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The factors that contro! the transport of bacteria through porous media are not well understood. The
relative importance of the processes of dispersion, of immobilization of bacterial cells by various
mechanisms (deposition), and of subsequent release of these trapped cells {entrainment) in describing
transport has not been elucidated experimentalty. Moreover, the variability of the phenomenological
coefficients used to model these processes, given changes in such primary factors as grain size,
organism, and ionic strength of the water, is unknown. We repori results of fitting solutions of an
advection-dispersion equation, modified to account for deposition and entrainment, to breakthrough
curves from packed sand columns using two sizes of sand, two ionic strengths of the carrier solution,
and two organisms with different sizes. A solution to the advection-dispersion equation including three
processes, that is, dispersion, deposition, and entrainment, provides a match to the data that is
superior to that achieved by solutions ignoring one of the processes. Fitted values of the coefficient
describing deposition vary in a consistent manner with the control variables (organism, grain size, and
ionic strength) and are generally within one order of magnitude of those predicted on the basis of

theory.

INTRODUCTION

Interest in determining the factors that control the trans-
port of bacteria through geological materials and in deriving
a theory suitable for describing the transport has been
enhanced in the last decade by concern over pollution of
groundwater supplies. The issues include the contamination
of groundwater by pathogens (see Gerba [1985] for a discus-
sion), the potential for bacterial transport in conjunction
with biodegradation of organic contaminants in the subsur-
face, the potential for discharge (either advertent or inad-
vertent) of genetically engineered microorganisms into geo-
logical media [e.g., Sayler, 1986), and the potential role of
microorganisms in facilitating the transport of radionuclides
in groundwater [e.g., Champ, 1986; West et al., 1986].

Despite the importance of gaining an understanding of the
movement of bacteria in soils, sediments, and bedrock,
available theories are arguabty incomplete [McDowell-Boyer
et al., 1986; Elimelech and O’Melia, 1990], and tests of
existing models against laboratory or field data are few. The
only approach to modeling transport of bacteria that appears
tractable at the present is phenomenclogical. That is, the
transport is described using an advection-dispersion equa-
tion modified to account for growth, death, and filtration
effects through the incorporation of phenomenological coef-
ficients, with only limited ability to specify the coefficients
on theoretical grounds.

A broad-based treatment to quantitate the various pro-
cesses that affect bacteria in the subsurface is, by necessity,
quite complex. We focus our attention on the transport of
bacteria by eliminating the complexities that derive from
biological processes such as growth, death, and predation.
That is, we restrict consideration to bacteria in the resting
state (no growth), to time periods for which decay is not
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observed, and to systems devoid of predators. For the
transport of resting bacterial cells the potentially most im-
portant processes to include in a transport model are advec-
tion, hydrodynamic dispersion, a number of mechanisms
that can retain bacteria in a porous medium (hereafter
lumped together under the term ‘‘deposition’), and the
subsequent dislodgement of previously trapped particles
(hereafter ““entrainment’’). Previously published representa-
tions for colloid transport include models incorporating (1)
advection, deposition, and entrainment but no dispersion
[Rujagopalan and Chu, 1982]; (2} advection, dispersion, and
deposition but no entrainment (A. Dieulin, as cited by de
Marsily [1986]); and (3) all of the processes mentioned above
[Corapcioglu and Haridas, 1985]. The first two models were
originally put forth as descriptions for transport of inorganic
colloids, while the model of Corapcioglu and Haridas was
developed specifically for bacterial transport.

The applicability of transport models developed for inor-
ganic colloids to the transport of biocolloids has been
examined for bacteriophage by Bales et al. [1989, 1991] and
for bacteria by Harvey and Garabedian [1991]. Recent
reviews of the topic are given by Yaies and Yates [1988] and
by Harvey [1991].

We present results from a suite of experiments on the
transport of bacteria through columns of packed sand. The
bacteria were in a resting state, that is, growth/death did not
occur during the course of the experiments, so models for
colloid transport can be taken to describe the transport
process. Analysis of breakthrough curves with respect to the
models of Rajagopalan and Chu [1982], A. Dieulin (as cited
by de Marsify [1986]), and Corapciogin and Haridas [1985]
indicate that advection, dispersion, deposition, and entrain-
ment are all processes that affect transport in noticeable
ways. We find that the coefficient taken to describe deposi-
tion varies in a consistent pattern with grain size, organism,
and ionic strength of the transporting fluid. Neither the
entrainment coefficient nor the dispersion coefficient show
any systematic variation with the control variables.

