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ABSTRACT

This study investigated the transport and retention of bioluminescent Escherichia coli strain 652T7 under different
pore water velocities (8.7 cm h™! and 13.0 em h™!) and pore water saturations (85% and 100%) utilizing a non-
invasive, real-time bioluminescent imaging technique. Under saturated flow conditions, the concentrations of
retained bioluminescent E. coli 652T7 decreased exponentially with distance from the source at the lower ve-
locity but decreased non-exponentially at the higher velocity. Under unsaturated flow conditions, pore water
velocity had no significant effect on bacterial breakthrough concentration; however, the concentrations of
retained cells were maximal at a significant distance from the source (non-monotonic). The distance from source
of the maximum concentration increased from 2.4-cm at 1.05 pore volumes to 4.3-cm at 3.15 pore volumes,
indicating slow translation of bacterial down-gradient under unsaturated flow conditions. That conditions were
modestly unfavorable to attachment at the solid-water interface (SWI) was indicated by deposition rate co-
efficients being greater (by a factor of four) for simulations versus experiments, and by significant repulsive
barriers to attachment at both the SWI (260 kT) and the air-water interface (AWI, fully repulsive). The inferred
slow translation under unsaturated flow conditions therefore reflects either accumulation without arrest in the
secondary minimum at the SWI and/or capillary interaction at the AWI. This non-invasive bioluminescence
method yielded real-time quantitative observation of bacterial distribution from source and demonstrated con-
trasting transport behaviors previously obtained solely via more laborious methods with limited spatio-temporal
observation.

1. Introduction

porous media is required for accurate prediction of bacterial break-
through behaviors (Tong et al., 2005; Keller and Auset, 2007; Rockhold

An improved understanding of processes that control the transport,
retention, and release of bacteria in porous media is needed for a variety
of environmental and industrial applications such as bioremediation of
contaminated soils and aquifers and filtration of pathogenic microor-
ganisms in groundwater or engineered water treatment systems (Red-
man et al., 2004; Liu et al., 2007; Bai et al., 2016; Sasidharan et al., 2017,
Adadevoh et al., 2018). In addition, the knowledge of in-situ spatial
distribution of bacteria during their transport through heterogeneous

et al., 2007; Bradford and Torkzaban, 2008; Engstrom et al., 2015).
However, the mechanisms of bacterial transport and retention in porous
media are complex and predictive capability is limited (e.g., Molnar
et al., 2015). For instance, traditional colloid filtration theory assumes
an exponential decrease in retained bacterial concentrations with
transport distance (e.g., Yao et al., 1971; Logan et al., 1995; Tufenkji and
Elimelech, 2004). However, under some conditions retained bacteria
frequently exhibit a distance-dependent deposition rate coefficient that
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decreases with transport distance) (multi-exponential) (Bolster et al.,
2000; Redman et al., 2001; Firouzi et al., 2015; Zhang et al., 2016;
Balkhair, 2017; Ma et al., 2018) or one that increases then decreases to
produce a maximum concentration down-gradient from the injection
source) (Tong et al., 2005; Bradford et al., 2006; Johnson et al., 2018).
The above-cited research primarily pertains to saturated porous media,
and less is known about the spatial distribution of bacteria during their
transport and retention in unsaturated porous systems.

The above-described behaviours (Aramrak et al.,, 2011, 2014,
Gomez-Suarez et al., 1999, 2000; Lazouskaya et al., 2011; Noordmans
et al., 1997; Sharma et al., 2008) were investigated in packed columns
by dissecting the column following the end of the experiment. In these
experiments, the role of attachment versus retention without attachment
in secondary minima was elucidated using replicate columns dissected
following contrasting numbers of pore volumes (e.g., Tong et al., 2005)
and through direct pore-scale observation in micromodels (e.g., Tong
and Johnson, 2006; Keller and Auset, 2007). Thus far, no method pro-
duces real-time in-situ information regarding bacterial retention at
column scale (Zhuang et al., 2020). The primary objective of this study
was to examine real-time in-situ transport and retention of a constitu-
tively bioluminescent Escherichia coli strain in porous media using a
novel real-time bioluminescent imaging system.

