distributions obtained from the field tracer tests.

INTRODUCTION

Analysis and prediction of solute transport in hydro-
geologic svstems generally involves the use of some form of
the advection-dispersion equation. In general terms, advection
describes the mean transport rate (velocity) of a solute, and
hydrodynamic dispersion (molecular diffusion plus mechani-
cal dispersion) explains the variation about the mean. If one
could define exactly the three-dimensional flow pattern in the
pore channels of a porous medium, then it is conceivable that
the transport of all solute particles could be described by the
processes of advection and molecular diffusion alone. Since it
is impractical, if not impossible, to define flow at this micro-
scopic scale, averaging of the groundwater velocity over some
representative volume is necessary. This averaging introduces
some uncertainty in the velocity, with the uncertainty mani-
fest in the mechanical component of the hydrodynamic dis-
persion cocfficient. The averaging, or the scale that one
chooses to define the flow domain and obtain groundwater
samples, can result in a scale dependence of the mechanical
dispersion coefficient or dispersivity.

The main objectives of this paper are to develop a theoreti-
cal basis for the quantification of scale-dependent dispersion
in stratifie¢ granular media and to show from detailed mon-
itoring and analysis of several field tracer tests that longitudi-
nal dispersivity is dependent on the scale of groundwater sam-
pling. These objectives were accomplished by (1) developing
theoretical scale-dependent full-aquifer dispersivity relation-
ships, based on the hydraulic conductivity distribution, for so-
lute transport in stratified media, (2) conducting laboratory
tracer tests on a repacked core from the aquifer to yield labo-
ratory-scale dispersivities, (3) conducting field tracer testsin a
sandy strarified aquifer with detailed spatial and temporal
sampling using multilevel groundwater point-sampling instru-
mentation at various distances, (4) obtaining statistical prop-
erties of the hydraulic conductivity distribution for the strati-

Copyright ©® 1981 by the American Geophysical Union.

Paper number 1W0532,
0043-1397/81/001W-0532$01.00

fied aquifer from analysis of tracer movement at various
depths and calculating the corresponding scale-dependent dis-
persivity expressions for the aquifer, and (5) obtaining longi-
tudinal dispersivity values from analysis of the tracer tests at
the scale of the full aquifer thickness and the individual levels
within the aquifer. The practical application of the concepts
discussed in this paper and the incorporation of scale-depen-
dent dispersivity functions in a solute transport model are pre-
sented by Pickens and Grisak [1981].

SCALE-DEPENDENT DISPERSION

An apparent scale effect in solute dispersion in porous me-
dia has become particularly noticeable since the early 1970’s.
This has been primarily due to the relatively large dispersivity
values required to adequately model existing contamination
zones with computer simulation techniques. Table | lists the
values of longitudinal (and transverse) dispersivities obtained
from computer modeling studies of contamination zones in
granular geologic media. The longitudinal dispersivities range
from 12 to 61 m, with a slight trend for larger dispersivities to
be associated with larger contamination zones. These values
are in marked contrast to the longitudinal dispersivities ob-
tained from anulysis of laboratory breakthrough-curve data
on repacked granular materials, which are of the order of
0.01-1 ¢m [e.g.. Lau et al, 1958, 1959; Bear, 1961b; Hoopes
and Harleman, 1967a; Hartel, 1972, Reynolds, 1978]. Inter-
mediate to these two contrasts are the longitudinal dis-
persivities obtained from analysis of various types of field
tracer tests (Table 2) which range between 0.012 and 152 m
(with the exception of a dispersivity of 460 m reported by Cole
[1972] from anzlysis of the data of Theis [1963]).

Most of the contamination zone studies and field tracer tests
used groundwatcr samphing techniques which provided mixed
samples from large vertical intervals. The length of the intake
zone varied from several meters to several tens of meters.
Groundwater sampling at these scales was likely a significant
factor in the detcrmination of the large dispersivities that were
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TABLE 1. Field Dispersivity Values in Granular Material Obtained From Results of Contamination Zone Muodeling

Aft:’iT(A . Cross-Sectianal (C),

Longitudinal Transverse

Reference or One-Dimensional (Q) Length of Zone, m Dispersivity, m Dispersivity, m

Pinder [1973] A ~1,300 213 43
Robhson [1974] A =8,000 61 n.r.
Konikow and Bredehoefi [1974] A ~18,000 305 9.2
Fried [1975] O ~800 15 1

0 600-1,000 12 4
Konikow [1976] A ~13,000 305 n.r.
Robson [1978] C ~3,500 61 0.2
Wilson and Miller [1978] A ~1,300 21.3 4.3

Note: n.r. means not reported.

reported in these studies. The exceptions in Tables | and 2 are
the studies by Sudicky and Cherry [1979] and Lee et al, [1980]
which used point-sampling instrumentation similar in design
to that used in the tracer tests presented in this paper. The dis-
persivities that were obtained in these two studies and the pre-
liminary results of the work presented in this paper [Pickens,
L1978, Pickens er al. 1978a, 1980] are considerably smaller
than those from the other studies listed in Tables I and 2.
Scale dependence in field dispersion studies has been recog-
nized by a number of investigators. Theis [1962, 1963] rea-
soned that the increased longitudinal dispersion observed in
the field, as compared to the laboratory, must result from the
wide distribution of permeabilities and consequently veloci-
ties found within an aquifer. Fried [1972] reported longitudi-
nal dispersivities from several sites which were 0.1 to 0.6 m
for the local (aquifer stratum) scale, 5 to 11 m for the global
(aquifer thickness) scale, and 12.2 m for the regional (several
kilometers) scale. Fried [1975] redefined these scales in terms
of ‘mean traveled distance’ of the tracer or contaminant as (1)
local scale, between 2 and 4 m, (2) global scale 1, between 4

TABLE 2.

and 20 m, (3) global scale 2, between 20 and 100 m, and (4)
regional scale, larger than 100 m (usually several kilometers).
Fried [1972] found no scale effect on the transverse dispersion
coefficient and reasoned thzn its value could be obtained from
laboratory results. However, Klotz et al. [1980] determined
from a field tracer test that the width of the tracer cloud in-
creased linearly with trave! distance. Althougzh not noted by
the authors, the reported results provide direct evidence of an
increase in the value of the transverse dispersion coefficient
with increasing travel distance. QOakes and Edworthy [1977]
conducted two-well pulse and radial injection experiments in
a sandstone aquifer and found the dispersivity value for the
fully penetrated depth to be 2—4 times the values for discrete
layers.

Although the field tracer test studies of Peaudecerf and
Sauty [1978], Sudicky and Cherry [1979], and Lee et al. [1980]
have illustrated a scale effect, there is evidence given in each
of these tests, which were analyzed assuming a one-dimen-
sional flow field, to suggest that the scale effect may have been
at least partially a consequence of streamline effects. In

Field Dispersivity Values in Granular Materials Obtained From Results of Tracer Tests

Distance Between Slotted Length Longitudinal

Reference Type of Test Wells, m of Wells, m Dispersivity, m
Theis [1963] (cited by natural gradient 3500 LT 6
Cole [1972]) 4000 nr. 460
Mercado [1966] single-well injection-withdrawal
injection-withdrawal n.a. 34 0.09-0.15
observation wells =115 12-39 0.50-1.50
Percious [1969] single-well injection-withdrawal n.a. 30.5 0.08-0.25
Wilson [1971] (cited by two-well nonrecirculating 792 14.6 15.2
Robson [1974]) withdrawal-injection
Wilson [1971] single-well injection-withdrawal n.a. 15.2 0.25-0.33
Fried et al. [1972] single-well pulse (individual layers) n.a. 0.25 0.1-0.6
layers
Kreft et al. [1974] two-well pulse 5-6 n}ir, D/V =0.18
Robson [1974] two-well recirculating withdrawal-injection 6.4 27.4 15.2
Fried [1975] natural gradi=nt <12 n.r. 425
radial injection .. ILT. 11.0 |
G. E. Grisak (unpublished single-well injection-withdrawal n.a. 1.8 0.29
data, 1977)
Rousselot [1977] natural gradient =60 n.r, 1
Peaudecerf and uniform gradient =325 n.r. 1-2.7
Sauty [1978]
Sauty [1978] two-well pulse 9 n.r. 6.9
6 n.T. 0.3
Sudicky and Cherry [1979] natural gradicnt <14 point sampling 0.01-0.22
Sauty et al. [1979) single-well injection-withdrawal
central well na ILT. 1
observation wells =13 n.r. 0.18 x radius
natural gradient =6 point sampling 0.012

Leeet al. [1980]

Note: n.r. means not reported, and n.a. means not applicable.
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roundwater flow situations where the streamlines are not
parallel but rather diverge or converge in some manner, anal-
yses using a one-dimensional model may yield an apparent
decrease or increase, respectively, in the interpreted value of
longitudinal dispersivity. The spreading and reversal of
spreading in the direction of flow results from the requirement
of conservation of mass and may also be caused by porosity
and moisture content variations within a porous medium. For
unsaturated media, this spreading behavior has been illus-
trated in the experimental studies by Merritt et al. [1979]. The
importance of streamline effects on advection and dispersion
of solutes in surface waters has been noted, for example, by
Chapman [1979] who utilized a transformed coordinate system
to eliminate this ‘geometrical’ dispersion.

APPLICABILITY OF THE ADVECTION-DISPERSION
EQUATION

The applicability of the advection-dispersion equation for
describing sclute transport in heterogeneous media and the
nonuniqueness of the dispersivity value in specific situations
have been investigated theoretically by several researchers.
Warren and Skiba [1964] and Mercado [1967] showed that the
dispersion coefficient or amount of spreading is a function of
travel distance in stratified geologic media. Schwartz [1977]
demonstrated, using a Monte Carlo technique, that a unique
value of dispersivity may not exist for certain hypothetical
geologic media, Smith and Schwartz [1980] used a hybrid de-
terministic-probabilistic approach to investigate the transport
of a population of tracer particles in a hypothetical hetero-
geneous medium. They concluded that a constant ‘dispersivity
value for a geologic unit can theoretically exist if the system is
long enough to provide sufficient spatial averaging’ of the
tracer particles in the velocity field.