915



916 HORNBERGER ET al.: BACTERIAL TRANSPORT IN POrRoOUS MEDIA

METHODS

Laboratory Procedures

Data used for fitting the models were taken from the
experiments on the breakthrough of bacteria from columns
of clean quartz sand described in detail by Fontes et al.
[1991]. Resting (nongrowing but viable) cells of two strains
of bacteria isolated from a shallow freshly augered well were
used in the experiments. Strain W6 was a small gram-
negative sphere (0.75 pm diameter), and strain W8 was a
gram-negative rod (0.75 pm X 2um). These organisms had
identical surface hydrophobicities, as determined by contact
angle measurements; the measured angle was 20°, indicating
that the cell surfaces are highly hydrophilic according to the
scheme of Mozes er al. [1987]. The eluent solution was a
dilute artificial groundwater (AGW), a Na®, Mg™ ™, Ca™tt,
K™, 3057, HCOy4, CI~, NO; solution, with an ionic
strength of 0.00089 m. A more concentrated solution (10x,
ionic strength 0.0089 m) was used for experiments testing the
effect of ionic strength on bacterial transport. In this paper
the terms “‘low™ and ‘‘high’’ ionic strength refer to the two
values of ionic strength that we used. The pH of the eluent
solution, checked at the entry and the exit of the column,
was 6.8,

The columns used were glass chromatography columns
(Kontes) with an internal diameter of 4.8 ¢m. Autoclaved
columns were wet-packed with rounded quartz sand (Un-
imin Corporation) which had been acid washed in 10%
HNO;, thoroughly rinsed with deionized water, autoclaved,
and dried. As used in this paper, “‘fine”” sand was that which
passed through a 0.40 mm mesh sieve but not a 0.33 mm
sieve; ‘‘coarse” sand was that which passed through a 1.14
mm sieve but not a 1.00 mm sieve. A fresh column was
packed for each experiment by pouring 400 grams of a single
size of dry sand into water standing in the chromatography
column. The length of the sand pack in the column was 14
c¢m. The pore volume was 88 mL.

The downward flow of AGW from a sterile reservoir
through the column was regulated by a variable flow peri-
staltic pump located beyond the column outlet. A shallow
standing pool of AGW was maintained above the sand
surface to ensure equal distribution of solution across the
column at all times. Once a constant flow rate of 8 mL h !
was established, 2 mL of a bacterial suspension containing
approximately 10° cells mL ™! was introduced into the pool
at the top of the column. This was accomplished by the use
of a valve that changed the source of input to the column
from the AGW reservoir to a graduated cylinder containing
the bacterial suspension. When exactly 2 ml had been
removed from the cylinder, the valve was turned so that
inflow to the column was shut off. When the pool just
drained to the sand surface, the valve was returned to its
original position, and AGW flow resumed. The addition of
the bacterial suspension marked ‘‘zero time’’ for the exper-
iments.

Eluent samples were collected from the base of the
column in one-fourth pore volume intervals in Pyrex test
tubes by use of a fraction collector and analyzed for bacterial
concentration using acridine orange direct counts (AQDC)
[Hobbie et al., 1977]. The funnel-shaped exit into a collec-
tion tube of 0.001 m inner diameter and length of approxi-
mately 0.5 m was less than 1/16th of a pore volume.
Experimental runs were continued until at least three pore

volumes of AGW had passed through the columns. Auxiliary
experiments indicated that no change in cell numbers, as
determined by AODC, occurred during the period of the
transport experiments. The percentage of bacterial cells
recovered in the eluent from the column depended upon the
organism, sand size, and ionic strength of the eluent and
ranged from 0.33% for strain W8 in fine-grained sand and
high ionic strength solution to 88% for strain W6 in coarse-
grained sand and low ionic strength solution.

Mathematical Models

We use a simplified version of the one-dimensional form of
the equations proposed by Corapcioglu and Haridas [1985],
a version that ignores the growth and decay of the bacteria.

dclat = arlgin) 8claxt — (q/n) 8clox — ke + ks (1}
asiar = ko — ks (2)

where

¢ concentration of bacteria suspended in the
solution (cells mL.~"Y);

x distance from the surface of the column (cm);

t time from the initiation of input of bacteria

(hours);
a;{g/n)=D is the coefficient of hydrodynamic dispersion
(em® h™");

oy dispersivity (cm);
g Darcian velocity (cm h™!);
n fractional porosity;
k. deposition coefficient (h ~!);
k, entrainment coefficient (h ~');
s “concentration’’ of bacteria associated with the
solid phase but expressed per volume of pore
water (cells mL ).