2. Materials and methods
2.1. Bacteria and culture conditions

This study was performed using the constitutively bioluminescent
Escherichia coli strain 652T7, which consists of a T7 promoter fusion to
the Photorhabdus luminescens luxCDABE gene cassette (Shi et al., 2014).
E. coli 652T7 subsequently generates a continuous 490 nm light signal. A
PerkinElmer IVIS Spectrum was used to measure and capture biolumi-
nescence emission in real-time from strain 652T7 during its transport
and retention in a sand column. The strain was cultured in a sterile 250
mL baffled shake flask containing 100 mL of Luria Bertani (LB) with a
final kanamycin (CAS 133-92-6) concentration of 10 mg L~L. The cells
were cultured in a rotary shaker (HZQ-X160) at 160 rpm and 37 °C. The
culture was grown to stationary phase (optical density of 1.0 at a
wavelength of 600 nm), centrifuged at 1000 g for 10 min, and re-
suspended in 100 mM NaCl, pH 6.5 (background solution). The cell
length and zeta potentials of E. coli 652T7 were measured in triplicate
using a laser particle analyzer (Brookhaven, 90Plus Zeta) in the same
background solution as used for the column experiments (n > 50). Cell-
surface hydrophobicity was derived from the contact angles using a
goniometer microscope (Kriiss GmbH, Germany). No significant differ-
ences were observed for the cell length (1.7 + 0.4 pm), cell zeta potential
(-25.6 &+ 2.1 mV) and contact angle (25 + 3°) in different column ex-
periments (Student’s t-test, p > 0.05).

2.2. Column experiments

The column assembly was comprised of a glass chromatography
column (diameter of 3.8 cm, length of 10 cm) containing a 40-60 mesh
quartz sand (Kermel, China, AR) at a porosity of ~ 0.37. Prior to the
experiments, the sand was washed in HCI (10 mM) and then NaOH (10
mM) solutions to remove suspended impurities and then finally rinsed
with deionized water. The column was closed at one end with an 80
mesh nylon membrane and then dry-packed with the cleaned sand in 1
cm increments with stirring and tapping. After packing, the other end
similarly received an 80 mesh nylon membrane closure. High pressure
CO4, gas was then introduced into the column at a low flow rate for 6 h to
displace trapped air. The packed column was thereafter flushed upward
with 20 pore volumes of sterilized NaCl background solution at the same
pore water velocity as the bacterial transport, either 8.7 cm h lor13.0
cm h™L. Under the saturated flow conditions, only one peristaltic pump
was used to inject bacteria. Under unsaturated flow conditions, a piston
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pump and a sprinkler head were connected to the top of the column to
facilitate inflow of the bacterial culture, while another peristaltic pump
was connected to the bottom of the column to steadily extract the liquid
arriving at the outlet. Specifically, the column was first saturated by
introducing the background solution. Then, the lower peristaltic pump
and upper piston pump were used in cooperation to desaturate the
packed porous media to a saturation level of 85%. An electronic scale
was placed under the column system to monitor the change in water
content. The liquid amount of one pore volume under the saturated flow
conditions was estimated by subtracting the solid volume of sand packed
in the column from the total inside volume of the column. The liquid
volume of one pore volume under the unsaturated flow conditions was
calculated by multiplying the saturated pore volume by pore water
saturation. The flow of the pump was decreased under unsaturated
conditions to match the same pore water velocity under saturated situ-
ations. All the column experiments excluded elution process.

