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SCALING DELATIONS FOR USE OF BATCH DATA IN DESIGN OF REACTIVE TRACER TESTS

Jean M. Bahr
Department of Geology and Geophysics
University of Wisconsin - Madison

ABSTRACT

Tracer tests employing reacting solutes can be used to evaluate the rates
and extents of in-situ retardation and transformation of groundwater con-
taminants. Preliminary estimates of retardation and transformation rates
can aid in selecting appropriate input concentrations, monitoring network
density and sampling schedules. Results of laboratory batch experiments
provide one source of data for such estimates, as well as the basis for
models that can be used to interpret tracer test results. In some cases,
batch experiments are designed to identify rate laws and rate constants for
the reactions of interest. More frequently, however, batch experiments are
conducted to determine equilibrium relations for sorption or other revers-
ible reactions. Kinetic information provided by these equilibrium experi-
ments generally consists only of estimated equilibration times. In this
paper, analytic integrated rate laws for batch conditions are compared to
results of numerical simulations of sclute transport affected by homogeneous
and heterogeneous reactions in order to establish scaling relations between
batch equilibration times and transport times required to approach local
equilibrium. For homogeneous reactions similar time scales are required for
batch equilibration and to approach local equilibrium during transport.
However, significant differences in time scales can exist between batch and
transport conditions for cases involving heterogeneous reactions. Use of
the resulting scaling relations in the design of reactive tracer tests is
discussed for cases of finite and continuous tracer input.

INTRODUCTION

Tracer tests employing reacting solutes have been conducted in a number of
sand and gravel aquifers [e.g. Pickens et al., 1981; Roberts et al., 1986;
Kent et al., 1989]. Such tests are designed to quantify the in-situ retar-
dation and rates of transformation of groundwater contaminants. Observed
retardation is frequently compared to that predicted on the basis of equi-
librium isotherms determined from laboratory batch experiments. Results of
laboratory batch experiments can also be used to design monitoring networks
and sampling schedules for reactive tracer experiments.

One limitation in the use of batch equilibrium parameters to design and
evaluate reactive tracer tests is that local equilibrium may not be attained
under condition" of the field experiment. Approaches to assessing the
applicability oi the local equilibrium assumption (LEA) have been described
in a number of recent papers, including those by Jennings and Kirkner
[1984], Jennings [1987], Valocchi [1985, 1986, and 1989], Bahr and Rubin
[1987] and Bahr [1990]. The criteria for LEA applicability developed in all
these papers are functions of dimensionless Damkohler I numbers, which
represent a ratio of a characteristic transport time to a characteristic
reaction time. Evaluation of the Damkohler I numbers for a given transport
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problem requires knowledge of the form of the rate law for the rate detez
mining step and the rate constants for this reaction step. The rate deter-
mining step may be either a chemical reaction or diffusion of reactants to
the reaction site.

Some laboratory batch experiments are designed to evaluate both kinetic and
equilibrium parameters for the reaction of interest (e.g. Ball, 1989]. More
frequently, however, the primary purpose of the batch experiments is to
determine equilibrium relations with kinetic information limited to es-
timates of equilibration times [e.g. Curtis et al., 1986J. In such cases,
it is not possible to evaluate the Damkohler I numbers in order to determine
whether or not a LEA model is applicable. The purpose of this paper is to
examine how estimated equilibration times for batch experiments can be used
to determine minimum travel distances or travel times beyond which LEA
models are applicable for simulating transport of reacting solutes.