Gelhar et al. [1979] used a stochastic approach to investigate
the longitudinal dispersion resulting from vertical variations
of hydraulic conductivity in a stratified aquifer. Their results
demonstrated that for large time the longitudinal dispersivity
approached a constant or asymptotic value which was depen-
dent on the statistical properties of the medium. They found
that the approach to this asymptotic value of dispersivity was
slow and that non-Fickian transport could occur early in the
process. They felt that some of the dependence of dispersivity
on the scale of field experiments may simply reflect this early-
time behavior. They further suggested that it may not be pos-
sible to determine the asymptotic dispersivity from field tests
because of the large distances and travel times required.
Matheron and de Marsily [1980] showed that solute transport
in stratified media (with flow parallel to the stratification) is
not, in general, correctly represented by the conventional ad-
vection-dispersion equation. For ‘flow not strictly parallel to
the stratification (i.e. a perpendicular flow component, how-
ever small, is added),’ they suggest that Fickian behavior will
take place asymptotically for large time or travel distance.
They recommended that the medium be represented in fine
detail in thre: dimensions, so that ‘the appearance of asymp-
totic behavior will be faster and thus the dispersion equation
will be valid much earlier.” The above theoretical studies have
raised a number of questions regarding the use of the advec-
tion-dispersion equation with a constant dispersivity to de-
scribe solute transport in heterogencous media over all time
and distance scales. However, it has not been demonstrated
that a practical alternative exists for solute transport mod-
eling.
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For solute transport to be accurately represented with the
advection-dispersion equation using a constant value for the
dispersion coefficient, the spatial variance of the solute distri-
bution must increase linearly with time or mean travel dis-
tance in a one-dimensional system. Deviations from this be-
havior are well established in studies of solute transport in
surface waters which utilize a similar advection-dispersion
equation. Chapman [1979] states, that for solute transport in
surface waters, the one-dimensional solution to the advection-
dispersion equation with a constant dispersion coefficient
‘provides a reasonable description of the dispersion in real
three-dimensional channels after the elapse of a certain time,
the convective period during which lateral mixing processes
are completed.” Although the transport environments in sur-
face and groundwater regimes are different, the existence of
deviations from classical advective-dispersive transport at
early times or short travel distances may be analogous.

If the spatial variance of the solute distribution increases
proportional to the square of the travel distance, a direct lin-
ear dependence of the dispersion coefficient with travel dis-
tance is indicated. Day [1975] presented data for an extensive
series of experiments in several strcams and found that the
variance of the solute distribution increased approximately
with the square of the distance (power ranging from 1.84 to
2.13). Day [1975] also analyzed the tracer tests of Godfrey and
Frederick [1970] and Yotsukura et al. [1970] and found similar
results, with the variance varying with travel distance to the
power of 1.34 to 2.87 for Godfrey and Frederick and 2.17 for
Yotsukura et al. These studies were presumably all represen-
tative of the early-time ‘convective period” described by Chap-
man [1979], as there was no evidence that the spreading was
approaching the situation where transport could be described
with a constant value for the dispersion coefficient.

In hydrogeologic systems the dispersion coefficient is usu-
ally assumed to be the product of dispersivity and the average
water (or interstitial water) velocity. If the dispersion coeffi-
cient increases lincarly in a constant-velocity hydrogeologic
system, there is then a linear dependence of dispersivity on
travel distance, Scale-dependent full-aquifer dispersivity ex-
pressions, based on a statistical description of the hydraulic
conductivity distribution of a stratified aquifer, are developed
in this paper illustrating a linear dispersivity-travel distance
behavior.

SCALE-DEPENDENT FULL-AQUIFER
DISPERSIVITY RELATIONSHIPS

A schematic diagram of a horizontally stratified aquifer
with layers of hydraulic conductivity K, and corresponding
thickness b, is shown in Figure 1. Flow is from left to right
with a tracer introduced continuously as a vertical planar
source at the input position. The shaded portion indicates the
extent of tracer movement after a certain period of time has
elapsed. Plug flow conditions for tracer movement are as-
sumed in each layer. The sampling location has a well slotted
throughout all the layers. The concentration of a groundwater
sample obtained from the sampling well is dependent on the
concentration, hydraulic conductivity, and thickness of the
layers.

Mercado [1967] investigated the spreading pattern of in-
jected water (containing a tracer) in a permeability stratified
aquifer, similar to that shown in Figure 1, and found that an
S-shaped transition zone (similar to that caused by dispersion)
could result betwe=n the injected water and the aquifer water.
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Fig. 1. Schematic cross section of tracer movement by plug flowin a

horizontally stratified aguifer

Mercado derived an expression for the width of the tracer dis-
tribution in the direction of flow, assuming groundwater is
sampled over the full aquifer thickness, as

o= (ox/K)L (h

where ¢ is the standard deviation of the tracer distribution, K
and o, are the mean and standard deviation, respectively, of
the hydraulic conductivity distribution, and L is the mean dis-
tance traveled. The assumptions used were as follows: (1) the
geologic system is horizontally stratified, (2) each layer is con-
tinuous, (3) groundwater flow is horizontal, (4) hydrodynamic
dispersicn along the layers and between the layers is neglected
since its contribution to spreading is small when compared to
that due: to the stratified flow, (5) the hydraulic gradient is
constant and horizontal in each layer, (6) the porosity is a
constant for the entire geologic system, and (7) the hydraulic
conductavity or permeakbility distribution follows approxi-
mately a1 normal distribution.

From Scheidegger [1954] and Day [1956], it is noted that the
dispersion coefficient D is equal to one-half of the time rate of
increase of the variance of the tracer distribution (called the
Einsteim equation, after Einstein [1905]). Similarly, Bear
[1961a, b] presented and also demonstrated experimentally
that dispersivity a is a function of the variance o of the tracer
distribution and the travel distance:

o =1 do*/dx @)

where x is the distance coordinate. Combining equations (1)
and (2) yields an expression for longitudinzl dispersivity a, in
a stratified aquifer with normally distributed hydraulic con-
ductivities as [Pickens, 1978; Gelhar et al., 1979]

a, = (0./K)*L (3)

Warren and Skiba [1964] investigated miscible dis-
placement in a hypothetical three-dimensicnal heteorogenous
porous medium using a model based on the Monte Carlo
technique. They assumed the dispersion resulted solely from
the variation in permeability of the porous medium. They de-
rived am expression for the macroscopic dispersion coefficient
D for am equivalent stratified medium written

D= % s+ 02 =11} (4)

where &7 is the variance of the residence-time distribution. }
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1s the interstitial flow velocity, and L is the length of the sys.
tem (or mean travel distance). 57 is defined by

S*= (K~ Ku)/Ky (5)
for arbitrary stratification and
S*=exp (o) —1 (6)

for a continuous log normal permeability distribution where
K and K, are the mean and harmonic average hdraulic con-
ductivities, respectively, and o, is the standard deviation of the
log normal hydraulic conductivity distribution. Warren and
Cosgrove [1964] presented a technique for determining o,
from a plot of log permeabilities on probability paper. Assum-
ing that the longitudinal dispersivity a, is equal 10 D/V, then
the resulting expression for dispersivity can be written

a, = (85 + )2 — 1]L )

The statistical properties of the sandy stratified aquifer in-
vestigated in this paper were determined from single-well in-
jection-withdrawal and two-well recirculating withdrawal-in-
Jection tracer tests which were monitored in detail using
multilevel point-sampling instrumentation. Equations (3) and
(7) were used to obtain scale-dependent dispersivity relation-
ships at the scale of the full aquifer thickness using these sta-
tistical properties. However, it will become evident in this pa-
per that, at the scale of an individual level in the aquifer, the
dispersivity has apparently quickly reached an asymptotic or
constant value with no scale dependence observed with in-
creasing travel distance.

TRACER TEST METHODS
Single-Well Injection-Withdrawal Tracer Test

In the single-well injection-withdrawal tracer lest (hereafter
called single-well 1est), tracer-labeled water of constant con-
centration is injected into a well for a certain period of time
followed by pumping the same well to obtain a withdrawal-
phase concentration history at the well. The flow conditions
are assumed lo be radially diverging and converging, respec-
tively, to be in steady state, and to be dominant compared to
the natural groundwater velocities. Dispersivity values can be
obtained from analysis of breakthrough curves at observation
wells or sampling points at various radial distances from the
injection well during the injection phase and also from analy-
sis of the concentration history of the injection-withdrawal
well during the withdrawal phase. The single-well technique
was presented initially by Mercade [1966] in the study of the
spreading pattern of injected water bodies in a sandstone
aquifer.

The unique aspects of the single-well and two-well tracer
tests presented in this paper are the use of detailed point-sam-
pling instrumentation for monitoring the tracer movement in
the aquifer at many depths and distances allowing (1) evalua-
tion of the statistical properties of the hydraulic conductivity
distribution of the aquifer and calculation of scale-dependent
dispersivity expressions at the scale of the full aquifer thick-
ness and (2) evaluation of the dispersivities describing tracer
migration at the scale of individual levels within the aquifer.

Hoopes and Harleman [19674] presented a general equation
for describing the transient concentration distribution during
plane radial low from a well as
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ac

*C D* a
[ ar ®)

el i
at ar r or

where C is the concentration, ¢ is time, ¥ is the average pore
water velocity, a is the longitudinal dispersivity, r is the radial
distance coordinate, and D* is the solute molecular diffusion
coefficient in the porous medium,

The longitudinal dispersivity for the full aquifer thickness
can be estimated from the withdrawal-phase concentration
history for the injection-withdrawal well plotted as relative
concentration versus the ratio of the withdrawal (pumped)
volume to the total injected volume [Mercado, 1966]:

3UMAUL/ UL
320°7%(b6) 2

= 9
where U, is the total injected volume at the end of the injec-
tion phase, Up is the withdrawal volume at various times dur-
ing the withdrawal phase, A(Up/U,) is the dimensionless
withdrawal-volume increment between the intercepts of the
tangent line at 0.5C; (C, is the input concentration) with the
C/C, = 0.0 and 1.0 lines, b is the aquifer thickness, and @ is
the porosity. Gelhar and Collins [1971] obtained a solution for
the relative concentration at the injection-withdrawal well
during the withdrawal phase written

c U, 16 a
Do i Sl
Co *"rf"{(m )/[3 R

[2—1—%’; (1—%:]]”2} (10)

where R is the average radial frontal position at the end of the
injection phase and is defined by

R = (Qt/nb8)"? (11)

The longitudinal dispersivity can also be estimated from the
breakthrough curve of relative concentration C/C, versus
time at an observation sampling well or point using the ex-
pression (adapted from Mercado [1966])

a = (3r/16m)(At/1,5)* (12)

where Ar is the time increment between the intercepts of the
breakthrough curve tangent line at 0.5C;, with the C/C, = 0.0
and 1.0 lines and 1, is equal to the time at which the relative
concentration C/C; equals 0.5 at radius r.

