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NOMENCLATURE AND ABBREVIATIONS

Units

Length

Mass

Number of particles
Time

-z

Variables and coefficients

c Concentration of cells [NL'3]

Crrac Fraction of transported cells

Co Influent concentration [NL'3]

Cina Number of inactivated cells per volume fluid [NL'3]
Cwim Number of immobile cells per volume fluid [NL'3]
Cwm Number of mobile cells per volume fluid [NL'3]
Daifr Molecular diffusion [L2T™]

D, Longitudinal dispersion coefficient [L?T™]

h Pressure head [L]

iend End time of pulse [T]

istart Start time of pulse [T]

Ky Empirical Freundlich distribution coefficient [L*M™]
Kaep Deposition rate to the immobile phase [T'l]

Kina Temporal first-order inactivation coefficient [T™]
K(h) Hydraulic conductivity (unsaturated) [LT'l]

Krel Release rate from the immobile phase [T]
Krem Total temporal first-order removal coefficient [T™]
Kyems Total spatial first-order removal coefficient [L'l]
Kot Temporal first-order retention coefficient [T'l]

K, h Relative hydraulic conductivity

K; Saturated hydraulic conductivity [LT™]

m van Genuchten parameter

mg Freundlich coefficient

n van Genuchten parameter

Pyo; Peak relative effluent concentration

q Darcy velocity [LT™]

Qt Flow rate [L3T™]

R Retardation factor

t Time [T]

v Average interstitial pore velocity [LT™]

z Height above a datum (positive upwards) [L]
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Greek letters

a van Genuchten parameter [L'l]

a Longitudinal dispersivity [L]

o Saturation

0, Residual volumetric moisture content

O Saturated volumetric moisture content

Oy Volumetric moisture content

Agate Bacterial fate reaction rate, source-sink term
b Filter media bulk density [ML™]
Abbreviations

BTC Breakthrough curve

CFT Colloid Filtration Theory

CFU Colony-Forming Unit

DVLO Derjaguin and Landau, Verwey and Overbeek
E. coli: Escherichia coli

Figure colors
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. Colloid
Gas
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Transport and Fate of Escherichia coli in Unsaturated Porous Media

ABSTRACT

The unsaturated zone could provide an effective barrier against pathogenic mi-
crobes entering the groundwater. Knowledge relating to microbial fate in this
zone is therefore important for increased understanding of groundwater vul-
nerability. This thesis examines the published literature that is related to the
transport, retention and survival processes that apply to the fecal indicator bac-
terium Escherichia coli in unsaturated porous media. The main focus concerns
the research findings under steady-state flow in homogeneous filter media, and
under unfavorable attachment conditions, which are the most common in the
natural environment. Experimental results in the literature for the pore-, col-
umn- and field-scale are examined and compared to commonly applied theo-
ries and modeling approaches. An analysis of the main factors that influence
attenuation and biofilm formation is provided. Further, the findings are illus-
trated in a model of an unplanted, vertical flow constructed wetland. The re-
sults indicate that retention at the solid-air-water interface is a major attenua-
tion process. In addition, they suggest that the flow velocity (as dependent on
the grain size and the saturation) is a key influencing factor. However, it has
not yet been established how the research findings relating to the main pro-
cesses and influencing factors can be incorporated into predictive models; in
the literature, a multitude of models have been proposed and alternative theo-
ries could describe the same observation. In this study, the transport and fate
of Escherichia coli in different sand filters is, therefore, modeled using various lit-
erature models - derived under similar experimental conditions - in order to as-
sess the possibility to compare and generalize the equations, evaluate their im-
plications considering the different saturation settings and filter depths, and to
define the spectra of the reduction efficiencies. It is discovered that the bacte-
rial attenuation behaviors vary largely. This calls for clarification regarding the
underlying processes. Future research is also recommended to include the ef-
fects of structured filter media and sudden changes in the flow rate.