APPROACH TO EQUILIBRIUM IN BATCH

The approach to equilibrium in a batch experiment can be evaluated at any
time using the integrated rate law for the reaction. Integrated rate laws
for batch reactions are discussed in many texts on chemical kinetics.
Schmid and Sapunov [1982] present integrated rate laws for a variety of
reversible reactions following first-order, second-order, and mixed first
and second-order kinetics, all of which can be written in the general form

1 - F(t) - f(c)exp(-Rt) (1)

where F is the fractional extent of the reaction, f(c) is a function of
concentration of one of the reactants, R is a constant that depends on the
rate constants and rate law for the reaction and t is elapsed reaction time.
The fractional extent of the reaction can be evaluated in terms of a conver-
sion variable z evaluated as

z(t) - CQ - c(t) (2)

where c is the initial concentration of a reactant and c the concentration
at some time t. The equilibrium conversion, z , is defined by

Zeq - Co - Ceq ( 3 )

The fractional extent of reaction is then computed as

z(t)
F(t) - (4)

eq
The quantity [1 - F(t)] provides a measure of the departure from equilibrium
at any time.

Integrated rate laws for two sorption reactions and for a homogeneous com-
plexation reaction are listed in Table 1. Derivations of these rate laws
can be found in Bahr [1986]. These three reactions will be used in examples
described in the following sections of this paper.
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TABLE 1
INTEGRATED RATE LAWS FOR SELECTED REACTIONS

HOMOGENEOUS COMPLEXATION
Differential Rate Law:

dc dc dc
= — — - — — -1c c r + If f

dt dt dt Kfclc2 r 12

Integrated Rate Law:

Equilibrium Relation:

k
C12 " r ci c2 - K cl c2

Ku,,
l-F(t) - U l U 2'^ 2 e q C l 2 exp -(k + kFc,..)|l + — ^ - ^ I t

U1 U2

(e- solute cone, e_ - complex cone, u. - c. + c.^t ̂ -c an(^ ̂  a r e

rate constants, K is the equilibrium constant.)

leq;

kf

FIRST-ORDER SORPTION
Differential Rate Law:

- -V + V

Equilibrium Relation:

- kf
c - i r c - Kdc

Integrated Rate Law:

l-F(t) - exp[-(kf+kr)t]

(c - solute cone, c - sorbed core, n =• porosity, p — bulk density,
k_ and k are rate constants, K, is the equilibrium constant.)

LANGMUIR SORPTION
Differential Rate Law:

" dt f dt

Integrated Rate Law:

Equilibrium Relation:

(kf/kr)cTc KLcT<

c - l+(k /k )c l * c

l-F(t) -
C C™- C C

o T n eq
CoCT

exp -
n eq

(c — solute cone, c — sorbed cone, c_ is maximum sorption capacity,
n - porosity, p - bulk density, kf and k are rate constants, K. is
the equilibr'urn constant.)
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TABLE 2
PREFIX DENOMINATORS AND DEVIATIONS FROM EQUILIBRIUM FOR TRANSPORT PROBLEMS

REACTION E(x.,t>

Homogeneous
Complexation 1 +

Ku.

K cl c2

First-Order
Sorption 1 - Kc

Langmuir
Sorption 1+K c

l

1 -

TABLE 3
AQUIFER PARAMETERS FOR BATCH COMPUTATIONS AND TRANSPORT SIMULATIONS

Porosity (n) 0.33 3

Bulk Density (p) L.8 g/cm
Advective Velocity (V) 10 cm/day
Dispersivity (a) 1 cm-
Dispersion Coefficient (D) 10 cm /day
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APPROACH TO LOCAL EQUILIBRIUM DURING TRANSPORT

Analyses of transport problems involving the three reactions listed in Table
1, described in Bahr and Rubin [1987] and Bahr [1990], have been used to
show that departures from local equilibrium during transport depend on the
magnitude of a "kinetically influenced term". This term has the general form

1
- D ^ + V + higher order derivatives (5)

where D is the coefficient of dispersion and V the advective velocity. The
parameter p , is referred to as the prefix denominator and is a function of
rate constants for the reaction of interest. Prefix denominators for the
three reactions listed in Table 1 are shown in Table 2. Note that for these
three reactions, the prefix denominators are identical in form to the para-
meter R appearing in the corresponding integrated rate law for batch condi-
tions. This indicates, as one would expect, that the same grouping of rate
parameters controls the approach to equilibrium under batch and transport
conditions. Further implications of this correspondence between batch and
transport parameter groupings will be discussed in a later section of this
paper.