Analytical solutions to equation (8) at a radial distance r
with a constant input concentration C, have been obtained by
Hoopes and Harleman [19674] and Gelhar and Collins [1971].
The solution by Gelhar and Collins [1971] offers the advan-
tages of including the effects of finite well radius and molecu-
lar diffusion and also eliminating the initial condition limita-
tion of the Hoopes and Harleman [1967a) solution. For
injection into a stratified aquifer, the Gelhar and Collins [1971]
solution for concentration C in layer i is written

rw4 1/2
=)

(13)

3

=}erfc«{(r2 - rz]/[lﬁa( 3

rw3 D* F -4
+
ad;

where r, is the well radius, 7, is the average radial front posi-
tion in layer / at time ¢, and A, is defined by

A;=(Q/b).,/2nb (14)
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where (Q/b), is the recharge per unit aquifer thickness in Jayer
i. The parameter (Q/b), is obtained from the breakthreugh
curve for an observation well or sampling point at a radius »
and is defined by

(Q/b), = rul/tos (1%)

The average radial front position 7, in layer i at a time  is cal-
culated from

7o =[(Q/b)it/m6)'"? (16)

The relationship between the molecular diffusion ceeffi-
cient in a free-water system (D,) and in a saturated parous
medium (D*) has received considerable attention in the soils
and petroleum enginecring literature and to a lesser extent in
the hydrogeologic literature. A review of values for the ratio
D*/D, used by various investigators for saturated, granular,
unconsolidated materials reveals a range in magnitude [Tom
the square of the porosity [Lerman, 1979] to a value of 0.7
[Perkins and Johnston, 1963]. A ratio of 0.5 has been assumed
for the field and laboratory tracer tests conducted in this

study.

Two-Well Recirculating Withdrawal-Injection Tracer Test

In the two-well recirculating withdrawal-injection tracer
test (hereafter called the two-well test), water is withdrawn
from one well and injected at an equal rate with the tracer
into a second well. The flow regime is assumed to be in stzady
state, and the effect of natural regional flow is generally as-
sumed to be negligible in the vicinity of the two wells. The
breakthrough curve at the withdrawal well is analyzed te ob-
tain a dispersivity value representative of solute transpart at
the scale of the full aquifer thickness (or screened thickness).

The steady state flow field inan aquifer from a pair of injec-
tion and withdrawal wells operating simultaneously at equal
flow rates has been investigated theoretically by DaCosta and
Bennett [1960], Hoopes and Harleman [1967b], Grove et al
[1970), Webster et al. [1970]. and others. In general, the aqui-
fer is assumed to be infinite, homogeneous, isotropi¢, and <on-
fined between two purallel horizontal planes. The injection
and withdrawal wells are treated as a line source and line sink,
respectively. Assuming that the effect of the regional flow field
is negligible, the transit time for plug flow along the shartest
streamline between the two wells is given by the expression
[Webster et al., 1970]

an

where 1,, is the transit time for plug flow between the two
wells, # is the porosity. b is the aquifer thickness, d is the dis-
tance between the two wells, and Q is the withdrawal-injec-
tion rate.

The dispersion of a solute in a two-well flow field has been
investigated theoretically by Hoopes and Harleman [19678],
Webster et al. [1970]. and Grove and Beetem [1971]. Haopes
and Harleman [19675] developed analytical expressions in in-
tegral form for the concentration distribution in the aquifer
and at the withdrawzl well for a nonrecirculating well pair.
They concluded that (1) dispersion and diffusion along the
streamlines determine the shape of the concentration distribu-
tion within the aquifer, (2) at the pumping well, dispersion
and diffusion have an important influence on the concentra-
tion history only for :mall concentrations (C/C, < 0.1) and
for short dimensionless times (r < 0.7), (3) for C/C, > 0.1 and

t,=m8bd*/30
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7 = 0.7, the concentration history at the withdrawal well is
dominated by advection along the streamlines; and (4) dis-
persion and diffusion across the streamlines retard the rate of
increase of concentration at any point within the aquifer, but
this effect is small in the region of the two wells. The dimen-
sionless time is defined by

= 20t/(7bbd>) (18)

where ¢ is time.

Webster et al. [1970] and Grove and Beetem [1971] adopted
an approach of dividing the flow field between the injection
and withdrawal wells into crescents. These crescents were as-
sumed to represent columns of known length. They applied
the Brenner [1962] solution to the one-dimensional advection-
dispersion equation to calculate breakthrough curves for the
outlet of each crescent. By summing the contribution from
each crescent, a composite breakthrough curve for the with-
drawal well was calculated. If the two-well system was re-
circulating, then the calculation procedure accounted for
tracer that was being withdrawn from the withdrawal well and
reintroduced at the injection well. The tracer addition at the
injection well can be either continuous or a pulse (in time).
The parameters used in the calculation procedure are the
number of crescents, withdrawal-injection rate, distance be-
tween the two wells, dispersivity, porosity, and the time of
tracer addition. In general, dispersivity is the unknown and is
varied until the calculated breakthrough curve closely
matches the field-measured breakthrough curve. The princi-
pal difference between the presentations by Webster et al.
[1970] and Grove and Beetem [1971] is that the latter have
adopted a more general technique employing a computer
code. The code is included in the report by Grove [1971].

Laboratory Column Tracer Test

The equation describing the transient concentration distri-
bution for a nonreactive solute during steady one-dimensicnal
flow in a homogeneous column of porous media can be writ-
ten

o _p#C_y 0C

at ax® ax.

(19)

where C is the concentration, ¢ is time, and D and ¥ are the
hydrodynamic dispersion coefficient and average pore water
velocity, respectively, in the direction of flow x. In this system,
the streamlines are assumed to be parallel and in the direction
of flow. For a continuous input concentration C; for ¢ > 0, the
one-term analytical solution obtained by Rifai et al. [1956] for
(19) can be expressed in terms of pore volumes as (adapted
from Brigham [1974])

C£0 =1 |:erfc
where U is the number of efluent pore volumes and L* is the
column length. Brigham recommended plotting effluent rela-
tive concentration versus [(U — 1)/U"?] on linear probability
paper. If the data fit a straight line, then the use of a ‘diffu-
sion’ equation model approach was validated, and the dis-
persion coefficient could be caleulated from the slope of the
line. Anomalies in the data, resulting from dead-end pores,
channeling, or improper column packing could be identified,
in some cases, using this graphical method. Defining y = [(U

) it
W} 0
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— 1)/U"?], the dispersion coefficient can be calculated from
the expression

D = (VL*/8)(Yoss — Yous) @y

where y,:4 and vg,s correspond to relative concentrations. ¢/
C, of 0.84 and 0.16, respectively. ;

The hydrodynamic dispersion coefficient is assumed to be
the sum of (1) a mechanical dispersion part which is a linear
function of the average pore water velocity and (2) a molecn-
lar diffusion part. This is expressed

D=g,V+D* 22)
where a is the longitudinal dispersivity and D* is the solute
molecular diffusion coefficient in the porous medium. The dis-
persivity value is evaluated by rearranging (22) to yield

o, =(D—D%/V @3)

FIELD STUDY SITE
Hydrogeology Sl
A detailed account of the physical hydrogeology of the
groundwater flow system at the study site, located at the
Chalk River Nuclear Laboratories, has been given by Parsons
[1960], and recent work has been summarized by Cherry et al
[1975] and Jackson and Inch [1980]. A stratigraphic cross sec=
tion through the flow system and field site is shown in Figure
2. The sand aquifers are glaciofluvial in origin. Laminations
of the order of 0.1-0.5 cm and textural variations over depths
of the order of several centimeters to tens of centimeters have B
been observed from vertical borehole cores. The tracer tests |
were conducted in the unit denoted as the middle-sand aqui-'
fer. The middle-sand aquifer is approximately 8.2 m in thick-
ness, located between 2.0 and 10.2 m depth, and is confined
below by a silty-clay unit about 1 m in thickness and above by
about 17 cm of silt and clay. Under natural conditions, flowis
horizontal in the sand aquifers and toward the lake. Aquifer
response to pumping a well in the middle-sand aquifer has
shown that the middle-sand and lower-sand are hydraulically
isolated from each other at the tracer test site by the silty-clay i
unit. The upper-sand aquifer exhibits minor head changes due
to pumping or injection in the middle-sand aquifer. =~
The hydraulic conductivity of the middle-sand aquifer, de<
termined during this study by short-term and long-term aqui-
fer response tests to a fully penetrated pumping well and by
slug tests on piezometers (slotted length of 0.6 m) is in the
range of 2 X 10~* to 2 X 1072 ¢cm/s. Full-aquifer hydraulic.
conductivities for the middle-sand aquifer were also obtained
from the single-well and two-well tracer tests. For the single-
well test denoted SW1 using an injection rate of 0.886 /5
field measurements of the change in hydraulic head (from
natural flow conditions) versus radial distance from the injec-
tion well for 23 piezometers at distances of 1.0~14.9 m were fit
to the regression equation

h=0512 — 0275 logy, r 24

where h is the increase in hydraulic head (m) and r is the cof=
responding radial distance (m). Using this equation in con=
junction with the Thiem flow equation [Kruseman and de Rid-
der, 1970, p. 47] yields a full-aquifer hydraulic conductivity of
1.4 x 107 cm/s. A full-aquifer hydraulic conductivity of 1.0
X 1072 cm/s was evaluated from the two-well test using the
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equatlon given by De Wiest [1965, p. 249] for the steady state
‘drawdown at the withdrawal well of a two-well withdrawal-
injection flow field. Since well losses were difficult to quantify
‘and not deducted from the measured drawdown of 0.43 m in
‘the withdrawal well, this hydraulic conductivity is likely an
‘underestimate.

Girain size determinations were conducted on sediment core
samples from 16 depths throughout the middle-sand aquifer.
‘The samples were from cores obtained from boreholes drilled
_ft}r installation of the mjectlon and withdrawal wells for the
tracer tests. The range of grain size distributions from the
‘samples is shown in Figure 3. These sands are classed as very
= fine to medium grained (Wentworth classification) and well
Usorted. The mean grain size ranged from 0.12 to 0.21 mm with
a_mcan and standard deviation of 0.16 and 0.003 mm, respec-
tively. The uniformity coefficient ranged from 1.6 10 4.4 with a
‘mean and standard deviation of 2.3 and 0.8, respectively.
Parsons [1960] determined porosities in the range of 0.33—
for 120 sediment samples that he classified as fine sand
100% of the particles by weight finer than 0.2 mm and 0-
0% finer than 0.06 mm) taken from the study area. A poro-
sity of 0.38 has been chosen as representative for the middle-
sand aquifer for the present study. '

Anstrumentation

- There is an extensive piezometer and well network at the
tudy site and throughout the hydrologic basin. The instru-
entation for conducting the field tracer tests included pie-
Zometers, wells, and multilevel sampling devices (Figure 4).
. The piezometers used for monitoring piezometric heads in the
‘three aquifers during the tracer test were constructed of 2.5
cm diameter polyvinyl chloride (PVC) pipe with 0:6 m length
- slotted tips wrapped with fiberglass cloth. The water supply
well and the injection and withdrawal wells were constructed
of 10,4 em diameter PVC pipe with manufactured No. 4 slot
- Screens. The water supply well has a screened interval of 1.5 m
located in the lower-sand aquifer. The injection and with-
~ drawal wells were screened over approximately the full extent
of the middle-sand aquifer. The piezometers and wells were
_{installed through casing driven by wash boring and by cable-
- tool rig, respectively.