Key words: Contaminant transport modeling; Bacterial fate; Unsaturated
zone; Retention; Straining; Escherichia coli

INTRODUCTION

Groundwater is a very important source of drinking water. How-
ever, pathogenic microbes can enter into the groundwater from
the disposal of excreta using pit-latrines, the discharge of
wastewater and -material to land, and the leakage of sewer lines
(Crane and Moore 1986; Scandura and Sobsey 1997; Azadpour-
Keeley and Ward 2005). Studies have shown that half of the tested
drinking water wells in the U.S. contain fecal pollution, which is
estimated to cause up to 5.9 million illnesses per year (Macler and
Merkle 2000). Moreover, diarrheal disease was estimated to be re-
sponsible for 1.6 million deaths in 2003 (WHO 2003). To a large
extent (88%) this was attributed to unsafe water supplies, sanita-
tion and hygiene, and the most affected group was reported to be
children in developing countries. The poor population in these
countries often relies on shallow groundwater sources and on-site
sanitation (Nsuguba 2004). For an improved understanding of
groundwater vulnerability and the development of health regula-
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tions, knowledge relating to microbial transport and fate is essen-
tial (see, eg, Jin and Flury (2002) and Emelko and Tufenkji
(2010)). Additionally, an improved insight into the processes asso-
ciated with bacterial attenuation can play a role in the bioremedia-
tion and biofacilitated transport of pollutants (Schifer ez a/ 1998).
As water generally becomes scarcer and the demand for fresh wa-
ter intensifies, degraded water - such as storm water, agricultural
wastewater and gray water- could provide a valuable resource and
its use is likely to increase in the future (Hamilton ez a4/ 2007,
O'Connor ef al. 2008). Sand filters and constructed wetlands have
the potential to provide effective and inexpensive wastewater
treatment (Falvey 1997; Brix and Arias 2005). However, there
must be a greater understanding in relation to their removal ca-
pacity in order to provide improved guidelines for their construc-
tion and use.

Project inspiration and scope

The motivation behind this project was the results in a case study
by Kulabako ez a/. (2007), relating to a spring in an inhabited wet-
land in a peri-urban (slum) area in Bwaise III Parish, Kampala,
Uganda: the spring water was reported to be contaminated with
thermotolerant (fecal) coliforms. Further, the use of water from
similar, groundwater-fed, so called, protected springs in this region
has been linked to the incidence of acute diarrhea and cholera (Na-
sinyama ez a/. 2000; Howard ez a/. 2003). The withdrawal of water
from these springs is nevertheless common in this part of Kampa-
la, as the income level is low and the water is free of charge. On-
site visual observations in March 2010 revealed that the risk for an-
thropogenic pollution of the shallow aquifers upstream of the
spring is high (Fig. 1): the spring is situated near a road, from
which cattle droppings and petrol can percolate into the ground
and dissipate into the groundwater that feeds it; there is no up-
stream storm water diversion ditch; the surrounding soil is made
up of roughly half a meter of litter; residences are located approx-
imately 15 meters upstream; and no authority is looking after any
encroachment to the top of the protection area by either humans
or cattle. During the field visit, questions were raised: how could
one predict the bacterial concentrations in the spring and the time-
scales for the cells to reach the groundwater in the dry and the wet
seasons? Which physical, chemical and biological processes govern
bacterial transport to the groundwater? How could the attenuation
capacity of the protection area be improved, e.g, with other filter
materials or constructions?

These questions provided the inspiration for research that would,
it possible, include: predictions of the bacterial processes in the
unsaturated subsurface area upstream of the spring; an evaluation
of various protection area designs; and, contributions to decision
support regarding the delineation of a groundwater protection area
and other spring protection measures. However, these ambitions
were linked to methodological challenges: the sources of the an-
thropogenic pollution are innumerable in Bwaise III considering
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its tumultuous characteristics, and controlled experiments are prac-
tically impossible in the area. Moreover, legal restrictions apply to
the practice of injecting bacteria in a populated region. As an alter-
native approach, a model of the whole catchment could be con-
structed to make recommendations relating to, for example, a pro-
tection area delimitation; still, measurements to calibrate and
validate such a model in Bwaise III could not be practically ob-
tained within the scope of this thesis. A more pragmatic approach
would, thus, include the design of purely physical models to de-
scribe and predict the impact of realistic and relevant, synthetically
generated scenarios on a smaller scale, using parameters derived
from the literature. In order to construct such models, it is impera-
tive to understand the physics relating to the processes involved
and the models that could be used to predict them.