(Note that Corapcioglu and Haridas use the term ‘‘clogging’’
for our *‘deposition” and the term “‘declogging’’ for our
“‘entrainment.”’” They also write their equations using & for
the ‘“‘concentration’ of deposited bacteria. Their ‘o'’ is
equal to our “*s" multiplied by the porosity of the medium
and by the volume of a bacterial cell.)

The solutions to these equations that we use are all for
semi-infinite columns with zero initial concentrations and a
step increase to ¢ = ¢ at the surface of the column at ¢ =
0. This is appropriate for analyzing the flux concentrations
from a breakthrough experiment [varn Genuchten and
Parker, 1984].

The solution presented by Rajagopalan and Chu [1982] is
for the case where the first term on the right-hand side of (1)
is negligible, that is, for D = 0. A. Dieulin (as cited by de
Marsily [1986]) developed a solution for the case when ky,is
zero. Finally, Cameron and Klute [1977], Rao et al. [1979],
and Corapcioglu and Haridas [1985] give solutions to (1} and
(2) without further simplification. (Equations (1) and (2) are
identical in form to transport equations for an adsorbing
solute when the sorption is kinetically controlled.)

The published solutions are for a continuous (step) input
of the colloidal suspension. Our experiments were for pulse
inputs of bacteria. The solutions for such a square-wave
boundary condition can be obtained using the principle of
superposition:

\ll
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c(x, )=elx, t) —clx, t — &)} 3

where ¢, (x, 1} is the solution for a pulse input, ¢(x, 1) is the
solution for a step input, and ¢ is the length of the pulse
input.

Parameter Estimation

The parameters which are needed to use the transport
models and which cannot be measured directly using our
experimental setup are a;, k., and &,. These parameters
were estimated by minimizing the sum of squared errors
between model-calculated concentrations and measured
concentrations. The computer program given by van Genu-
chten [1981] was used to estimate the parameters. This code
estimates three dimensionless parameters corresponding to a
nondimensional form of equations (1) and (2). These are Pe,
the column Peclet number; R, a retardation factor (used for
convenience of representation and not as a representation of
equilibrium adsorption in this problem; see van Genuchten
[19811); and w, a ratio of the time scale for advective
transport to the time scale for deposition. The three param-
eters with which we are concerned are related to the
dimensionless parameters by @, = L/Pe (where L is the
length of the column), k. = w{g/nL), and ky = k(1 — R).

We report the model efficiency as a normalized measure of
the goodness of fit of the model to the data. Model efficiency
E is defined as

E=1- Z(ri)z/E(ci -2 (4)

where r; is the ith residual between model prediction and
observation, ¢, is the ith observed concentration, and ¢, is
the mean of the observed concentrations. A model efficiency
of 1 indicates a perfect fit of the model to the data and an
efficiency of zero indicates that the model fits the data no
better than a horizontal line through the mean concentration.

The sum of squared errors response surface may be
convoluted in nonlinear parameter estimation problems,
with local minima scattered about. In such cases the optimal
values of parameters derived from a parameter estimation
routine may be strongly conditioned by initial guesses of the
parameters. We ran the optimization five times using dif-
ferent values of initial guesses for the parameter values.
Convergence to the same solution was obtained in all cases.

Theoretical Values of Parameters

Tien et al. [1979] present a theoretical expression from
which values of the deposition coefficient can be calculated.
Disregarding the effects of gravitational forces in deposition
(an assumption that should be very good for bacterial cells
because the density of cells is close to that of water) and also
disregarding the effects of straining (an assumption that
should also be valid because the bacterial cells are so much
smaller than the mineral grains), the value of k,. is given by

ke=[301 = myql[4a "N 24, (5)

where

Ag=2(1 - p3H(2 — 3p + 3p° — 2p%);
Npe=3mud,d,q/(kT);

p=01 — n)""%;
d, grain diameter,;
d, particle diameter;
fluid viscosity;
temperature (°K);
Boltzmann constant (1.38048 x 1073 J/K).