Fig. 2. Stratigraphic cross section through the field study area showing location of tracer test wells.

Tracer movement within the aquifer was monitored by ob-
taining groundwater samples from multiple depths at various
areal locations using the multilevel point-sampling devices
(Figure 5) developed by Pickens et al. [1978b]. The device
consists of a bundle of 0.3 cm diameter polypropylene tubes
contained inside a PVC pipe with each tube protruding
through the wall of the pipe at a different elevation where it
serves as a point water sampler. The tip of each tube is en-
cased in fine-meshed stainless steel screening (intake area
about 1 cm?). The multilevel sampling devices were installed

through casing driven by wash boring. Groundwater samples
are obtained by vacuum pumping of the po]ypmpyleue tubes.

Cross sections of the study site showing the instrumentation
for the single-well tests (denoted SW1 and SW2) and the two-
well test are shown in Figures 6 and 7, respectively. The sam-
pling points were spaced closely in the vertical direction in the
middle-sand aquifer to allow a very detailed assessment of the
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Fig. 3. Envelope of grain size distribution curves from samples

taken from 16 depths within the middle-sand aquifer.
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relative hydraulic conductivity distribution (stratification).
Sampling points were also located above and below the
middle-sand aquifer in order to assess the ability of the silt
and clay layers to confine the transport of the tracer-labeled
water to the middle-sand aquifer.
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Fig. 5. Schematic illustration of the multilevel sampling device
showing a field installation and a cross section of a sampling point [af-
ter Pickens et al., 1978b].
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. EXPERIMENTAL PROCEDURES
Single-Well Injection- Withdrawal Tracer Tests

The single-well tests SW1 and SW2 were conducted using
the instrumentation shown in Figures 6a and 65, respectively.
The test conditions are listed in Table 3. A well in the lower-
sand aquifer was used for water supply (Figure 2). Water was
recharged to the middle-sand aquifer at the injection rate for
1 day prior to commencing tracer addition to ensure steady
state flow conditions. The piezometer network (Figure 4) 8t
the study site was monitored to establish the hydraulic h‘?ad___-

distribution during the tests.

Test SW1. Approximately 1.9 GBq of "*'I and 5 mg of
Nal carrier were mixed in a 13.6-1 tank of water, This tracer
solution was added at the rate of 0,083 ml/s to the injection

Pl

water which was entering the injection-withdrawal well 1
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TABLE 4. Two-Well Tracer Test Conditions

DISTANCE {metres)

jg. 7. Cross section showing the injection and withdrawal wells
and the point-sampling instrumentation for the two-well test.

see Figure 4) at the steady rate of 0.886 1/s. The total injec-
tion volume of tracer-labeled water was 95.6 m® injected over
period of 1.25 days. Water samples for monitoring tracer
neentration ‘were obtained from three levels within the in-
ection-withdrawal well and from the total of 70 sampling
points on the multilevel sampling devices located at the radial
distances of 1, 2, 3, 4, and 6 m. A volume of about 100 ml of
fluid was removed from each sampling tube prior to taking a
15-ml sample for analysis of tracer concentrations.
At the end of the tracer injection phase, water was pumped
from the injection-withdrawal well at the rate of 0.886 1/s for
'days (equivalent to 1.6 injection volumes). Water samples
were obtained from the well discharge line for analysis of
cer concentration.
Ten-milliliter volumes of the samples obtained during the
monitoring of the tracer test were analyzed for "'l radio-
tivity using a gamma counter (Packard) with a 76-mm Nal
1) well erystal. All radioactivities of the water samples were
mrected for radioaciive decay to the time at which the tracer
st was started. They are reported as relative concentrations
in comparison to the average input concentration of the
tracer-labeled water during the injection phase.
Test- SW2, Approximately 3.0 GBq of *'l and 5 mg of

NIECTIDN MULTILEVEL SAMPLING DEVICES WITHDRAWAL
CWELL ﬁq:——f—_—_:_________ WELL
oA S ) Parameter Value

or—1F SWATER TARLE r_l.lFAPQES[-E‘EARND Tracer

= e e S i e e e Species SICr-EDTA
T 7 i) Total radioactivity : 3.7GBq

L BTN LAY Input concentration (including carrier) 4.1 x 1074 mg/1

: Half-life 27.8 days
F Distance between wells 8m

B Position of multilevel sampling devices see Figure 7

| B oweu B Depths of sampling points see Figure 7
¥ 3 CREE
L NiEg s T Withdrawal-injection rate 0.4491/s
Rl Duration of tracer addition 3.22 days

- il Duration of tracer test 15 days
1= SR, SR, Lot e Pl Ha I v _ 4

- Ciay Nal carrier were mixed in a 50-1 tank of water. This tracer so-
(ONER-SeD lution was added at the rate of 0.133 ml/s to the injection wa-

r a i % iy 2 =
e - 2 . et fi : : o ter which was entering the injection-withdrawal well P3 (see

Figure 4) at the steady rate of 0.719 1/s. The total injection
volume of tracer-labeled water was 244 m’ injected over a pe-
riod of 3.93 days. Water samples for monitoring tracer con-
centration were obtained from two levels within the injection
well and from the total of 14 sampling points on the multilevel
sampling devices located at the radial distances of 0.36, 0.66,
and 2.06 m. A volume of water approximately twice the vol-
ume in each multilevel sampling tube was withdrawn and dis-
carded prior to obtaining a 10-ml water sample for analysis of
tracer concentrations, At the end of the tracer injection phase,
water was pumped from the injection-withdrawal well at the
rate of 0.606 1/s for 16.9 days (equivalent to 3.6 injection vol-
umes) with water sampling from the well discharge line for
analysis of tracer concentration. Five-milliliter volumes of the
samples obtained during the monitoring of the tracer test were
analyzed for '*'I radioactivity.

The reactive tracer St was also included in the injection
water for test SW2 to provide field estimates of the distribu-
tion coefficients for *Sr by comparing its transport rate to that
of 1. The studies of the adsorptive properties of the aquifer
are given by Pickens et al. [1981].

Two-Well Recirculating Withdrawal-Injection
Tracer Test

The two-well test was conducted using the instrumentation
shown in Figure 7. The conditions for the tracer test are listed

TABLE 3. Single-Well Tracer Test Conditions

Parameter Test SW1 Test SW2
Tracer
Species L | 131y
Total radioactivity 1.9 GBq 3.0 GBq
Input concentration (including carrier) 2.7 % 107t mg/1 1.9 % 107> mg/1
Half-life 8.07 days 8.07 days
Well radius 57 cm 5.7 cm
Radial position of multilevel sampling device 1,2,3,4,and 6 m 0.36, 0.66, and 2.06 m
Depth of sampling points see Figure 6a see Figure 6b
Injection Phase
Rate 0.8861/s 0.7191/s
Duration (from start of tracer addition) 1.25 days 3.93 days
Total injected volume 95.6 m?® 244 m?
Average radial front position at end of 313m 4.99m
injection phase
Withdrawal Phase
Rate "0.886 1/s 0.606 1/s
Duration (from end of tracer addition) 2.0 days 16.9 days
Total withdrawal volume 153 m* 886 m®
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TABLE 5. Laboratory Column Tracer Test Conditions
Parameter Value
Tracer chloride
Column length 30 ¢m
Column diameter 445 cm
Mean grain size 0.20 mm
Uniformity coefficient 23
Porosity 0.36
Flow rate
Test R1 5.12 x 1072 ml/s

Test R2 1.40 x 102 ml/s

Test R3 7.75 x 1072 ml/s
Average velocity

Test R1 9.26 x 10~*cm/s

Test R2 2.53 x 10~ cm/s

Test R3 8.60x 10 % cm/s

in Table 4. The two-well withdrawal-injection (wells P1 and
P2 in Figure 4) flow regime was operated at the rate of 0.449
1/s for several days prior to the beginning of tracer addition to
ensure steady state flow conditions. The piezometer network
was monitored to establish the hydraulic head distribution
during the test. Approximately 3.7 GBq of the tracer *'Cr-
EDTA with 0.5 mg of stable Cr were mixed in a 22.7-I tank of
water. This tracer solution was added for 3.22 days at the rate
of 0.083 ml/s to the injection water which was entering the in-
jection well at the steady rate of 0.449 1/s. The tracer test con-
tinued for a total duration of 15 days, Water samples were ob-
tained from the discharge line from the withdrawal well, from
two levels within the injection well, and from the multilevel
sampling devices located between the two wells. A volume of
about 100 ml of fluid was removed from each sampling tube
prior to taking a 15-ml sample for analysis of tracer concen-
trations. Ten-milliliter volumes of the water samples obtained
during monitoring the tracer test were analyzed using a well-
type gamma counter.

Laberatory Column Tracer Tests -

Three laboratory column tracer tests were conducted on a
repacked column of sand from a core obtained from the depth
of 8.1-8.5 m at the field site. The vertically mounted column
apparatus consisted of methyl methacrylate tubing with (from
bottom to top) an inlet tube through a one-hole rubber stop-
per, a layer of No. 40 mesh stainless steel screening, a layer of
No. 100 mesh stainless steel screening, the repacked sand, a
layer of No. 100 mesh and No. 40 mesh stainless steel screen-
ing, and a one-hole rubber stopper with an outlet tube. The
layers of wire mesh aided the radial spread of the fluid at the
inlet and outlet ends of the column and also prevented the loss
of fine material from within the column. The air-dried sand
was put in the column by a funnel with a long extension to
prevent free fall of the sand. The base of the column was
tapped gently (with minimal vibration) after each 1-cm depth
increment. This procedure for packing the column was
adopted in order to minimize radial segregation of the sand
within the column. The tracer solution was introduced at the
lower end of the vertically mounted column with a tubing
pump connected to a constant-head (Mariott) reservoir. All
column tracer tests were conducted at about 23°C.

The significant parameters, textural characteristics, and
conditions for the column tracer tests are listed in Table 5.
Three experiments designated RI, R2, and R3 were con-
ducted corresponding to average pore water velocities of 9.26
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X 1074, 2.53 x 1072, and 8.60 X102 cm/s, respectively. Chlo-
ride was the tracer used in these experiments. A flow cell and
chloride combination electrode system similar to that de-
scribed by Mansell and Elseftawy [1972] was used to continu-
ously monitor, with the aid of a chart recorder, chloride in the
column effluent line. The three tracer tests were conducted se-
quentially with chloride introduced at 200 mg/l in test R1,
followed by eluting with deionized water in test R2, and
reintroducing chloride at 200 mg/1 in test R3.