The departure from local equilibrium during transport can be quantified at
any distance x from the source and at any time t using a measure E(x,t)
which is similar to the quantity [1 - F(t)] described above for the batch
case. Using the example of a first-order sorption reaction and assuming
that the initial sorbed phase concentration is 0, the conversion is simply
the sorbed concentration c(x,t). This can be compared to the sorbed phase
concentration that would be in equilibrium with the local solute concentra-
tion at that time and distance, namely Kc(x,t), where the equilibrium con-
stant K is the ratio of the rate constants. This leads to a measure of
departure from local equilibrium defined as

Similar measures can be defined for the other two reactions and these are
listed in Table 2.

COMPARISON OR BATCH EQUILIBRATION TIMES AND TRANSPORT TIMES

It has often implicitly assumed that if a reaction approaches equilibrium
relatively rapidly in a batch experiment, e.g. with equilibration times on
the order of several hours to a few days, that the local equilibrium assump-
tion should apply under field transport conditions where travel times exceed
cha batch equilibration time. The following simulation examples are de-
signed to examine the validity of this assumption. In each case, a hypo-
thetical batch reaction which attains a fractional conversion F(t) of 0.98
in 2 days is used to determine rate constants for use in transport simula-
tions. Although a fractional conversion of 0.98 does not represent complete
equilibration, 0.98 was chosen as a value that represents a close approach
to equilibrium and that is probably within the limits of resolution of many
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batch experiments. Note also that, because of the exponential approach to
equilibrium with time implied by the form of the integrated rate laws,
alternate choices of fractional conversion in the range of 0.95 to 0.99
would generate relatively small changes in the computed rate constants. For
these examples, it is assumed that porosity and bulk density in the batch
reactors are identical to those in the aquifer and that the same rate deter-
mining step and rate constants control the reaction under batch and trans-
port conditions. Although these conditions are not always met in practice,
they facilitate the comparison of batch and transport problems. The physi-
cal and transport parameters for these examples are listed in Table 3.

For each example, transport simulations are used to generate concentration
profiles at two days and at later times. The models used for these simula-
tions employ finite difference approximations with local linearization of
nonlinear terms. LEA solutions presented for comparison are based on ana-
lytic solutions to the transport problem in the cases of homogeneous com-
plexation and first-order sorption. A finite difference model was used to
generate LEA solutions for examples of Langmuir sorption. All transport
simulations are for one-dimensional, steady flow and employ a Cauchy inlet
boundary condition. A Neumann boundary condition is applied to the ouclet
boundary of the numerical models but the location of the outlet boundary is
sufficiently beyond the front to approximate a semi-infinite aquifer as is
assumed for the analytic solutions. The deviations crom local equilibrium
inferred though comparison to LEA concentration profiles and/or quantified
at individual points along the profile using the measure E(x,t) provide an
indication of the applicability of the local equilibrium assumption for the
corresponding travel times and travel distances.

Homogeneous Complexation

Consider a homogeneous complexation reaction in which two solutes react to
form a solution phase complex according to the differential rate law listed
in Table 1 and with an equilibrium constant K of 1 L/mmol. A batch experi-
ment is conducted in which the initial solute concentrations c, and c- are
2 mmol/L and the initial complex concentration c,- is 0. At tRe end o? 2
days the fractional extent of the reaction is found to equal 0.98. Using
this information along with the integrated rate law and the equilibrium
relation listed in Table 1, the rate constants for the reaction can be shown
to have the following values: kf - 0.61 L/mmol-day and k - 0.6i/day.