Once a column was packed, it was placed vertically in the IVIS
Spectrum imaging chamber. Temperature in the chamber was set at
25 °C. A mirror was placed at an appropriate angle to enable a cooled
charge-coupled device (CCD) camera to capture bioluminescence
emission of the bacteria from the side of the column. Average radiance in
photons sec™! cm™2 sr! was determined every 0.35 pore volumes (i.e.,
24 min for 8.7 cm h™! and 16 min for 13.0 cm h™1) during the transport
experiments without interruption of the bacterial injection. The result-
ing gray scale photographic and pseudocolor bioluminescence images
were automatically superimposed, so that identification of any optical
signal locating bacteria in the column was facilitated. Each experiment
used a freshly packed column and all experimental runs were performed
in duplicate using a setup input mode. The input concentration of E. coli
652T7 was ~ 10% cells mL™! in NaCl background solution. Sodium
bromide (NaBr) was added to the bacterial suspension at a concentration
of 30 mg L™ to serve as a conservative tracer for quantifying dispersivity
and hydrodynamic conditions. Effluent samples were collected from
each column at every 0.35 pore volume using a fraction collector. Each
effluent sample was divided into two portions. One portion was used to
analyze Br~ concentration using ion chromatography (Dionex, ICS-
5000) while the other portion was used to measure cell concentration
simultaneously by plate counting (LB agar plates containing kanamycin
at 10 mg L) and bioluminescence determination in a 96-well micro-
titer plate in order to obtain breakthrough curves of bacteria. At the
termination of each transport experiment, the entire 10 cm length of the
column was divided into 1-cm sections and the sand from each of these
sections was used to determine retained bacterial concentrations along
the column profile via plate counting and their bioluminescent emission
profiles as measured in the IVIS Spectrum. The ten sand segments were
individually placed into 100 mL of sterile NaCl (2 mM, pH 6.5) to shake
for 20 min at 160 rpm. The suspension was then transferred to a 96-well
plate for bioluminescent measurements. Hourly absorbance measure-
ments of the input bacterial concentrations and their bioluminescence
intensities during the entire experimental period (~3.5 h) indicated that
the bacterial suspension remained stable at 2 ( 0.09) x 108 cells mL ™.
The breakthrough curves of bacteria were plotted as the relative effluent
concentration (C/Cp) as a function of pore volumes of injected suspen-
sion or solution. The corresponding observed retention profiles for the
bacteria were plotted as the normalized solid phase concentration (S/Cop)
as a function of distance from the column inlet.

2.3. Data modeling

The transport behavior of E. coli 652T7 bacterial populations was

modeled using HYDRUS-1D with a one-dimensional advec-
tion-dispersion equation (ADE):
oc __FC oC

= v———ksc M

o o ox

where C is the bacterial concentration in the liquid phase (cells



L. Yang et al.

Fig. 1. Calibration curve of bioluminescence intensity against bacterial con-
centration determined by plate counting for E. coli 652T7. Error bars represent
the standard deviation of two replicates. p sec”* cm 2 sr™! is the abbreviation

of photon sec™ cm ™2 steradian™.

mL’l), tis time (h), pp is the bulk density of the porous media (g cm’3), 0
is the volumetric water content (cm3 cm’g), S is the bacterial concen-
tration on porous media (cfu g™1), D is the dispersion coefficient (cm?
h’l), x (cm) is the distance from the inlet, v is the average pore water
velocity (cm h’l), and ky is the deposition rate coefficient .
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Under saturated steady-state conditions, we use the following
equation to calculate aqueous C/Cy as a function of distance:

(-4
Co v

The corresponding equation for retention in the saturated column is
(Li et al., 2006):
k,
xp {—;”x} ®)

where A is total percentage of bacterial recovery, and ¢ty is the in-
jection duration (h).

[oekf Co e

S(x) =141 ’

2.4. Filtration theory

The deposition rate coefficients (ky) was determined using the Traj-
Hap model in Parti- Suite software (wpjohnsongroup.utah.edu) on the
basis of filtration theory, assuming a collision efficiency («) equal to
unity (favorable conditions) to determine the value of 5 (collector effi-
ciency) in the following equation:

3(1-90)
kf = E —dc anv (4)

The value of the collector efficiency (1) can be also be determined
using correlation equations approximating trajectory simulations under
given conditions (e.g., Rajagopalan and Tien, 1976; Tufenkji and

Fig. 2. Bromide breakthrough curves at different pore water velocities (8.7 cm h™! and 13.0 cm h™!) and under flow conditions of (a) 100% and (b) 85% water
saturation. The breakthrough fitted by Hydrus-1D is shown by solid lines. Error bars represent the standard deviation of two replicates.