RESULTS AND ANALYSIS
Single- Well Injection- Withdrawal Tracer Tests

Monitoring of the piezometer network at the field site dur- .
ing the period of tracer addition indicated that the flow re-
gime in the middle-sand aquifer was in steady state and radi-
ally symmetric to a radial distance of at least 15 m for test
SW1 and 10 m for test SW2. The similarity of the groundwa-
ter quality of the lower-sand aquifer (water supply) and
middle-sand aquifer groundwaters [Pickens et al, 1981] and
the small quantity of tracers added (see Table 3) ensured that
the groundwater flow regime was not affected by contrastmg
fluid densities.

Test SWI. « The relative concentration history in the injec-
tion-withdrawal well was obtained as the average from water
samples from the two sampling levels within the well dumlg'
the injection phase. The tracer concentrations of the water
samples taken from the two levels within the well were within
about 2%, indicating good mixing of the input tracer solution
and the injection water. The measured input concentration
from samples taken at 14 separate times varied from 95% to
103.5% of the average concentration during the 1.25 days of
tracer injection. :

The monitoring results of the multilevel sampling devxces'
showed that the tracer moved at significantly different rates at
different levels (Iayers) in the aquifer. Tracer was not detected
in the shallowest or the deepest sampling points (see Figure
6a), providing evidence of the effectiveness and contmulty of :
the confining layers. _

Longitudinal dispersivity values for the individual levels
were obtained using equation (12) by analysis of the break-
through data (Figure 8) provided by the sampling points on
the multilevel sampling devices. Dispersivity values were in
the range of 0.2-9.0 cm (Table 6) from the 29 breakthrough
curves. This range in individual-level dispersivities is partially
the result of the few data points available to define some of
the breakthrough curves and partially the result of vertical mi-
gration of tracer. The value of 9 cm was obtained for the sam-
pling point at 8.11 m depth and 3.0 m radial distance with
breakthrough data which exhibited a noncharacteristic shape
with a very gradual linear increase in concentration with time
after initial breakthrough (perhaps cansed by a defective sam-
pling point). Neglecting this value, the dispersivity range for
test SW1 is 0.2-3.5 cm with a mean value of 0.7 cm. However,
there are only three dispersivities that are more than a factor
of 3 different than the mean value,

Breakihrough curves for each of the sampling points were
calculated using equation (13) with the parameter values
listed in Tables 3 and 6 and using an estimated diffusion coef-
ficient in saturated porous media (at 8°C) for iodide of 6.7 X
107 cm?/s. The field-measured breakthrough data and the
calcutated (analytical solution) results for the sampling points
compare closely as shown in Figure 8, with only a few dis-



.~ crepancies in the later portions of the breakthrough curves.
{ The fitting of the analytical solution to the field-measured
.'-Bi;ea_];:hmugh curves was controlled essentially by the values
f the dispersivity and the recharge per unit aquifer thickness
gt each individual level. The contribution of molecular diffu-
‘sjon to the calculated breakthrough curves was negligible
since the molecular diffusion coefficient was more than 2 or-
ders of magnitude smaller than the smallest mechanical dis-

persion coefficient within the maximum radial distance of
tracer sampling.
There was no evidence of a scale-dependent dispersivity

' within individual levels in the aquifer (i.e., dispersivity was in-
‘dependent of distance to sampling position). The dispersivities
btained from analysis of the point-sampling data suggest that
relatively constant value has been reached for each level in
the aquifer (see Table 6). The relatively constant dispersivity
at the individual levels can be interpreted as representative of
‘the ‘asymptotic’ value (in the terminology of Gelhar et al.
979] and Matheron and de Marsily [1980]). This asymptotic
dispersivity applies only at the scale of individual levels within
the aquifer with groundwater sampling using the point-sam-
- instrumentation.
_full-aquifer dispersivity was obtained from analysis of the
withdrawal-phase concentration history of the injection-with-
drawal well. The field concentration data versus the ratio of
the withdrawal phase pumped volume to the fotal injected
volume are shown in Figure 94. Planimetering the area under
‘the concentration history indicates approximately toial tracer
covery during the withdrawal phase. The dimensionless
withdrawal-volume increment A(U,/U;) corresponding to the
tercepts of the tangent line at 0.5 C, with the C/C, = 0.0
d 1.0 lines was 0.565. The full-aquifer dispersivity is 3 cm,
timated using equation (9). The calculated concentration
story obtained using equation (10) compares. closely with
the field data using a dispersivity and an average radial front
‘position in the aquifer at the end of the injection phase of 3
-and 313 cm, respectively. This full-aquifer dispersivity
‘from test SWI is a factor of 4.3 larger than the mean dis-
persivity obtained for the individual levels (0.7 cm).
‘Scale-dependent dispersivity relationships for the full-aqui-
thickness require a detailed knowledge of the hydraulic
nductivity distribution. In order to obtain the hydraulic
nductivity distribution, the aquifer was divided for analysis
urposes into horizontal layers b, corresponding to each sam-
& point or level i (b, is the sum of the vertical half distance
) the two adjacent sampling points). The recharge per unit
quifer thickness (Q/b); for each layer was calculated using
“equation (15) with the times 5 to reach relative concentration
C/C,=0.5 obtained from the breakthrough curves (Figure 8).
sing equation (24) for hydraulic head and the Thiem equa-
tion in conjunction with the values of (Q/b); for the multilevel
‘Sampling device located 1 m from the injection well, the hy-
draulic conductivity K, for each layer was calculated. A hy-
draulic conductivity (K5) relative to the layer with the largest
K, was then calculated for each of the layers. The sampling
point depths with corresponding b, #y5, (Q/b), K;; and Ky are
 listed in Table 6. An illustration of the geology with the sam-
© bling-point depth locations and the relative hydraulic con-
-_dﬂctiviiy distribution is shown in Figure 10a. The sum of the
‘product of (Q/b); and b, for all the layers is 0.770 1/s, which
compares closely with the actual measured injection rate of
0.886 1/s,

“In order to evaluate the scale-dependent dispersivity rela-
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Fig. 8. Comparison of measured breakthrough curves at-dis-
tances of | m (circles), 2 m (triangles), 3 m (squares), and 4 m
(crosses) with Gelhar and Collins [1971] analytical solution (solid
lines) for single-well test SW1. Parameter values are listed in Table 6.

tionships at the full-aquifer scale, the aquifer stratification was
characterized statistically from the relative hydraulic con-
ductivity distribution (Table 6 and Figure 10a). The arith-
metic average, harmonic average, and standard deviation of
the relative hydraulic conductivity distribution are 0.538,
0.401, and 0.272, respectively. The relative hydraulic con-
ductivity data were arranged in ascending order and were
plotted versus percentage cumulative aquifer thickness (Fig-
ure 11a). The natural logarithms of the relative hydraulic con-
ductivity data were also plotted versus percentage cumulative
aquifer thickness (Figure 115). The data plotted in Figures
1lg and 115 can in both cases be fit approximately with
straight lines. This suggests that the relative hydraulic con-
ductivity distribution can be roughly approximated by either
a normal or a log normal distribution. The standard deviation
of the log normal distribution evaluated from Figure 115 is
0.69, and the variance of the residence-time distribution cal-
culated using equation (5) is 0.342 for arbitrary stratification
and using equation (6) is 0.610 for a continuous log normal
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TABLE 6. Parameter Values Obtained From Analysis of Breakthrough Curves From Sampling Points
for Single-Well Tracer Test SW1

Depth,m b,m Radial distance, m tys, days (Q/b), m*/day K, 102cm/s Kp acm

1.37 1
2.13 0.44 1 0.367 3.26 0.503 0216 0.5
2 1.150 4.15 0.3
2.74 0.53 1 0.404 2.95 0.457 0.196 0.6
3.19 0.45 1 0.321 372 0.575 0247 02
3.64 0.45 1 0.254 4.70 0.726 0312 05
4.08 0.45 1 0.268 445 0.688 0.296 0.5
2 1.092 437 0.3
4.53 0.45 1 0.298 4.01 0.620 0.266 0.2
4.98 0.45 1 0.217 5.51 0.852 0.365 0.5
543 0.45 1 0.183 6,51 1.01 0433 05
2 0.639 7.47 0.5
5.87 0.45 1 0.144 8.30 1.28 0.550 0.5
6.32 0.45 1 0.113 10.61 1.64 0.701 0.5
6.77 045 1 0.116 10.27 1.59 0.683 03
2 0.394 12.13 0.3
3 1.038 10.36 0.3
7.21 0.45 1 0.0929 12.85 1.99 0.853 0.9
7.66 0.45 1 0.0875 13.64 2.11 0905 0.5
8.11 0.45 1 0.0917 13.02 2.01 0.864 1.5
2 0.317 15.08 35
3 0.842 12.77 9.0
4 1.083 17.63 1.5
8.56 045 1 0.0792 15.08 2.33 1.000 0.5
9.00 0.45 1 0.0896 13.33 2.06 0.884 0.5
9.45 0.53 1 0.121 9.88 1.53 0.655 03
2 0.385 12.39 0.5
3 1.129 9.52 03
10.05 0.40 1 0.300 3.98 0.615 0.264 0.7
2 0.725 6.59 3.0

10.82 1
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Fig. 9. Comparison of measured (circles) concentration history of
the injection-withdrawal well during the withdrawal phase with the
Gelhar and Collins [1971] analytical solution (solid line) for single-
well tests (@) SW1 and (b) SW2.

hydraulic conductivity distribution. The stratification parame-r
‘ters are summarized in Table 7.
Scale-dependent dispersivity expresswns {summanzed m
Table 8) were obtained using equation (3) assuming a normal
hydraulic conductivity distribution and equation (7) assuming
either an arbitrary or a log normal distribution. The scale-de-
pendent dispersivity functions express dispersivity as a linear
function of mean travel distance with proportionality con-
stants of 0.256, 0.178, and 0.117 assuming normal, log normal,
and arbitrary hydraulic conductivity distributions, respee—
tively. 4
Test SW2. Single-well test SW2 provided dispersivities f for.'
individual levels within the aquifer and investigated the effect ]
of ‘a larger total injection volume on the full-aquifer dis=
persivity. The tracer concentrations of the water samples
taken from two levels within the injection-withdrawal well
during the injection phase were within about 2%. The mea-
sured input concentrations from samples taken at 19 separate
times varied from 95% to 105% of the average concentration .'
during the 3.93 days of tracer injection. The measured break-
through data obtained for the sampling points are shown il
Figure 12. The parameter values obtained from quantitative
analysis of the 14 breakthrough curves are summarized in
Table 9. The breakthrough curves calculated using the analyt=
ical solution (equation (13)) compare closely to the field-mea-
sured breakthrough data, as shown in Figure 12. Longlrudma]
dispersivities for the individual levels are in the range of 0: A=
1.5 cm with a mean value of 0.8 cm. As with test SW1, there
was no evidence of scale dependence at the scale of individu
levels within the aquifer (Table 9). The asymptotic dis=
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Fig. 10. Relative hydraulic conductivity distributions in middle-

* sand aquifer determined from monitoring tracer movement in (a) the

single-well test SW1 and (b) and (c) the two-well test using the multi-

~ Jevel sampling devices at 4 m and 7 m, respectively, from the injection
- well.

persivity value at individual levels appears to have been
~ reached prior to the closest sampling point position.
.. A full-aquifer dispersivity was obtained from analysis of the
- withdrawal-phase concentration history of the injection-with-
drawal well (Figure 9b). Planimetering the area under the
~ concentration history indicates approximately total tracer re-
covery. The dimensionless withdrawal-volume increment
AU,/ U,) from Figure 9b was 0.775. The calculated concen-
~ tration history obtained using equation (10) compares closely
~ to the field data using a dispersivity (estimated using equation
(9)) and an average radial front position in the aquifer at the
end of the injection phase of 9 cm and 499 cm, respectively. It
‘can be readily seen that a larger total injection volume results
in.a larger or scale-dependent full-aquifer dispersivity; that is,
the full-aquifer dispersivity from test SW2 is a factor of 3
larger than that obtained from test SW1, The scale-dependent
~ nature of dispersivity at the full-aquifer scale is also particu-
- larly evident by comparison to the relatively constant (asymp-
 totic) value of 0.7 cm obtained for the individual levels.