Transport was simulated for these rate constants with inlet concentrations
c, and c« equal to 2 nmol/L. The inlet concentration c.~ of the complex
was 0. Figure la shows the concentration profiles for the complex at 2
days, 4 days and 6 days along with concentration profiles predicted for the
complex using a LEA model. Although noticeable departures from local equi-
librium persist near the inlet boundary, the solute front in each case can
be seen to closely approximate that predicted by the LEA model. Figure lb
shows deviations from local equilibrium evaluated according to the measure
E(x,t) defined in Table 2 for this reaction. For all three profiles, the
deviation goes to zero at the midpoint of the front. The negative and
oscillating values of E(x,t) computed for the leading edge of the front are
probably artifacts of numerical errors in the simulation model which become
more significant at low concentrations.
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Figure 1. a) Concentration profiles for a solution phase complex at 2
days, 4 days, and 6 days of transport with continuous input of two reacting
solutes. The homogeneous reaction follows the rate law listed in Table 1
with rate constants kf - 0.61 L/mmol-day and k - 0.61/day. Inlet con-
centrations used in simulations were c, - 2, c« - 2, and c^^- 0.
b) Deviations from local equilibrium for the aBove simulations quantified by
E(x,t) - 1 - c.
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These simulation results demonstrate that the homogeneous reaction approach-
es local equilibrium for travel times approximately equal to the batch
equilibration time. This equivalence of time scales is not surprising,,
given that the reaction takes place entirely within the fluid phase. Each
parcel of fluid can be considered as a batch reactor moving through the
aquifer with the travel time from the inlet boundary therefore corresponding
to the elapsed batch reaction time. Thus, the assumption that a local
equilibrium model is applicable for travel times equal to or exceeding the
batch equilibration time is clearly justified for this class of reaction.
Note, however, that at distances corresponding to travel times much shorter
than the batch equilibration time (i.e. near the inlet boundary) local
equilibrium is not attained even after passage of the solute front. Correct
simulation of concentrations at these distances requires a kinetic model.

Sorpt-ion With Continuous Solute Input

The second example involves a first-order sorption reaction with an equi-
librium distribution coefficient K, of 0.18 L/kg. For this reaction, a
fractional extent of reaction equal to 0.98 at the end of 2 days requires
the following values for the rate constants: k,. - 0.32/day and k —
1.79 kg/L-day. Figure 2a shows the concentration profiles in an aquifer for
the solute and the sorbed phase after 2 days of continuous input of solute.
For local equilibrium conditions, the solute front would be retarded by a
factor of 2 relative to the front for a conservative solute and the dimen-
sionless concentrations for the solute and the sorbed phase would coincide.
In these profiles, however, the solute front shows less retardation than
that predicted by a LEA model. In addition, the sorbed phase concentration
profile shows considerable lag behind the solute profile. The deviation
from equilibrium E(x,t) ranges from approximately 0.2 near the inlet bound-
ary to over 0.8 at the leading edge of the solute front, with a value of
about .5 at the midpoint of the solute profile.

Figure 2b shows the profiles simulated for a transport time of 20 days.
Note that the distance axis of this plot has been scaled in order to present
these profiles on a plot of the same dimensions as Figure 2a. The relative
lag of the sorbed phase profile is less than that at 2 days but these pro-
files still exhibit significant departures from local equilibrium. Devia-
tions from equilibrium are about 0.16 at the midpoint of the solute profile
and exceed 0.4 at the leading edge of the profile.

Figure 2c shows profiles after 400 days of transport: at which time the front
has travelled 20 m from the source. For this travel time and distance,
deviations from equilibrium at the midpoint of the ssolute front have been
reduced to 0.03. A comparison with the profile predicted by a LEA model,
shown on the same figure, indicates that the front still exhibits a small
amount of excess spreading over that for equilibrium controlled transport.
However, this error of the LEA model might be considered acceptably small
for many practical applications.