~~T

REsULTS

The Dieulin solution fits the data from many of our
experimental runs quite well, for example, for conditions of
the experiment using organism W6, coarser sand, and lower
ionic strength (Figure 1a). This supports de Marsily’s [1986]
observation that elaborations beyond Dieulin’s solution are
unnecessary for describing colloid transport in porous me-
dia. If the results are compared for logarithms of concentra-
tions {common for reporting bacterial concentrations), how-
ever, a discrepancy between model and observations is
readily apparent (Figure 14). It is clear that the effect of
entrainment, although small, is required to explain the
observations. (Note that the fit of Dieulin’s solution to the
data was done “*by eye’, that is, optimal values of the
parameters were not sought. The nonoptimal fit suffices to
demonstrate that a solution ignoring entrainment is not able
to mimic the observed extended tails of the breakthrough
curves.)

Similarly, comparison of the observations with the solu-
tion of Rajagopalan and Chu suggests that the effects of
dispersion, even for these relatively short columns, cannot
be ignored (Figure 1¢). The solution to the unaltered equa-
tions (1) and (2) is clearly superior to the others reported
here (Figure 1d) in the sense that the effects of dispersion
and of entrainment are included. Consequently, further
results reported below are restricted to the solution of the
complete equations.

In many of our experiments we observed (relatively) small
concentrations of bacteria in the first or second one-fourth
pore volume eluted from the column after injection of the
pulse of bacteria (Figure 2). This result, which is inconsistent
with a dispersivity value required to fit the observed peak
concentrations, is puzzling. Other results from our labora-
tory argue against explanation of this effect as an artifact of
the experimental procedure. Experiments using chloride ion
as a tracer in our columns do not show early breakthrough.
Samples taken from columns into which no bacteria have
been injected show zero concentrations. Consequently, we
believe that the observed earty breakthrough is real but can
offer no definitive explanation for it. (One hypothesis might
be a size exclusion effect whereby large cells move rapidly
through the column [e.g., Harvey and Garabedian, 1991]).
Because the ecarly breakthrough is inconsistent with the
theory that we are evaluating, however, we discount those
data in the parameter estimation; model efficiencies reported
below ignore the data for one-fourth and one-half pore
volumes.

It should also be noted that a least squares fit to data will
give greatest weight to the highest concentrations because
the potential for a large residual between a datum and a
model-calculated concentration is greatest for these points.
In visually comparing figures of model-calculated concentra-
tions with observed concentrations on a logarithmic scale,
one must bear in mind that errors that are not very important
in their contribution to the sum of squared errors may appear
to be “‘large.™
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(a) Concentrations as predicted using the solution of A. Diculin (discussed by de Marsily {1986]) and those

measured experimentally for organism W6, low ionic strength, and coarse sand. The solid curve is the continuous
solution; the solid circles are the measured concentrations from consecutive one-fourth pore volume samples. {b) Same
as Figure 1a but concentrations are plotted on a logarithmic scale. Concentrations less than unity are set equal to ene.
(¢} Concentrations as predicted using the solution of Rajagopalan and Chu [1982] and those measured experimentally
for organism W6, low ionic strength, and coarse sand. Curves and points as in Figure la. (d) Concentrations as
predicted using a solution to (1) and (2) and those measured experimentally for organism W6, low ionic strength, and

coarse sand. Curves and points as in Figure la.

The data from experiments using a pulse input of bacteria
are not sufficient to estimate all three model parameters well.
The values of w {and hence of k) were estimated reasonably
well, with standard errors of the parameter estimates gener-
ally between 5 and 10% of the parameter values (Table 1}.
Values of Pe (and hence of «;) were, in general, not well
estimated. Standard errors of the estimates of Pe were often
larger than 10% and sometimes close to 25% of the param-
eter values. Values of R (and hence of k,) were poorly
estimated, with standard errors generally at least 40% of the
parameter values.

For runs with low ionic strength solution as the carrier, the
model fits were good (Figure 2 and Table 1}. The mode!
efficiencies, roughly equivalent to the R? of a regression, are
all greater than 0.6; in fact, with one exception all efficiencies
exceed 0.8. For the higher ionic strength solution the results
are not as good. Nevertheless, the efficiencies are all greater
than zero and, despite the relatively poorer fits in compari-
son to the low ionic strength runs, the deposition coefficient
again can be estimated with good confidence from the data
(Table 1).