_?wo~ Well Recirculating Withdrawal-Injection
~ Tracer Test

e The relative concentration history in the injection well was
obtained as the average from water samples from the two
sampling levels within the well. The tracer concentrations of

- the water samples taken from the two levels within the injec-

. tion well were within 10%. The measured input concentrations
from samples taken at seven separate times during the 3.22

- days of tracer addition to the injection water varied from 87%

- to 115% of the average concentration.

The results of monitoring the multilevel sampling devices
‘showed that the tracer moved at significantly different rates at
“different levels in the aquifer. Breakthrough curves for the

- first 9 days of the tracer test for the multilevel sampling device
“located 4 m from the injection well, for example, are shown in
Figure 13. The monitoring results obtained from all of the

. multilevel sampling devices indicated that the relative tracer

. movement was fairly consistent at any particular depth and

 hence that the aquifer could be considered areally homoge-

~ neous between the two wells. Tracer was not detected in the

shallowest or the deepest sampling points, providing further
evidence of the continuity of the confining layers of the aqui-
fer. : :
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A dispersivity for the full aquifer thickness was obtained
from the field-measured withdrawal-well breakthrough data
by fitting with the Grove [1971] model. A longitudinal dis-
persivity of 50 cm was found to produce a calculated break-
through curve that most closely matched the field data (Figure
14). The breakthrough data show that the relative concentra-
tion C/C, is equal to 0.1 for dimensionless time r (equation
(18)) of approximately 0.7. As pointed out by Heopes and
Harleman [1967b], the withdrawal-well breakthrough curve is
more greatly influenced by dispersion for C/C, < 0.1 and 7 <
0.7 and by advection along the streamlines for C/C, > 0.1 and
7> 0.7. Theretore the leading edge of the breakthrough curve
was most important in determining the dispersivity with
model calibration. Since the Grove [1971] model allows for
only one recirculation of tracer (tracer withdrawn from with-
drawal well and reinjected in the injection well), the calcu-
lated breakthrough curve underestimates the relative concen-
tration for times greater than about twice the plug flow time of
5.4 days (calculated using equation (17)).

In order to evaluate the statistical properties of the stratified
aquifer, the middle-sand aquifer was divided for analysis pur-
poses into layers centered about each of the 18 sampling point
depths for the multilevel sampling devices located 4 and 7 m
from the injection well. Relative hydraulic conductivities Ky
for each layer were determined by estimating the relative
times for the peak concentration to reach the sampling points
on these sampling devices. The sampling point depths with
corresponding b, times to reach the peak concentration, and
K are listed in Table 10. An illustration of the geology with
the sampling-point depth locations and the relative hydraulic
conductivity distributions from the multilevel sampling de-

1.0 T T T T T
: . *
= e @
— 0.8 |- =
2 b
= L]
ZZ 06| y -
<S .
oLy
*3S sl o |
=
o ..
a e®®
02 . .
1 ] | | 1
1 10 30 50 70 90 99
PERCENTAGE CUMULATIVE THICKNESS
0.0 T T T T T
> o @ °
= |b :
§5 0.4 - e®® =
o= .
< O
T il
=2 0.8+ .
o .
53 ]2 kS .. =}
= .
T 16| Sl -
i 1 1 | | |
1 10 30 50 70 90 99

PERCENTAGE CUMULATIVE THICKNESS

Fig. 11. Plots of (a) relative hydraulic conductivity and (b) natu-
ral logarithm of relative hydraulic conductivity versus percentage cu-
mulative thickness of aquifer obtained from multilevel sampling de-
vice results of single-well test SW1. :
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TABLE 7. Stratification Parameters Evaluated From Relative Hydraulic Conductivity Distributions
Obtained From the Tracer Tests

Two-Well Test
Single-Well
Parameter Symbol Test SW1 A* B*
Arithmetic average relative hydraulic conductivity K 0.538 0.662 0.672
Standard deviation of relative hydraulic conductivities ok 0.272 0204 0205
Harmonic average relative hydraulic conductivity Ky 0.401 0.577 0610
Standard deviation of log normal hydraulic conductivity o; 0.69 0.30 0.34
distribution
Variance of residence-time distribution for 5= 0.342 0.147 0.102
arbitrary stratification
Variance of residence-time distribution for 52 0.610 0.094 0.123

log normal stratification

% Results for A and B were obtained from multilevel sampling devices located 4 m and 7 m, respec-

tively, from the injection well.

vices located 4 and 7 m from the injection well are shown in
Figures 10b and 10e, respectively.

The aquifer stratification was characterized statistically
from the relative hydraulic conductivity distributions. The rel-
ative hydraulic conductivity data were arranged in ascending
order and plotted as relative hydraulic conductivity versus
percentage cumulative aquifer thickness (Figures 154 and
16a) and as natural logarithms of relative hydraulic con-
ductivity versus percentage cumulative aquifer thickness (Fig-
ures 15b and 16b). The data on these plots suggest that, for
this test as well as test SWI, the relative hydraulic con-
ductivity distribution can be roughly approximated by either
a normal or log normal distribution. The arithmetic average,
harmonic average, and standard deviation of the relative hy-
draulic conductivity distribution, the standard deviation of
the log normal distribution, and the variances of the resi-
dence-time distribution for the two multilevel sampling device
results are presented in Table 7.

The scale-dependent full-aquifer dispersivity expressions,
obtained using equation (3) assuming a normal hydraulic con-
ductivity distribution and using equation (7) assuming either
an arbitrary or a log normal distribution, are presented in
Table 8. The dispersivity functions express dispersivity as a
near function of mean travel distance. The proportionality
constants for the multilevel results at 4 m are 0.095, 0.041, and
0.059 and for the multilevel results at 7 m are 0.093, 0.051, and
0.043 assuming normal, log normal, and arbitrary hydraulic
conductivity distributions, respectively. These proportionality
constants are about a factor of 3 smaller than those obtained
from the relative hydraulic conductivity distribution inter-
preted from single-well test SW1.

Laboratory Column Tracer Tests

The data for the three laboratory tracer tests RI1, R2, and
R3 on the repacked sand column were plotted as (U — ny/

U2 versus effluent relative concentration on probability paper
as shown in Figure 17. The data were analyzed to obtain val-
ues of the hydrodynamic dispersion coefficient using equation
(21). A value of the molecular diffusion coefficient in a free-
water system at 25°C of 2.03 X 1073 cm?/s [Lerman, 1979] was
assumed for the chloride ion, and the corresponding molecu-
lar diffusion coefficient in porous media was estimated to be
1.02 % 10~5 cm?/s. The calculated hydrodynamic dispersion
coefficients and corresponding dispersivities (calculated using
equation (23)) for tracer tests R1, R2, and R3 are 4.05 X 1072
cm?/s and 0.033 cm, 8.65 X 10~° cm?/s and 0.030 cm, and 376
% 10~* em?/s and 0.043 cm, respectively. ;
For the repacked column, the ratios of column length to ch-
ameter and column diameter to particle (mean) diameter were
6.7 and 202, respectively. These ratios were favorable in Te-
ducing the wall effect [Hiby, 1962; Schwariz and Smith, 1953},
The end-cap effect [James and Rubin, 1972] was considercd
negligible because of the length of the column in comparison
to the length of the end cap. The density and viscosity differ-
ence resulting from the addition of 200 mg/1 chloride was in-
sufficient to cause unstable flow. e
The average longitudinal dispersivity from the three labora-
tory tracer tests on the repacked column of sand from the :
aquifer is 0.035 cm. This value compares closely with the av=
erage value of 0.030 cm (range from 0.016 to 0.061 cm) ob-
tained by Reynolds [1978] for 29 laboratory tracer tests using.
three laboratory columns with sand from a nearby field site.
Klotz et al. [1980] reported results from an extensive series
of laboratory column tracer tests and showed that the magni-
tude of dispersivity measured in laboratory columns depends
mainly on the effective grain size and the uniformity coeffi-
cient. From grain size analyses on samples from 16 depths
within the aquifer, narrow ranges of mean grain size (0.12 and
021 mm) and uniformity coefficient (1.6 to 4.4) were ob-
tained. By comparison to the graphical results of the efffect of

TABLE 8. Scale-Dependent Dispersivity Expressions Obtained From Stratification Results for Tracer

Tests
Two-Well Test
Stratification Type Single-Well Test SW1 A* B*
Normal o, =0256 L o, =0095L ap =0.093 L
Log normal a,=0.178 L a;,=0041 L ay = 0.051 L
Arbitrary a, =0117 L a, =0059 L a; =0.043 L

* Results for A and B were obtained from multilevel sampling devices located 4 m and 7 m, respec-

tively, from the injection well.
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“Fig. 12. Comparison of measured breakthrough curves at dis-
“tances of 0.36 m (circles), 0.66 m (triangles), and 2.06 m (squares),
- with Gelhar and Collins [1971] analytical solution (solid lines) for
single-well test SW2 [after Pickens et al., 198 1]. Parameter values are
- listed in Table 9,

grain size and uniformity coefficient presented by Klotz et al.,
it is estimated that the magnitude of laboratory-measured dis-
- persivity obtained from samples from the aquifer would vary
- by less than a factor of 3. Because of this small expected varia-
tion and the close comparison to the dispersivities of Reynolds
- [1978), the average dispersivity of 0.035 ¢m is considered a
| Iepresentative laboratory-scale value for sand taken from the
- middle-sand aquifer. :
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DiscussioN
Groundwater Sampling

Withdrawing a groundwater sample from a well, a pie-
zometer, or a sampling point on a multilevel sampling device
results in some mixing or averaging with a corresponding ef-
fect on the measured tracer concentration. For example, water
samples that were obtained for analysis of tracer concentra-
tion during single-well test SW1 and the two-well test were
from a thin, approximately spherical shell at a radius of about
4 cm from the sampling point intake. Therefore the sampling
instrumentation causes some ‘averaging’ which in turn causes
the measured breakthrough curves to be somewhat more
spread out. This type of spreading is a function of both the
sampling scale and the volume of sample withdrawn and is
unavoidable in any tracer test or contamination zone mon-
itoring where groundwater samples are removed from the geo-
logic system. Nevertheless, the amount of flow disturbance
and spreading caused by the multilevel sampling devices is
much less than would result from using piezometers or wells
for groundwater sampling. The spreading effect resulting from
groundwater sampling from fully penetrating wells in a strati-
fied aquifer, as compared to sampling the individual aquifer
layers, has been demonstrated qualitatively by Grisak ef al.
[1979]. This effect has also been shown experimentally by
Pickens and Grisak [1979] for a tracer test in a heterogeneous
sand and gravel deposit with groundwater samples taken with
both fully penetrating screened wells and multilevel point-
sampling devices. As the spreading effect caused by the mon-
itoring system increases, the dispersivity obtained from analy-
sis of concentration profile or breakthrough curve data will
also likely increase.