Aim of the licentiate thesis

The insights in the previous section contributed to the specifica-
tion of the overall aim for this licentiate thesis: to improve
knowledge relating to bacterial transport and fate in the upper part
of the subsurface. More specifically, the objectives are:

e L .

Fig. 1. The protected spring in Bwaise III. Possible, apparent, sources of
contamination of the spring are: animals and people walking freely on top
of the protection area; black water from the pit latrine of the house to the
left; waste water from the car wash to the right; cattle droppings and petrol
from the road just behind the three women approaching the spring. Photo:
Emma Engstrém, March 2010.
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. to provide an in-depth review of theories and empirical
studies in the literature relating to the processes involved in Esche-
richia coli (E. coli) transport, retention and survival in the unsaturat-
ed zone;

. to evaluate and compare the most important physical,
chemical and biological factors that have been reported to influ-
ence these processes; and

. to critically analyze the implications and possibilities for the
applications of the current, associated modeling approaches.

Previous research

Early literature studies, such as McDowell-Boyer ¢ a/. (1986) and
Yates et al. (1988), examined colloidal transport processes in the
subsurface in general. Since then, the importance of the gas-water
interface, particularly, has been highlighted in experimental studies
(Wan and Wilson 1994a; Wan and Wilson 1994b; Wan ¢# al. 1994).
More recent reviews have qualitatively discussed the physical,
chemical and biological factors that influence microbial attenuation
(e.g., Jamieson et al. 2002; Stevik ef al. 2004); however, they have
not evaluated predictive models. In the saturated zone, findings on
microbial deposition and fate have been assessed by Ginn e# al.
(2002), Murphy and Ginn (2000) and Tufenkji (2007), as well as
Foppen and Schijven (20006), the latter focusing particulatly on E.
coli. In relation to transport in porous media in general, Shen and
Devin (2007) and Sen (2011) have addressed colloids and biocol-
loids, respectively. The extensive review by Schijven and Has-
sanizadeh (2000) focused on virus removal under saturated condi-
tions. Keller and Sirivithayapakorn (2007), Keller and Auset (2004)
and Bradford and Torkzaban (2008) have particularly addressed
pore-scale mechanisms. DeNovio e a/. (2004) analyzed colloidal
transport and retention in unsaturated conditions, in which the fo-
cus was on fluctuations in pore water flow rates. In addition,
Rockhold e7 al. (2004) reviewed the coupling of microbial transport
and other constituent processes, ¢g the interaction between mi-
crobial growth and the inter-phase exchange of oxygen. With re-
gards to modeling, numerical models have previously been devel-
oped to incorporate experimental findings for illustrative purposes
(see, for example, Kim ez a/ (2008), Yavuz Corapcioglu and
Haridas (1985) and Foppen and Schijven (2000) (bacteria) as well
as Bhattacharjee ef 2/ (2002) and Schijven and Simunek (2002) (vi-
rus), as well as Lewis ez a/ (2004) and Schijven and Simunek
(2002). However, none of these have given particular considera-
tion to E. ¢o/i transport in the unsaturated zone.

BACKGROUND

This chapter summarizes the basic data relating to E. ¢/, unsatu-
rated filter media, and the most important theoretical models ap-
plying to flow and transport.
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The choice of E. coli