Fig. 3. Different effects of pore water velocity on the transport of E. coli 652T7 under flow conditions of (a) 100% and (b) 85% water saturation. The breakthrough
fitted by Hydrus-1D is shown by solid lines. Error bars represent the standard deviation of two replicates.
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Fig. 4. The distribution of E. coli 652T7 with travel distance (i.e., depth) under saturated flow condition at different pore water velocities (8.7 cm h~!and 13.0 cm
h™1) in the porous media after 1.05, 2.10, and 3.15 pore volumes (PVs) of bacterial input. The fitted retention trend is shown by solid lines. The data (S Cy!) were
acquired from the real-time images. The closer to the red part in the bioluminescent images, the higher the bacterial concentration was. Error bars represent the
standard deviation of two replicates. (For interpretation of the references to colour in this figure legend, the reader is referred to the web version of this article.)

Elimelech, 2004; Long and Hilpert, 2009; Nelson and Ginn, 2011; Ma
et al., 2009), and these are also available in Parti-Suite. Trajectory
simulations were performed in a Happel shere-in-cell collector
comprised of a spherical grain surrounded by a fluid envelope with
radially symmetric divergent and convergent flow at its upstream and
downstream sides, respectively, and where the thickness of the fluid
envelope is equal to the difference between the collector radius (Ryap)
and the grain radius (Rgrain), which are linked via the volumetric water
content.

1
170)

RHAP = Rgmin( 7% (5)

To perform trajectory simulations under unsaturated conditions, the
volumetric water content defining the Happel fluid envelope thickness
was set to the product of porosity and the percent saturation. The
air-water interface was therefore taken as the non-tangential stress
boundary on the outer boundary of the Happel fluid envelope, and
although no colloid-collector interactions were simulated at this inter-
face during the trajectory simulations, adding these interactions to that
boundary is a potential future enhancement to Parti-Suite. Because
colloid-interface interactions were repulsive at the air-water interface,
this interaction was assumed to have negligible impact on colloid tra-
jectories relative to bacterial-surface interactions at the sediment-water
interface and capillary interactions at the air-water interface.

2.5. xDLVO interaction energy calculation

The extended @pyyp (xDLVO) interaction energies were calculated to

elucidate the mechanisms of bacterial transport as the sum of classical
DLVO and Lewis acid-base interaction energies between bacteria and
sediment-water interface (SWI)/ air-water interface (AWI) by using the
xDLVO module in Parti-Suite.

3. Results
3.1. Correlation of bioluminescence with optical density of E. coli 652T7

The calibration curves of bioluminescence intensity (average radi-
ance) and bacterial concentration were established by viable plate
counting (Fig. 1). The large coefficient of determination (R? = 0.999)
indicated that the IVIS Spectrum system was acceptable for detecting
bacterial concentrations.

3.2. Tracer transport

The good reproducibility of complete breakthrough of conservative
bromide from all columns indicated the stability of the column system
and flow conditions during the saturated and unsaturated experiments
(Fig. 2). The slight difference in dispersion coefficient (D) estimated
using the ADE equation under the same pore water saturation is
attributed to the difference in pore water velocity (Table S1). The small
increase in D value when pore water was desaturated is due to relatively
larger hydrodynamic dispersion in unsaturated, less connected pores,
yielding decreased mixing and increased tortuosity (Toride et al., 2003;
Torkzaban et al., 2006).
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Fig. 5. (a) and (b) are simulations of bacterial distribution using multiple ks (dotted colored lines) as a function of travel distance in quartz sand under saturated
conditions. (c) and (d) are stable C/Cy of breakthrough curves deduced by k under saturated conditions.