Dispersivities From Single-Well Tests

Using point-sampling instrumentation in sandy unconfined
aquifers, Sudicky and Cherry [1979] obtained scale-dependent
dispersivities ranging from 1 to 22 cm for corresponding travel
distances ranging from 0.75 to 11.5 m, and Lee et al. [1980]
obtained dispersivities ranging from 5 to 1.2 cm for travel dis-
tances ranging from 0.5 to 4.3 m. The mean longitudinal dis-
persivity obtained in the present study from analyses of the
breakthrough curves for sampling points at individual levels
in the aquifer for tests SW1 and SW2 is 0.7 cm. However, the
individual-level dispersivity did not exhibit a scale depen-

TABLE 9. Parameter Values Obtained From Analysis of Break-
through Curves From Sampling Points for Single-Well
Tracer Test SW2

Depth, m Radial distance, m 15, days (Q/b), m®/day o cm
229 036 0.028 5.53 0.7
0.66 0.094 5.53 0.7
2.06 0.88 574 0.7
2.67 0.36 0.028 5:53 0.7
0.66 0.085 6.12 0.7
2.06 1.06 4.78 0.7
3.05 0.36 0.087 1.78 15
0.66 0.213 244 0.7
2.06 1.43 354 L5
4.57 0.36 0.038 4.07 04
0.66 0.132 3.94 0.4
2.06 122 ° 4.15 04
§.08 0.66 0.053 9.81 0.7
2.06 0.34 14.90 0.7
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Fig. 13. Field-measured breakthrough curves (circles) for the
multi-level sampling device located 4 m from the injection well for the
two-well test.

dence for the various travel distances to sampling points
which ranged from 0.36 to 4 m (see Tables 6 and 9).

One explanation for not observing a scale effect for dis-
persivity at the individual levels may be that the asymptotic
dispersivity (in the terminology of Gelhar et al. [1979] and
Matheron and de Marsily [1980]) has been reached at a travel
distance less than 0.36 m, which is the nearest sampling posi-
tion. As suggested by Matheron and de Marsily [1980], repre-
senting the aquifer at smaller scales (individual levels or lay-
ers) allows a much quicker appearance of the asymptotic or
constant dispersivity behavior. The approach to an asymptotic
dispersivity is clearly dependent both on the porous media
characteristics (e.g., small-scale Iaminations and larger-scale
aquifer layers) and on the scale of groundwater sampling. As
_mentioned above, the zone of influence for the point samples
was approximately 4 cm radius, while laminations in the aqui-

fer layers were observed to be about 0.1-0.5 cm in thickness

Diffusion is considered to be a significant mechanism in caps.

ing vertical averaging of concentrations in the laminationg
Thus the analysis of the point-sampling data has resulted in g

constant dispersivity at the individual-level scale after a rela.
tively short travel distance.

Full-aquifer dispersivities of 3 and 9 cm were obtained for
single-well tests SW1 and SW2, with corresponding average

radial front positions at the end of the injection phase of 313

and 499 cm, respectively. These larger dispersivities, com-

pared to 0.7 cm for the individual levels, are largely the resujt

of transverse migration between the layers in response to hy-
draulic and concentration gradients. The effect of Imgratmn :
between layers becomes more pronounced with an increase in

average radial front position in the aquifer (i.e., total injection

volume) resulting in a larger dispersivity from analysis of the
withdrawal-phase concentration history. Although the full-
aquifer dispersivity exhibits a scale effect, the value obtained
increases proportional to approximately the square of the ay-
erage radial front position, in contrast to the linear dis.
persivity relationships developed in earlier sections for the

full-aquifer thickness: This higher rate of increase in full-aqui-

fer dispersivity may be the result of the interlayer tranSport' 7

mechanisms discussed above.

Mercado [1966] obtained full-aquifer dispersivities of 9 and?
15 cm from analysis of the withdrawal-phase concentration -'_"'
histories for two single-well tests (with corresponding average )
radial front positions in the aquifer at the end of the injection
phase estimated to be 6.4 and 16.7 m, respectively) in a sand-
stone aguifer. The dispersivities from analysis of break-

through curves at observation wells during the injection phase

were somewhat larger (in the range 0.5-1.5 m) and trended to- '
ward larger values with increasing radial distances. The larger
values of dispersivity from the breakthrough curves at the gb-
servation wells were, as pointed out by Mercado, the result of
spreading due to stratified flow. Percious [1969] determined
full-aquifer dispersivities in the range of 8-25 cm from the
analysis of the withdrawal-phase concentration histories for
the injection-withdrawal well for six single-well tests in an in-
terstratified silt, sand, and gravel deposit. The dispersivities.

0.3

GROVE (1971} MODEL
I L DISPERSIVITY = 50 cm

0.1

RELATIVE CONCENTRATION C/C,

0.0

TIME |DAYS)

Fig. 14. Comparison of measured (circles) breakthrough curve
for withdrawal well with the Grove [1971] model (solid line) for the
two-well test.
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TABLE 10. Relative Hydraulic Conductivity Distribution From the Two-Well Tracer Test

From Multilevel Sampling Device Results

4 m From Injection Well

7 m From Injection Well

= ! Time to Reach Peak Relative Hydraulic Time to Reach Peak Relative Hydraulic
~ pepth,m Layer Thickness b, m Concentration, days Conductivity Kz Concentration, days Conductivity Ky
0.44 4.25 0.755 10.42 0.528
0.53 6.54 0.490 875 0.629
0.45 6.92 0.464 12.67 0.434
0.45 6.50 0.494 12.42 0.443
045 6.58 0.487 1242 0.443
045 7.21 0.445 12.42 0.443
0.45 6.04 0.531 11.25 0.489
045 5.00 0.642 10.00 0.550
0.45 5.00 0.642 : 838 0.657
0.45 3.96 0.811 7.46 0.737
045 3.79 0.846 6.46 0.852
045 3.21 1.000 6.38 0.863
0.45 342 0.939 . 5.50 1.000
045 3.75 0.856 5.50 1.000
0.45 3.58 0.895 5.83 0.943
045 413 0.778 6.25 0.880
0.53 517 0.621 721 0.763
0.40 16.04 0.200 14.04 0.392

RELATIVE
HYDRAULIC CONDUCTIVITY

In OF RELATIVE
HYDRAULIC CONDUCTIVITY

showed a slight trend to larger values corresponding to the
tests with larger average radial front positions in the aquifer at
~ the end of the injection phase (average radial front positions
- ranged from 1.8 to 5.1 m). Using the same field site as Percious
© [1969], Wilson [1971] obtained a dispersivity of 55 cm for an
observation well screened over a vertical distance that was
20% of the screened interval of the injection-withdrawal well.
This dispersivity was about a factor of 2 larger than the full-
quifer dispersivities obtained from the analysis of the with-
drawal-phase concentration histories for the injection-with-
wal well for three tests (dispersivities ranged from 25 cm to
cm and the average radial front positions were about 3.4

'Iﬁ_-_gcneral, the full-aquifer dispersivity values obtained by
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Fxg I5. Plots of (a) relative hydraulic conductivity and (b) natu-
ral logarithm of relative hydraulic conductivity versus percentage cu-

Percious [1969] and Wilson [1971] from the withdrawal-phase
concentration histories are larger than those obtained from
this study. This likely reflects the much more heterogeneous
nature of the interstratified silt, sand, and gravel deposit in
which they conducted their tracer tests. The similarity in full-
aquifer dispersivities of Mercado [1966] and the present study
may suggest that the two aquifers exhibit a similar degree of
heterogeneity. In an ideally homogeneous aquifer, the full-
aquifer dispersivity from a single-well test would likely ap-
proach a laboratory-measured value. For example, the labora-
tory studies of radial dispersion in homogeneous sand tanks
by Hoopes and Harleman [1967a] and Hartel [1972] yielded
dispersivities ranging from 0.14 to 0.16 cm and 0.25 to 0.305
cm, respectively.
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‘mulative thickness of aquifer for multilevel sampling device results 4 mulative thickness of aquifer for multilevel sampling device results 7
. m from injection well of the two-well test.

m from injection well of the two-well test.
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Dispersivities From Two-Well Tests

Analysis of the withdrawal-well breakthrough curve from
the two-well test using the Grove [1971] model yielded a longi-
tudinal dispersivity of 50 cm for the full aquifer. This dis-
persivity includes the effect of mixing in the well of water of
differing tracer concentrations from the various levels within
the aquifer. The full-aquifer dispersivity from a two-well test
exhibits a scale effect being dependent on the aquifer charac-
teristics (hydraulic conductivity distribution) and the distance
between the injection and withdrawal wells.

Kaufman et al. [1961] presented a withdrawal-well break-
through curve for a two-well test with wells 30.5 m apartin a
consolidated sand and gravel deposit of 1.34 m thickness. As-
suming a porosity of 0.30, the breakthrough curve can be ana-
lyzed using the Grove [1971] model to yield a dispersivity of 2
m. Wilson [1971] presented a withdrawal-well breakthrough
curve for a two-well test in an interstratified sand, silt, and
gravel deposit with the two wells located 79.2 m part. The
breakthrough curve could not be fitted very closely with the
Grove [1971] model, but a rough fit of the early time data (cor-
responding to C/C, < 0.1) can be obtained using a dis-
persivity of 100 m with a porosity of 0.35 and an aquifer thick-
ness of 15.2 m. Robson [1974] obtained a dispersivity of 15.2 m
from analysis of the withdrawal-well breakthrough curve
from a two-well test with wells 6.4 m apart in an alluvial aqui-
fer of 27.4 m thickness. The relative magnitudes of dis-
persivity obtained from the three two-well tests noted above
are a direct reflection of (1) distance between wells and (2)
thickness of deposit and its heterogeneity. In comparison, the
smaller value of 50 cm for dispersivity obtained in this study is
indicative of the narrow range of hydraulic conductivities of
the aquifer layers and the short distance (8 m) between the in-
jection and withdrawal wells.