Figure 3 showc similar results for a first-order reaction with an equi-
librium K, of 1.65 L/kg, which would generate an equilibrium retardation
factor of 10. As in the previous examples, rate constants were computed for
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Figure 2. Concentration profiles and deviations from local equilibrium for
transport affected by a first-order sorption reaction with rate constants
kf - 0.32/day and k - 1.79 kg/L-day. Simulations used a continuous input
of solute with inlet concentration c - 1. Dimensionless concentrations
are computed as C - c/c for the solute and C - C/(KC Q) - c/(.18c) for the
sorbed phase. Deviations from local equilibrium were quantified by E(x,t) -
1 - c/(Kc). (Note that the x-axes have been scales so that the midpoint of
the profiles occurs at approximately the same position on each plot.)
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Figure 3. Concentration profiles and deviations from local equilibrium for
transport affected by a first-order sorption reaction with rate constants
kf - 0.58/day and k - .35 kg/L-day. Simulations used a continuous input of
solute with inlet concentration c - 1. Dimensionless concentrations are
computed as C - c/c for the solu8e and C * C/(KC Q) - c/(1.65c) for the
.sorbed phase. Deviations from local equilibrium were quantified by E(x,t) -
1 - c/(Kc). (Note that the x-axes have been scales so that the midpoint of
the profiles occurs at approximately the same position on each plot.)
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a reaction that would attain a fractional conversion of 0.98 in 2 days.
After a travel time of 2 days (Figure 3a), profiles for this reaction show
even greater deviations from local equilibrium than in the previous example.
The solute profile shown in this figure is also somewhat retarded relative
to the 2 day profile for the previous example (Figure 2a). However, com-
parable profiles and deviations from equilibrium at the trailing edge of the
front are found comparing Figure 2a to a 10 day profile for this case
(Figure 3b). The mean travel distance at these times in both cases is about
13 cm. As in the previous case, deviations from local equilibrium are
substantially reduced by the time the solute front has reached a distance of
20 m (Figure 3c) .

The first conclusion one can draw from these results is that travel times
required for a front to approach local equilibrium in the case of a hetero-
geneous reaction can be at least two orders of magnitude greater than the
batch equilibration time. This difference in time scales makes sense when
one recognizes that the reacting solutes in the front are continuously
encountering new solid phase reactants. Deviations from local equilibrium
at the front will persist longer than in a closed system due to this con-
tinual introduction of new reactant.

Comparing the simulation results in Figures 2 and 3, it appears that the
travel distance bears a more direct relation to deviations from local equi-
librium than does the absolute travel time. These results are consistent
with those presented in Bahr and Rubin [1987] to show that criteria for LEA
applicability for this reaction can be formulated in terms of the dimension-
less prefix denominator defined by

PD - PdL/V (7)

where L is the distance from the source at which breakthrough is observed.
Note that the dimensionless prefix denominator is identical in form to the
exponential in the integrated rate law, with the quantity L/V substituted
for the elapsed reaction time t. The ratio L/V is the time required by a
conservative solute to travel from the source to the observation point.
This would be the minimum travel time for a reacting solute affected by a
very slow reaction. It thus appears that it is this minimum travel time for
a conservative solute, rather than the maximum travel time for equilibrium
retardation, to which the batch reaction time should be compared in
developing scaling relations. The above simulation results and those
summarized in Bahr and Rubin [1987] indicate that for problems involving a
continuous input of a sorbing solute, the conservative travel time must be
approximately 100 times the batch equilibration time in order for the front
to approach conditions of local equilibrium.