This subsection summarizes the rationale for focusing on the bac-
terium E. co/z, specially. The most widespread health risks associat-
ed with drinking water are diseases whose origin are in the patho-
genic microbes that are spread through human and animal excreta
(WHO 2008), which always contain fecal coliforms (Pang ez al.
2008). E. coli (Fig. 2) is a recommended indicator of fecal contami-
nation (WHO 2008), as it is well-characterized and easily detected.
It is a typical indigenous bacterium in soil and is also a representa-
tive of those microorganisms used for soil bioremediation (Chen e#
al. 2010). In addition, E. co/i has a comparatively high rate of
transport (low rate of attenuation), as it is relatively hydrophilic
and negatively charged; hence it attaches unfavorably to soil grains
under most environmental conditions (Foppen and Schijven
20006). Moreover, it is motile and has a low die-off rate. This sup-
ports the use of E. co/i in models intended for, e.g., decision sup-
port regarding protection area delimitation. Under unsaturated
conditions, a relatively high amount of experiments have further
addressed E. co/i attenuation, as compared to other microbes (e.g.,
Jiang ez al. (2007), Torkzaban e al. (2008b) and Chen ez a/. (2010)).
For a more detailed discussion with regards to the relevance of fo-
cusing on E. c/i, see Foppen and Schijven (20006). Nevertheless,
studies on E. co/i in the unsaturated zone are as yet rare (in abso-
lute terms); therefore, literature findings relating to the saturated
zone, as well as on colloids with characteristics similar to E. colf —
with regard to size, hydrophily, and surface charge — are also ana-
lyzed in this thesis. This latter approach is common; however, the
difference in the removal behavior between abiotic colloids and
bacteria has not yet been fully clarified; the difference in rheology
is, for example, believed to affect attachment behavior (Ohshima
and Kondo 1991; Ohshima 1995).

Fig. 2. E. coli with discernible flagella (about 30 nm width), pili (about 20
nm width) and DNA: the cell has an oblong shape. As the flagella rotate
counterclockwise the bacteria is pushed forward; however, if at least one
flagellum rotates clockwise, the cell is moved in a chaotic, tumbling
(Brownian) motion (McClaine and Ford 2002b; Parkinson 2009). The figure
Is redrawn from Li (2007).
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Unsaturated filter systems

Pathogens generally enter the groundwater through the unsaturat-
ed zone (Steenhuis ¢z a/. 2006). Contaminant sources are often lo-
cated close to the ground surface (Wan and Tokunaga 1997;
Schifer et al. 1998). This region could provide an effective barrier
against microbes and act as a protection for down-gradient sources
(Scandura and Sobsey 1997; Azadpour-Keeley and Ward 2005).
Research relating to microbial transport under unsaturated condi-
tions is however rare, particularly at the field scale (DeNovio e# a/.
2004; Burkhardt ez 2/ 2008; Pang 2009). In addition to the physical,
chemical and biological processes that apply to the saturated zone,
removal is complicated by the presence of air (McCarthy and
McKay 2004). According to Pang (2009), most studies that have
derived setback distances for aquifers only consider microbial
transport through aquifers. Pang (2009) concluded that these re-
sults are only applicable for the worst-case models when the water
tables are close to the bottom of a disposal system, and added that
the inclusion of unsaturated zones (in addition to the aquifers) in
predictions could significantly reduce the required setback distanc-
es.

The most common sand filters are those which are buried (Falvey
1997). The filters are about half a meter deep, and the filter media
typically has grains of sizes of 0.3 - 1 mm, which are relatively uni-
form in size in order to reduce clogging. The hydraulic loading is
0.05 - 0.06 m’/m?/day, which, for continuous flow implies that the
Darcy velocity is about 0.004 cm/min (Falvey 1997). Sand filters
have many advantages: they are less costly to construct than cen-
tralized treatment systems; they are energy efficient; the mainte-
nance requirements are low; and the treatment is of high quality
(Falvey 1997). Knowledge of the removal potential of sand filters
is, moreover, relevant for the understanding of attenuation in ver-
tical flow unplanted constructed wetlands, as studied by, e.g., Vacca
et al. (2005) and Sleytr ef al. (2007). These are increasingly being
used to handle anthropogenic waster, e.g. pathogen removal from
wastewater, storm water and sewage (Langergraber and Simunek
2005). It is possible that they could enable there to be efficient
sewage water treatment for subsequent discharge into groundwater
(Brix and Arias 2005), and to provide promising low cost filters;
however, their removal capacity requires a better understanding in
otder to provide for improved guidelines with regards to construc-
tion and use. For example, little research has hitherto evaluated the
removal effectiveness of constructed wetlands with regard to spe-
cific pathogens (Garcia ez a/. 2010).