The optimal values of the parameter for deposition vary in
a consistent pattern with each of the controlled variables,
that is, grain size, organism, and ioni¢ strength (Table 1); &,
is larger for organism W8 than for W6, for finer sand than for
coarser sand, and (with one exception) for higher ionic
strength than for lower ionic strength. The deposition coef-
ficient basically determines the height of the peak of the
breakthrough curve and also the total number of bacteria
that are released over three pore volumes in our experi-
ments. The observation that &k, varies consistently with the

controlled variables accords with our observation that the
percentage of bacteria cluted from the base of the column
during the various experiments is strongly conditioned by all
three of the controlled variables [Fontes et al., 1991].

Values for the deposition coefficients calculated from the
theory presented by Tien et al. [1979], which does not
account for effects of ionic strength, are sometimes reason-
ably close to the optimized values and, even in the worst
cases, are generally within about one order of magnitude
(Table 2). Because the theory is for spherical particles, two
values for organism W8 are calculated. The first takes the
farge dimension of the rod (=2 um) as the *‘diameter™ of the
particle. The second is for the diameter of the sphere having
an equivalent volume of a rod of length 2 um and diameter of
0.75 um. The theoretical values for W8 are lower than for
W6. The fitted values, on the other hand, show consistently
higher values for W38 relative to W6,

DHscussION

Our results indicate that the model of Corapciogin and
Haridas [1985] can successfully describe some of the impor-
tant characteristics of the transport of bacteria through
porous media, at least under certain conditions. The pro-
cesses of dispersion, deposition, and entrainment must all be
retained in the model to mimic the detailed behavior ob-
served.

The process having the largest impact on the breakthrough
curve calculated by the model is deposition. This is in accord
with the extensive observations on the filtration of colloids in
sand beds. The fitted values for the deposition coefficient
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Fig. 2. Concentrations as predicted using a solution to (1) and (2) and those measured experimentally (all runs). The
solid curve is the continuous solution; the solid circles are the measured concentrations from consecutive one-fourth
pore volume samples. (@} WOLCI, (b) WOLCZ, (c) W6LFI, (d) W6LF2, (¢) W6HC, (f)} W6HC2, (g) W6HFI, (£)
W6HF2, (i) WBLCI, () WBLC2, (k) WBLF1, (!) WBLF2, (m) WBHCI, {n) WBHC?2, (o) W8HFI, (p) W8HF2.

vary in a consistent way with the controlled variables of the
experiments. Values of &, are higher for the finer sand, for
the larger organism, and, with one exception, for the higher
ionic strength.

In theory, the observed values of k. should be less than or
equal to those calculated from (5). The ratio of the observed
value to the calculated value then gives the ‘‘sticking effi-
ciency” f[e.g., Elimelich and O'Melia, 1990). Our results
(Table 2), even taking into account the standard errors of the
parameter estimates, suggest that the sticking efficiency in
our columns was close to, if not greater than, unity. Values

higher than unity would be indicative of a serious problem
with the theoretical calculation as applied to bacteria. Even
values of close to unity are larger than those previously
reported for other biocolloids. Harvey and Garabedian
[1991] use a value of about (.01 for the sticking efficiency to
model the transport of bacteria through a sandy aquifer on
Cape Cod, Massachusetts. Bales et al. [1991] report values
of sticking efficiencies from about 0.001 to 0.1 for transport
of bacteriophage in experimental columns. The disagree-
ment between experimental observation and existing theory
suggests that further work is needed to better establish
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Fig. 2. (continued)

adequate, mechanistic theory as the basis for appropriate
description of bacterial transport.

We found that the deposition coefficient increased with
ionic strength. The tenfold change in ionic strength that we
used resulted in increases in &, of approximately twofold for
three of the four comparisons (Table 2). (The fitted values of
k. for experiments using organism W6, lower ionic strength,
and finer sand were anomolously high when judged by the
relationship between the fitted values of k. and the percent
of bacteria retained in the columns after three pore volumes
had been eluted as reported by Fontes et al. [1991]. This
results in the exception to the expected observation of
increasing k. with increasing ionic strength.) Variation of

retention with ionic strength has been reported by a number
of workers previously [e.g., Goldschmid et al., 1972; Gerba
and Bitton, 1984; Sharma et al., 1985]. The clean-bed filter
model of Tien er al. [1979] that we used here does not result
in different predictions for differing ionic strengths. We do
not have the measurements necessary to determine whether
the theories of Speilman and Friedlander [1974] or of Wnek
et al, [1975], which account for changes in surface interac-
tions due to solution composition, would agree with our
results. The results of Elimelich and O’ Melia {1990], how-
ever, show large discrepancies between the Spielman-
Friedlander theory and observations, using latex beads as
particles and glass spheres for the porous medium, over a
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TABLE 1. Fitted Parameters (With Standard Errors)