An example of sorption following Langmuir kinetics can be used to demon-
strate that conservative travel times at least two orders of magnitude
greater than the batch equilibration time are required to approach local
equilibrium for other sorption reactions as well. The simulation results
shown in Figure 4 were generated for a transport problem involving a solute
that sorbs according to Langmuir kinetics with a sorption capacity c™ of
0.355 mg/kg, rate constants k_ and k equal to 0.22 kg/mg-day and 1.1 kg/L-
day respectively, and an equilibrium constant K. of 0.2 L/mg. The input
concentration of solute was 10 mg/L. A latch reactor with a final
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Figure 4. Concentration profiles for transport affected by a first-order
sorption reaction with rate constants kf - 0.58/day and k - .35 kg/L-day.
Simulations used a finite input of solute with inlet concentration c — 1
for two days and 0 thereafter. Dimensionless concentrations are defined as
for Figure 3. (Scales of x and y axes have been adjusted to show plumes of
similar dimensions on each plot.)
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equilibrium solute concentration of 10 rag/L and these kinetic parameters
would reach a fractional conversion of .98 in 2 days. As in the cases of
transport affected by a first-order reaction, significant deviations from
local equilibrium are noted for profiles at 2 days (Figure 4a). At a travel
time of 23 days, corresponding to a travel distance of about 2m (Figure 4b),
the solute front still exhibits some excess spreading relative to the LEA
predicted front, but the deviation from local equilibrium at the midpoint,
quantified by the measure E(x,t), has been reduced to about 0.15. When the
front has reached about 20 m (Figure 4c), the solute front shows very little
excess spreading relative to that predicted by the LEA model and the mid-
point deviation from local equilibrium is reduced to 0.1.

Sorption With Pulse Inputs

An additional comparison for cases of transport affected by sorption can be
made for a case of a finite solute input. Figure 5 illustrates profiles at
22 days, 202 days, and 2002 days simulated using the same equilibrium par-
titioning and the srme rate constants as those for the simulations shown in
Figure 3. In this case, however, solute was introduced at the inlet bound-
ary for only the first two days of the simulation. The profile at 22
(Figure 5a) days shows a marked offset between the peak concentrations in
the aqueous and sorbed phases. Less offset is apparent after 202 days
(Figure 5b). By 2002 days, when the center of the solute plume has reached
a distance of 20 m (Figure 5c), the solute and sorbed phase profiles ap-
proximately coincide, as would be expected for local equilibrium conditions.
However, comparison with the profile predicted by a LEA model indicates that
considerable excess spreading of the plume exists even at this distance.

The results of Valocchi [1985] also indicate that deviations from local
equilibrium are more pronounced for shorter periods of solute input. In the
limiting case of a Dirac input, the error measures defined by Valocchi based
on fractional changes of the temporal moments can be shown to be independent
of the travel distance L, but depend on the ratio of dispersivity to velo-
city a/V. This ratio can be considered a dispersion time, and is a second
time scale that should be compared to batch equilibration times for problems
involving pulse inputs of solutes.

The simulation results shown in Figure 6, generated for the same rate con-
stants and equilibrium relation as those for the simulations illustrated in
Figure 5, illustrate the effect of increasing dispersion time on the ap-
proach to equilibrium. For a travel distance of 2 m and a dispersion coef-
ficient of 100 cm /day (Figure 6a), corresponding to a dispersion time a/V
of 1 day, the solute and sorbed phase profiles differ significantly from
each other and from the LEA profile. When the dispersion coefficient is
increased to 1000 cm /day (Figure 6b), corresponding to a dispersion time of
10 days, discrepancies still exist at 2 m between the solute and sorbed
phase profiles, although both are now much closer to the LEA profile. At a
travel distance of 20 m, the solute and sorbed phase profiles coincide for a
dispersion coefficientjof 100 cm /day (Figure 6c), as they did for a disper-
sion coefficient of 10 cm/day, but still show considerable excess spreading
relative to the LEA profile. When the dispersion coefficient is increased
to 1000 cm /day for a travel distance of 20 m, the solute and sorbed phase
profiles coincide and are quite close to the LEA profile (Figure 6d). These
results indicate that for a finite input of solute, applicability of a LEA
model requires not only a conservative travel time that is two orders of
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magnitude greater than the batch equilibration time, but also a dispersion
time that exceeds the equilibration time by a factor of at least 5.