3.3. Bacterial transport under saturated and unsaturated flow conditions

Under saturated flow conditions, increasing pore water velocity from
8.7 cm h™! t0 13.0 cm h™! reduced the percentage of retained bacteria
(M) from 77% to 58% (Table S1), increased the effluent bacteria
recovered during breakthrough (M), increased the relative concen-
tration (C/Cop) during steady state breakthrough (Fig. 3), and decreased
the average retained concentrations (Fig. 4).

The lower and slightly rising “steady-state” bacterial breakthrough
C/Cp under unsaturated relative to saturated flow conditions indicated
greater retention of E. coli 652T7 when an AWI bounded a thinner water
envelope surrounding grains in the porous media (Fig. 3). The recovery
percentage of retained bacteria (M) also increased under unsaturated
relative to saturated conditions (from 77% to 84% at 8.7 cm h™! and
58% to 82% at 13.0 cm h_l) (Table S1). In contrast to the saturated flow
condition, there was negligible impact of pore water velocity on the
values of steady state C/Cp and My, (Fig. 3, Table S1), demonstrating
that decreased pore water content decreased the influence of velocity on
retention of E. coli 652T7.

3.4. Bacterial distribution under saturated and unsaturated flow
conditions

Under saturated flow conditions, the concentrations of retained
E. coli 652T7 decreased exponentially with migration distance from the
entrance to the exit at the lower velocity (Fig. 4), as shown by quanti-
fication of kf using Eqgs. (2) and (3), respectively. The value of k¢
increased slightly (but within typical factor of two-to-three experimental
error) from 0.5h™ ! to 1.3h ! as the deposit was established from 1.05 to
3.15 pore volumes (Fig. 5) likely due to the presence of both mobile and
retained bacteria (no elution). Equations (2) and (3) described well the

breakthrough and retained profiles under the lower velocity condition
(8.7cmh™hH (Figs. 4 and 5), demonstrating that retention was described
using a spatially-constant deposition rate, and that retention reflected
compounded loss for each collector passed in the porous medium
(Johnson, 2020). In contrast to the exponential retention profiles at
lower pore water velocity, the profiles at higher pore water velocity
were multi-exponential, as shown by the deviation of the data from the
description provided by Eq. (3) (Fig. 5b). The term multi-exponential is
used rather than hyper-exponential because it has been shown that the
profiles can be described by superposed exponential distributions (e.g.,
Johnson et al., 2018). At the higher velocity, the values of ks that
described the retention profiles were a factor of two less than those that
described the breakthrough curve (Fig. 5d), demonstrating a modest
quantification discrepancy between direct observation of retention
using the bioluminescence method and indirect detection from the
effluent concentration. However, the method was sufficiently sensitive
to describe the transition from exponential to multi-exponential profile
with increased velocity.

Under unsaturated flow conditions, the distribution of E. coli 652T7
demonstrated a non-monotonic trend with migration distance (Fig. 6).
The real-time images showed that the maximum concentration of
retained bacteria shifted gradually towards the outlet as the bacteria
were continuously injected. The distance of the maximum concentration
of retained bacteria shifted down-gradient with increased PVs at both
velocities. Such non-monotonic retention profiles contrasted with the
exponential/multi-exponential profiles observed under saturated flow
conditions, reflecting similar contrasts observed for bacteria as a func-
tion of ionic strength (Tong et al., 2005) and for carboxylate-modified
polystyrene latex microspheres (CML) in glass beads versus quartz
sand (Johnson et al., 2018), and for contrasting CML sizes in natural
sand (Johnson, 2020).
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Fig. 6. The distribution of E. coli 652T7 with travel distance (i.e., depth) under unsaturated flow condition (85% saturation) at different pore water velocities (8.7
cmh 'and 13.0cmh 1) in the porous media after 1.05, 2.10, and 3.15 pore volumes (PVs) of bacterial input. The fitted retention trend is shown by solid lines. The
data (S C5') were acquired from the real-time images. The closer to the red part in the bioluminescent images, the higher the bacterial concentration was. Error bars
represent the standard deviation of two replicates. (For interpretation of the references to colour in this figure legend, the reader is referred to the web version of

this article.)
4. Discussion
4.1. Bacterial distribution under saturated flow conditions