Hydraulic Conductivily Distributions

The single-well and the two-well tests provided detailed rel-
ative hydraulic conductivity (K») distributions (see Tables 6
and 10 and Figure 10) in the aquifer by using a tracer mon-
itoring system of multilevel sampling devices. The single-well
test results exhibit some differences in'magnitude at specific
depths as compared to the two-well test, but the same general
trend of relative hydraulic conductivity throughout the agui-
fer depth is shown by both tracer tests. The similarity in the
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relative hydraulic conductivity distributions obtained from
the two-well test, for multilevel sampling devices at 4 and 7 m

“from the injection well, provides direct evidence of the conti-

nuity of the layering within the aquifer over distances of at
least 7 m. Straight-line fits of the plots of K. and In K versus
percent cumulative aquifer thickness (Figures 11, 15, and 16)
would illustrate that the hydraulic conductivity distribytions
obtained from the tracer tests follow a normal or log normal
distribution equally well, The observation that hydraulic con-
ductivities of a stratified sandy deposit may fit either a normal
or a log normal distribution has also been noted by Smith
[1980].
Relative hydraulic conductivity distributions can also be
evaluated by other methods. For example, hydraulic con-
ductivities were obtained from the grain size analyses of sam-
ples from various aquifer depths using the Hazen formula,
These values followed a relative hydraulic conductivity trend
similar to those obtained from the tracer tests. The relative hy-
draulic conductivity results obtained from groundwater veloe-

ity profiling of the aquifer under natural flow conditions using

the borehole dilution method also exhibited a similar trend
[Pickens et al., 1980].

Scalé-Dependent Full-Aquifer Dispersivity Expressions

The scale-dependent dispersivity expressions for the three

stratification types are summarized in Table 8. The longitudi-

nal dispersivity value is a linear function of mean travel dis-
tance with proportionality constants ranging from 0.041 to

0.256. This range in magnitude results mainly from differ-

ences in the relative hydraulic conductivity distributions inter-
preted from monitoring tracer movement in the ﬁeld"tracéi'.-
tests. The average of all proportionality constants is 0.1, 1

The importance of allowing dispersivity to be a function of
mean travel distance lies in the fact that the expression is valid

for various distance and time scales. In contrast, the dis-
persivity of 50 cm obtained from the two-well test is only valid

at the spatial scale corresponding to the distance between the.

well pair (ie., 8 m). Dispersivity values calculated from the
above expression increase linearly from 0 to 80 cm for a mean
travel distance increasing from 0 to 8 m. The constant dis-
persivity of 50 cm obtained from the two-well test with wells 8

m apart can only be compared qualitatively with the lme:arly

varying dispersivity. However, the standard deviation of the
tracer distribution at a mean travel distance of 8 m for a con-

stant dispersivity of 50 cm would be only 10% greater than the .
standard deviation obtained using the above scale-dependent .
dispersivity expression. Hence the constant dispersivity of 30

cm and the scale-dependent dispersivity (o, = 0.1 L) would

yield nearly identical concentration distributions (but only for Vi
a mean travel distance L equal to 8 m).

Although the scale-dependent dispersivity expressions in-
dicate that dispersivity would continuously increase in a linear
fashion with mean travel distance, this behavior is considered
unlikely for large travel distances. It is expected that tracer.
migration between aquifer layers could cause a reduction in
the magnitude of the proportionality constants, since trans-
verse migration would tend to reduce the spreading effect
caused by the stratification. Hydraulic conductivity variations
(both longitudinal and lateral) over scales larger than those
investigated in the present study would also tend to reduce the
spreading caused by stratification. Consequently, it is ex-
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P'écied that dispersivity would approach a maximum or
asymptotic value.
- Although the early-time scale-dependent dispersivity func-
tions developed in this paper are of a linear type, it is likely
~ that other types of dispersivity functions are possible, whether
derived from a theoretical basis or empirically from field
tracer tests. Examples of the incorporation of various types of
. scale-dependent dispersivity functions in a finite element so-
Jute transport model and an evaluation of the importance of
early-time scale dependence are presented by Pickens and Gri-
- sak [1981].

CONCLUSIONS

. 1. The concentration profile within an aquifer or the
- breakthrough curve ata sampling position are strongly depen-
- dent on the type of monitoring system (i.e., groundwater sam-
~ pling scale). The monitoring system (e.g., multilevel point-
. sampling devices, piezometers, wells) can result in some ap-
- parent spreading, This spreading effect can result in larger es-
~ timates of dispersivity. :
9. The mean longitudinal dispersivity obtained from anal-
ysis of transport at the scale of individual levels in the aquifer
r the single-well tests is 0.7 cm. Although the aquifer is
“known to exhibit laminations of the order of 0.1-0.5 ¢m, there
‘was no evidence of scale dependence with different travel dis-
tances, possibly because a constant or ‘asymptotic’ dispersivity
‘had been reached at a travel distance closer than the nearest
sampling point (i.e., 0.36 m).
. 3. The full-aquifer dispersivity obtained from analysis of
- the withdrawal-phase concentration history for the injection-
withdrawal well of a single-well test is dependent largely on

“the effect and extent of transverse migration between layers in
- response to hydraulic and concentration gradients. Dis-
. persivities of 3 and 9 cm were obtained for tracer tests with
average radial front positions of 313 and 499 cm, respectively,
* atthe end of the injection phase. The full-aquifer dispersivity

_exhibits a scale effect with the value obtained, from the two
~ tests, showing an increase proportional to approximately the
- square of the average radial front position. The scale-depen-
dent nature of the full-aquifer dispersivity is also evident by
. comparison to the relatively constant value of 0.7 cm obtained
. for the individual levels.

. 4. The full-aquifer longitudinal dispersivity obtained from
analysis of the withdrawal-well breakthrough curve of a two-
well test is also scale dependent. The dispersivity (50 cm) ob-
_ tained in this test is representative for describing transport
~ in the aquifer only for situations with full-aquifer groundwa-

ter sampling instrumentation (fully penetrating wells) and
with the same distance between input and sampling locations

- (8 m). The full-aquifer dispersivity from a two-well test is de-

‘pendent on the aquifer hydraulic conductivity distribution

and the distance between wells.
5. The average dispersivity value of 0.035 c¢m, obtained
from three laboratory tracer tests with a repacked column of

' sand, is considered to be a representative laboratory-scale

_\faluc for sand from the field site. A scale effect is observed be-
; :twe'cn the laboratory dispersivity (0.035 cm) and the dis-

. persivity obtained for individual levels within the aquifer (0.7

cm). This scale effect is the result of (1) greater non-

homogeneity of the aquifer (e.g., laminations) and (2) the av-
eraging caused by the groundwater sampling system.
6. Theoretical scale-dependent “dispersivily expressions
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were developed for normal, log normal, and arbitrary strati-
fication types with input and sampling at the scale of the full
aquifer thickness. These expressions relate the magnitude of
longitudinal dispersivity to the statistical properties of the
stratified medium and the mean travel distance of the solute.
By monitoring tracer movement at various levels within the
aquifer, detailed relative hydraulic conductivity distributions
(vertically) were obtained. For simulating solute transport at
the scale of the full aquifer thickness, the following scale-de-
pendent dispersivity expression is representative for the study
site aquifer; o, = 0.1 L, where a, is the longitudinal dis-
persivity and L is the mean travel distance. The effect of
transverse migration between aquifer layers would become
more significant with increasing travel distance, resulting in a
reduction in the rate of increase of dispersivity with mean
travel distance. The magnitude of the dispersivity is unlikely
{0 increase continually but instead will likely approach a max-
imum or asymptotic value after some characteristic mean
travel distance.

7. The above conclusions have documented the impor-
tance of groundwater sampling scale in the interpretation
of tracer test results to obtain values for dispersivity. The val-
ues of dispersivity or the dispersivity expression that one
would choose for use with a predictive model must be consis-
tent with the sampling scale.

NOTATION
A;  quantity equal to (Q/b)/278, L*T .
b aquifer thickness, L.
b, thickness of layer i, L.
C concentration in solution, ML ™.

¢, input concentration, ML,
C/C, telative concentration.
‘d distance between withdrawal and injection
wells, L. :
D hydrodynamic dispersion coefficient, ] 2 gt
D, molecular diffusion coefficient in a free-water
system, L*T". :
molecular diffusion coefficient in saturated
porous media, L*T .
h  hydraulic head, L.
i subscript denoting a level -or layer within the
aquifer,
" K hydraulic conductivity, LT".

D*

K,, harmonic average of the relative hydraulic con-
ductivity distribution.
K, relative hydraulic conductivity.
K mean of the relative hydraulic conductivity dis-

tribution.
I, mean travel distance, L.
L* column length, L.

QO well injection or withdrawal rate, eyl
Q/b rtecharge per unit aquifer thickness, LT "

r radial distance coordinate (from injection well),
' i
well radius, L.
average radial front position, L.
average radial front position in the aquifer at the
end of the injection phase, L.
variance of the residence-time distribution.
time, T.

Hc'va! ?Jw.g
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¢, transit time for plug flow between the two wells
of a two-well withdrawal-injection flow field, 7.

{,. time to reach a relative concentration of 0.5, T.

U effluent pore vohimes.

U, total injected volume, L*.

U, withdrawal volume at various times during the
withdrawal phase, L*.

V average interstitial pore water velocity, LT

x direction (spatial coordinate), L.

% mean travel distance, L.

x Cartesian coordinate direction, L.

o  dispersivity, L.

o; longitudinal dispersivity, L.

a, transverse dispersivity, L.

y=(U = /U
Youe Yoss Value of y at relative concentrations of 0.16 and
(.84, respectively.

A(U,/U,;)  dimensionless withdrawal volume increment be-
tween the intercepts of the tangent line at 0.5C;
with the C/Cy; = 0.0 and 1.0 lines.

At time increment between the intercepts of the
tangent line at 0.5C, with C/C, = 0.0 and 1.0
Hnes, T.

8  porosity.
o standard deviation of tracer distribution, L.

o® variance of tracer distribution, L%

o, standard deviation of relative hydraulic con-
ductivity distribution.

o, standard deviation of the log normal hydraulic
conductivity distribution.

+ dimensionless time, equal to 20t/(7b6d%).
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