IMPLICATIONS FOR THE DESIGN AND ANALYSIS OF TRACER EXPERIMENTS

The scaling relations between batch equilibration times and transport times
indicated by the examples presented above can be summarized as follows:

1. Transport of a solute affected only by a homogeneous reaction
will approximate that predicted by a LEA model for travel times on
the order of batch equilibration times.

2. For continuous inputs of a sorbing solute, transport will approxi-
mate that predicted by a LEA model for travel distances greater
than the distance traveled by a conservative solute in a time
approximately two orders of magnitude greater than the batch equi-
libration time.

3. For finite inputs of a sorbing solute, considerably longer travel
dis~"nces or travel times may be required to approach local equi-
librium conditions than in cases of continuous solute input. In
cases of short inputs, a dispersion time becomes important, along
with the conservative transport time, in determining the approach
to local equilibrium transport. In such cases, LEA transport is
approximated only when the characteristic dispersion time a/V
exceeds the batch equilibration time. This means that in cases of
aquifers with small dispersivities, LEA transport may not be ap-
proximated at any distance if reaction rates are sufficiently slow.

These scaling relations have a variety of implications for the design and
analysis of reactive tracer experiments. If the goal of the tracer experi-
ment is to confirm predictions of equilibrium models, long periods of solute
input and sampling at large distances from the injection location may be
required to adequately characterize transport behavior. In contrast, if the
experiments are intended to identify rates of sorption, pulse inputs and
short time observations close to the source will provide better data for
analysis than would continuous inputs. In either case, information on batch
equilibration times can be used in conjunction with batch equilibrium data
to estimate appropriate sampling scales and schedules.

The conditions of the Borden experiment described by Mackay et al. [1986]
can be used as an example to illustrate the use of batch equilibration
estimates in tracer test design. Curtis et al. [1986] estimated batch
equilibration times of 2 to 3 days for five sorbing organic compounds used
as tracers. Because a relatively high solids to solution ratio (2g/cm ) was
used in these experiments, the equilibration times should be of the same
order of magnitude as equilibration times for batch experiments with poro-
sity and bulk density values equivalent to those of the aquifer. The aver-
age linear velocity of the aquifer estimated on the basis of hydraulic
conductivity measurements was approximately 8 cm/day. For a continuous
input of the organic tracers, one would then predict that deviations from
equilibrium transport behavior would be observed for travel distances less
than 16 to 24 m. Because the Borden experiment employed a finite tracer
input, even greater travel distances could be required to approach local
equilibrium.
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These predictions are at least qualitatively consistent with the results of
the Borden experiment. Retardation factors for the organics determined on
the basis of plume migration [Roberts et al., 1986] were found to increase
at least through 633 days of observations, corresponding to a travel dis-
tance of about 25 m for carbon tetrachloride, the least retarded of the five
compounds. An increase in retardation with travel distance is consistent
with nonequilibrium transport of a sorbing solute. More detailed rate
studies by Ball r1989] have also indicated that actual equilibration times
for some of the compounds may be considerably longer than those estimated by
Curtis et al. [1986], particularly for sorption on the coarser fractions of
aquifer material.

At a minimum, estimates of batch equilibration times can be uses to assess
the potential for nonequilibrium transport. For natural gradient tracer
experiments it may not be possible to avoid nonequilibrium effects but,
with advanced knowledge of the appropriate travel times and distances, it
may be possible to design better sampling strategies to assess these ef-
fects. The scaling between batch and transport times is likely to be even
more useful in the design of induced gradient tracer tests or laboratory
column studies. These experiments provide the possibility to control advec-
tive velocities, thereby limiting or enhancing nonequilibrium effects. If
the conservative travel time for a planned experiment is less than 100 times
the batch equilibration time, researchers may want to consider decreasing
the design flow rates or conducting additional batch rate studies in order
to obtain kinetic parameters for use in analysis of tracer test results.
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