The magnitudes of ky under saturated flow conditions estimated
using the Traj-Hap module in Parti-Suite (Table 1) were 4.5 h™! and 3.7
h! for the 8.7 em h™! and 13.0 ecm h™! fluid velocities, respectively.
These values were approximately a factor of four greater than those
obtained from the experimentally-observed breakthrough (Fig. 5) using
equation (2) (1.3 h~!forthe8.7cmh™! velocity and 0.9 h~! for the 13.0
cmh! velocity). This indicates that the bacterium-surface interactions
at the SWI were somewhat unfavorable, agreeing with xDLVO calcula-
tions (Fig. S1, Table S2) which shows a significant (but not particularly
large) barrier to attachment (260 kT) as well as a deep secondary min-
imum (—20 KT) where bacteria may associate with the surface without
attachment.

The multi-exponential profile observed for the higher velocity under
saturated flow conditions reflects an effective decrease in the deposition
rate coefficient with distance of transport, which has been tentatively
attributed to heterogeneity in surface properties among bacterial pop-
ulations, yielding greater deposition of “stickier” bacteria upgradient of
“less sticky” bacteria in the population (Albinger et al., 1994; Baygents
et al., 1998; Simoni et al., 1998; Bolster et al., 2000; Redman et al., 2001;
Tong and Johnson, 2007; Jouvet et al., 2018). Alternatively, bacterial
retention in pore throats may reduce the effective pore throat size and
increase subsequent filtration at the location (Shen et al., 2020),

although this temporal increase in retention should be reflected in
decreased steady-state breakthrough (ripening) (Tong et al., 2008). That
CML also display multi-exponential profiles drive the standing hypoth-
esis that incomplete pore scale mixing produces fast- and slow-attaching
subpopulations of otherwise identical individuals (Johnson et al., 2018;
Johnson, 2020).

4.2. Bacterial distribution under unsaturated flow conditions

The increased M, under unsaturated conditions may reflect
increased retention at either the AWI or at the SWI. Whereas previous
studies indicate the AWI may attract cells, air being hydrophobic
(Bradford and Torkzaban, 2008; Chen and Walker, 2012; Madumathi,
et al., 2017), the Lifschitz-Van der Waals (combined Hamaker constant)
and Lewis acid-base interactions were both repulsive for the AWI
(Fig. S1).

The influence on » and ks of decreased fluid shell thickness under
unsaturated relative to saturated conditions was examined in the Traj-
Hap module of Parti-Suite (Fig. S2), wherein the average thickness of
the fluid envelope of the Happel collector was 56 ym and 44 um under
saturated and unsaturated conditions, respectively. In the trajectory
simulations, the outer boundary of the fluid envelope was not treated as
repulsive, such that the primary influence of unsaturated conditions was
to increase the likelihood of intercepting the near surface fluid (sec-
ondary minimum) within which colloids may translate slowly down-
gradient without (or prior to) attachment (Johnson et al., 2018;
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Table 1
Parameters used in the pore-scale trajectories simulations.
Parameters 8.7cmh! 13.0cmh?
Saturated Unsaturated Saturated Unsaturated
Superficial velocity 9.0 x 107® 9.0 x 107 1.34 x 1.34 x 107°
(ms™) 10°
Injection radius (m) 1.2 x 10™* 8.0 x 107> 12x107% 80x10°
Happel porosity 0.37 0.31 0.37 0.31
Grain radius (m) 3.38 x 3.38x107*  3.38 x 3.38 x 107*
1074 104
Colloid density (kg 1.05 x 10°  1.05 x 10° 1.05 x 10> 1.05 x 10°
m~%)
Fluid density (kg 9.98 x 10>  9.98 x 10? 9.98 x 10>  9.98 x 102
m3)
Fluid viscosity (kg 9.98 x 10*  9.98 x 10* 9.98 x 10*  9.98 x 10*
m s
Hetmode 1 1 1 1
Large hetdomain 0 0 0 0
radius
Tonic strength (mol 100 100 100 100
m™%)
Collector { potential ~ —0.0244 —0.0244 —0.0244 —0.0244
W)
Colloid ¢ potential —0.0256 —0.0256 —0.0256 —0.0256
(%)
Combined Hamaker 6.5 x 65x1072 65 6.5 x 1072
constant (J) 107 1072
Van der Waals 1.0x 1077 1.0 x 1077 1.0x 1077 1.0 x 1077
decay length (m)
Acid-base energy —1.43 x —1.43 x —1.43 x —1.43 x
per area (J rn’z) 107° 107° 107° 107°
Acid-base decay 6 x 1071 6x 1071 6 x 1071 6 x 1071
length (m)
Steric energy per 1.7 x 1.7 x 10712 1.7 x 1.7 x 10712
area (J m’z) 10712 10712
Steric decay length 4.1 x 41x1071% 41« 4.1 x1071°
(m) 10710 101
Multiplier of 1.35 1.35 1.35 1.35
diffusion force (-)
Multiplier of gravity =~ 1.00 1.00 1.00 1.00
force