Data Set Pe w R ap,cm kg, h! ky, h! Efficiency
WeLCl* 189 (40.09 1.52 (0.107)  25.5(2L.1) 0.074 1.50 0.061 0.860
W6LC2 222 (47.00 1.52 (0.129)  21.9¢17.1) 0.063 1.51 0.072 0.818
WoLF1 481 (19.9) 2.50 (0.047) 197 {97.8) 0.029 2.48 0.013 0.973
W6LE2 488 (45.9) 2.83 (0.113) 108 (53.2) 0.029 2.81 0.026 (3.891
WeHC1 817 (51.6) 0.785(0.083) 38.2(15.7) 0.017 0.78 0.021 0.983
WoHC2 1016 (141) (.313 (0.226) 914 (11.0) 0.014 0.31 0.038 0.969
WGOHFI 268 (83.4) 5.47 (0.362) 96.4(42.9) 0.052 543 0.057 0.786
WeHF2 388 (66.5) 5.14 (0.267) 120 (48.8) 0.036 5.10 0.043 0.838
WSLC! 63.6 (15.5) 216 (0.080) 628 (20.4) 0.220 2.15 0.035 0.900
WSLC2 135 (82.8) 2.65(0.213) 62.8 (55.5) 0.104 2.63 0.090 0.622
WSLF! 529 21.1) 3.88 (0.057) 257 (68.4) 0.026 3.85 0.015 0,973
WSLF2 464 (18.3) 3.97 (0.056) 269 (81.3) 0.030 3.94 0.015 0.974
WSHCI1 528 (172) 4.06 (0.477) 87.2 (61.8) 0.026 4.03 0.047 0.388
WSHC2 490 (122) 4.59 (0.393) 104 {59.6) 0.028 4.56 0.044 0.531
WS8HF1 456 (104) 7.64 (0.494) 165 (67.9) 0.031 7.58 0.046 0.819
WSHEF2 415 (96.3) 7.53 (0.466) 163 (65.3) 0.034 7.48 0.046 0.831

*The experiment is defined by organism (W6 or W8), ionic strength (L., low or H, high), grain size

(C, coarse or F, fine) and replicate column (1 or 2).

very wide range in ionic strengths. Tobiason [1989] also
found discrepancies between model predictions and ob-
served filtration rates for high ionic strengths.

The observed values of k. also vary systematically with
the organism, with higher values associated with W8, the
larger organism (Table 2). The theory of Tien et al. [1979] is
qualitatively in conflict with our observations in the sense
that the differences between the coefficients for organisms
W6 and W8 do not go in the direction predicted by theory.
(The collection efficiency should be at a minimum for a
particle size of several micrometers for the conditions of our
experiments [e.g., Harvey, 1991]). This may be due to the
fact that the shape of organism W8 is nonspherical and
thereby renders the theory invalid. Jang er al. [1983] found
that spores of a bacterium were retarded less than were the
bacterium itself. Thus their results dlso indicate that a larger,
rod-shaped organism is retained more strongly than a
smaller, spherical organism. Alternatively, interactions be-
tween the bacterial cells and the mineral surfaces, other than
those taken into account by the theory, may be important.
Bitton et al. [1974] found a smaller percent total retention for
an encapsulated organism (approximately 3 X 4 um) in a
column of sandy soil as compared with an unencapsulated
(approximately 1 X 2.5 um) organism. The peak concentra-

TABLE 2. Theoretical and Fitted (Mean of Two Replicates)
Values of the Deposition Coeefficient

k. {fitted)

Low Ionic  High lenic

Organism  Grain Size 4, (Theory) Strength Strength
we fine 3.07 2.64 5.26
coarse 0.53 1.50 0.594
Wa* fine 1.66 3.90 7.53
coarse 0.28 2.39 4.30
W8T fine 2.27 3.90 7.53
coarse 0.39 2.3% 4.30

*An effective diameter of 2 wm, the long dimension of W8, was
used in the calculation of the theoretical &,..

tAn effective diameter of 1.19 um, the diameter of a sphere with
a volume equivalent to that of W&, was used in the calculation of the
theorectical k..

tion in the breakthrough curve for the unencapsulated or-
ganism, however, was higher than that for the encapsulated
organism. The change in the bacterial surface of the encap-
sulated organism relative to the surface of the unencapsu-
lated organism, as well as the size differences, very likely
played a major role in affecting the response in this case.