Johnson, 2020). The simulated values of ks were approximately 15% to
20% larger under unsaturated relative to saturated conditions,
increasing from 4.5 h™! to 5.2 h ™! at the lower velocity (8.7 cm h™!) and
from3.7h ' to4.4h~ ! at the higher velocity (13.0 cm h™1). This modest
increase in simulated ks from saturated to unsaturated conditions is
consistent with the observed decrease in breakthrough (Fig. 3) and in-
crease in retained mass (Table S1) under unsaturated relative to satu-
rated conditions.

In contrast, the trajectory simulations predict slightly decreased k¢
with increased velocity under unsaturated conditions (from 5.2 h~!to
4.4 h’l); however, no obvious increase in retention with increased ve-
locity was observed in the breakthrough concentrations under unsatu-
rated conditions (Fig. 3). This discrepancy suggests that increased
retention under unsaturated conditions may not have been primarily
driven by bacterial accumulation in secondary minima, but may instead
have involved retention by capillary forces at the AWI, which can also
produce slow down-gradient translation of bacteria (Bradford et al.,
2006, 2007; Tong et al., 2008; Torkzaban et al., 2008; Sen, 2011), as
driven by capillary fringe fluctuations (Noordmans et al., 1997; Gémez-
Suarez et al., 1999, 2000; Sharma et al., 2008; Aramrak et al., 2011,
2014; Lazouskaya et al., 2011; Aramrak et al., 2011, 2014). Whereas the
average fluid shell thickness (44 um) greatly exceeds bacterial size, this
average does not account for the large fluid shell thickness at grain
contacts (pendant water) and lesser fluid shell thickness away from
grain contacts, where there may be decreased dependence on fluid drag,
sedimentation, and diffusion to bring bacteria into proximity with either
interface.

The real-time observation of bacterial distribution from source pro-
vided by the bioluminescence method showed that the shapes of the
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profiles (exponential, multi-exponential, non-monotonic) remained
temporally consistent and did not evolve from one form into another as
deposition continued. This novel observation indicates that the pre-
dominance of particular mechanisms of retention remained consistent as
deposition proceeded, whereas this predominance shifted with modest
change in velocity and saturation.

5. Conclusion

Bioluminescent imaging as performed here via the IVIS Spectrum
was demonstrated as an effective method for real-time observation of
bacterial distribution and evolution of these profiles during transport
through porous media under different flow conditions. The range of
outcomes from exponential to multi-exponential to non-monotonic
distributions was observed with changes in flow velocity and pore
water saturation. Non-monotonic distribution reflected bacterial accu-
mulation without arrest in either the secondary minimum at the SWI
and/or capillary interaction at the AWI. This novel real-time observation
method showed that the forms of the distributions remained consistent
as deposition continued. These results provide critical information for
understanding and predicting the spatiotemporal heterogeneity of bac-
terial transport behaviors through porous media including deep-bed
filters and aquifer sediments.
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