Sorption of bactena to various mineral surfaces is con-
trolled, to at least some extent, by surface electrochemical
interactions [e.g., Scholl et al., 1991]. When considered as a
rapid process that effectively instantaneously partitions sol-
ute between an aqueous and a sorbed state, adsorption is
understood to delay the breakthrough of a solute as well as
to decrease peak concentrations. In all of our experiments
(see also the results of Bitton et al. [1974] and of Wollum and
Cassel [1978]), however, there is exceedingly strong reten-
tion of bacteria within the column but little or no retardation
of the breakthrough in time. Thus the increase in ‘‘adsorp-
tion"’ of bacteria with increasing ionic strength is more akin
to increasing efficiency of a sedimentation mechanism than it
is to a classic adsorption response. If one is to retain the
terminology associated with adsorption models, it appears
that adsorption of bacteriz in the columns is kinetically
controlled rather than instantaneous. Thus the use of equi-
librium adsorption models in conjunction with bacterial
transport, such as the lincar adsorption isotherm used by
Peterson and Ward [1989] and by Mills et al. [1991], may not
be fully adequate for describing transport of bacteria.

The entrainment parameter is clearly the least important
to achieving fits of model to data when the sum of squared
errors is the measure of fit. This is consistent with our
observation that the solution of A. Dieulin (as cited by de
Marsily [1986]), which neglects entrainment, fits our data
very well except for the long ‘‘tail”” of the breakthrough
curve following cessation of the input. The entrainment
effect is clearly a “*second-order” effect and could safely be
ignored in many cases, For example, in the case of migration
of radionuclides away from a geological repository via
attachment to colloids, the situation discussed by de Marsily
[1986] and by Avogadro and de Marsily [1984], the source
might be considered to have a relatively constant strength,
and the small effects of entrainment may be completely
negligible. On the other hand, there may well be cases where
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small numbers of bacteria may be transported long after the
“*source”’ is eliminated. Furthermore, if bacteria in even
small numbers are transported to a region of an aquifer
where conditions for growth are favorable, large population
densities may be achieved. In such cases (e.g., persistence
of an organism released as a pulse to groundwater), the
entrainment term in the transport equation may be important
in quantitative forecasts of behavior. Experiments in our
laboratory, in which eluent was collected for seven pore
volumes after a pulse injection of bacteria, show that the tail
of the breakthrough curve persists well bevond the three
pore volumes reported here [Scholl et al., 1991}, Wollum and
Cassel [1978] collected sampies for 36 pore volumes in a
pulse injection column experiment and found that bacteria
were still being eluted from the column in small numbers
even in the last sample. Thus the entrainment phenomenon
is not merely an “‘extended dispersion.””

Variation of k, with particle size (i.e., with organism) is
not obvious from our data. The theory of Rajagopalan and
Chu [1982] predicts that &, should vary as the square of the
particle diameter. For organisms W6 and W& this gives an
expected difference of about a factor of seven between the
two organisms. Our data do not support a variation of this
magnitude.

Although the model results are generally encouraging in
that model calculations agree with observations reasonably
well, there are clearly serious gaps in our knowledge of what
controls the values of the phenomenological coefficients.
The situation is even worse when one considers that the
ultimate aim is to apply the models in the field. Even for the
“simple’’ behavior of a conservative tracer, modeling in the
field may be difficult. For example, we know that it is
inappropriate to extrapolate dispersivities from the Jabora-
tory to the field. Rather, the current thinking is that a
stochastic description of the spatiotemporal variation of the
material properties must be obtained. This may be the
direction that will be appropriate for describing the param-
eters controlling bacterial transport in porous media as well,
but first a great deal more work must be done to elucidate the
factors that exercise control over the transport and to refine
abilitics to quantitatively relate measurable factors to the
phenomenological coefficients of a transport model.
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