Predictive modeling of flow and bacterial transport in unsaturated
porous media

This subsection outlines the models and computer tools that were
applied to predict bacterial transport in the current study.
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Flow: Richard’s equation

In the subsurface, microbes are generally considered to be trans-
ported with the water (Schifer e a/. 1998). In the vadose zone,
flow is typically vertical (Pang 2009). It is comparatively slow (and
laminar) and takes place in small, water-filled pores, since it is lim-
ited by capillary forces (Bradford and Torkzaban 2008). Bacteria
and water could also move in thin films of water that surround the
mineral grains and in liquid-filled corners of angular pores (Saiers
and Lenhart 2003). Uniform flow is generally modeled using Rich-
ard’s equation (Richards 1931; Schijven and Simunek 2002;
Schwartz and Zhang 2003). In the one-dimensional case, this equa-
tion becomes:

6y (h) 0 doh
1
at 0z Kh (az D @)

where t [T] is time; By, (h) is the volumetric water content and h
(L] 1s hydraulic head, defined by
h = ¢ + z, where Y [L] is the pressure head, negative in the un-
saturated zone and positive in the saturated zone and z [L] is the
height above a reference level (positive upwards); K h =
K, h K, where K, 1 is the relative hydraulic conductivity and
K [T is the saturated hydraulic conductivity tensor. In the case
of steady-state flow, the left-hand side of Richard’s equation equals
zero. The volumetric water content and hydraulic conductivity are
functions of the pressure head, as, e g., described by the Brooks
and Corey (1964) and van Genuchten (1980) equations, of which
the latter are:

0, h =0, +—2s O h<0
O R )

6y h =6;, h=0 ©))

1— ah ™'+ ab ™"
K p oL @ar e "
A+ ah ™

where m =1 —% (n>1). A high « implies that the soil de-

saturates at low suctions, and a high n that the water retention

curve has a steep slope, which typically applies to coarse filter me-

. . Oy —06
dia. Lastly, saturation, @, equals 9W K

. However, it is not possible

S r
to deterministically and completely describe a geologic medium,

since it is not an engineered system (Tsang e a/. 1994). To include
finer structures, one can apply stochastic modeling techniques,
which, moreover, provide estimates of the uncertainty of the mod-
el parameters (Tsang ez al. 1994). Molin and Cvetkovic (2010) in-
cluded spatial variability of parameters in predicative models of
microbial transport in the saturated zone. Studying spatial variabil-
ity of various unsaturated flow parameters, Russo and Bouton
(1992) reported that K and o, as compared to the other parame-
ters in the van Genuchten equations above, showed a high degree
of variability in space. Nevertheless, for predictions relating to a

7
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specific system, the inclusion of stochastic spatial variability de-
mands that the probability distributions of the relevant parameters
are well defined.

Bacterial transport: the extended Advection-Dispersion Equation

The most commonly used equation for describing mass transport
in aqueous systems at a representative element volume scale is the
Fickian-based advection-dispersion equation, where flux is propor-
tional to the concentration gradient (Reddy e# 4/ 1981; Schwartz
and Zhang 2003). It could be extended to account for a bacterial
reaction-rate source-sink term, Aggee (Rockhold er al 2004),
which, per bulk volume porous media, develops into:
aC,

9W? =64V DVCy, — 0,V vCy + Apy, 5)

where D [L”T"] is the hydrodynamic dispersion coefficient; Cyy
[NL7] is number of particles per liquid volume; and v [L.T"] is the
average interstitial (pore) water velocity. The velocity term in eq. 5
can be calculated from Richard’s equation, and in this way
transport is coupled to flow. For two dimensions, in a locally iso-
tropic medium, the hydrodynamic dispersion coefficient is com-
monly defined as:

Dir = vayy+ Dy (6)
where Dy [L”T"] is the longitudinal or transverse dispersion; the
first term on the right-hand side describe the mechanical disper-
sion and v is the pore-water velocity and @, r[L] is the longitudinal
or transverse dispersivity, which depends on the movement of wa-
ter around soil grains and hence, the soil heterogeneity; and Dg;sr
[L’T"] is the molecular diffusion, ze. the spreading from high to
low concentration areas, generally described using the Stokes—
Einstein equation (Yao ef a/. 1971; Baumann ez a/. 2010). Mechani-
cal dispersivity is dependent on scale, and, as a rule of thumb, is
according to @ = 0.1L, where L is the experimental length scale,
e.g., the distance between an injection point and a well (Baumann e#
al. 2010). However, under unsaturated conditions, considerable
dispersion of colloid fronts have been registered, which is attribut-
ed to the fact that colloids that are not deposited are thus are
forced to travel through more complex paths in the vadose zone
than in the saturated one (Keller and Sirivithayapakorn 2004). In
summation, dispersion in the unsaturated zone is, as yet, not fully
clarified, due to a lack of consistent and comprehensive data sets
(Toride et al 2003). When considering the transport of bacteria,
the concentration is generally measured in relation to the amount
of particles, rather than the mass (Crane and Moore 1986; Sun ¢f al.
2001; Tufenkji 2007). With regards to bacterial fate in porous me-
dia, the main mechanisms involved are: bacterial decay and
growth, as well as deposition and release, which relate to the ex-
change of colloids between the gas, liquid and solid phases (Vega ¢#
al. 2003). However, the models applied to describe bacterial behav-
ioral processes, Agqte , have, as yet, been debated.
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Defining model parameters

Model parameters could be assigned based on a knowledge of the
underlying physical processes that govern the system (physical
models), or through calibration (calibrated models). In the former,
the parameters are defined so that they have a physical meaning
and the equations are typically founded on continuity of mass or
momentum. Experimental measurements can be made to define
individual parameters. However, these have to account for the het-
erogeneities in the modeled system, and, typically, spatial averaging
or approximate representations which incorporate time dependen-
cies are applied (Tsang et al. 1994; Akesson 2010). In calibrated
models, the parameters are defined by means of a statistical best fit
of the observed data to a few governing equations, which often
represent several physical processes. Parameters are often system
specific; hence, the transfer of parameters between different sys-
tems is limited. In column studies of bacterial transport, the advec-
tion-dispersion equation, eq. 5, is generally assumed to apply. Typ-
ically, dispersion is obtained by means of a best fit of the
advection- dispersion equation to tracer breakthrough observa-
tions, and the reaction parameters are determined by fitting some
assumed reactive equation, Aggee, to the bacterial breakthrough
curve. This statistical approach places limitations upon the ap-
plicability of models to other experimental systems; parameters de-
rived from previous studies are rarely, if ever, applied to predict re-
sults in a new experimental setting. This complicates there being
any meaningful comparisons, and thus the knowledge with regards
to the possibilities of generalizing the equations and parameters is
limited - a theme that is discussed more thoroughly in Paper 111.

Computer tools used to solve flow and transport equations

Due to its nonlinear properties, Richards’ equation is generally
solved numerically, and, in the literature, a wide range of numerical
tools have been applied to solve the equations for flow, transport,
as well as for various types of retention and survival processes, Ze.,
different expressions for Agqte . They vary with regard to: the pro-
cesses considered; the discretization technique applied (finite dif-
ference or finite element methods); the ability to couple different
physical processes; the boundary conditions allowed; the dimen-
sionality and resolution; and to the degree of user flexibility. Sever-
al reviews have evaluated the software that could be used to de-
scribe colloidal transport and fate. For example, Azadpour-Keeley
and Ward (2005) discussed various computer tools that have been
designed for virus deposition and inactivation in the subsurface,
some of which can also be used for bacterial modeling, particularly
HYDRUS-1D (Simunek ¢# a/. 2005) and HYDRUS-2D (Simunek ez
al. 1999a). Simunek e 2/ (2003) compared models especially de-
signed for non-equilibrium and preferential flow and transport in
the unsaturated zone. Rockhold ez 2/ (2004) discussed computer
tools relevant for microbial flow and transport processes in porous
media and stressed that the majority of them were only applicable
to one-dimensional modeling in saturated filter media; they deter-
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mined that only a few models could account for the porosity and
permeability which results from the accumulation of biomass that
occurs in filter media. Previous microbial modeling transport stud-
ies under saturated and unsaturated conditions have included:
HYDRUS-1D (Simunek ez o/ 2005), applied by, e.g., Gargiulo ez 4.
(2007) and Torkzaban e al. (20082); HYDRUS-2D (1999a), applied
by e.g. Schijven and Simunek (2002); MODFLOW (Winston 2010)
and MT3DMS (Zheng and Wang 1999), applied by, e.g, Foppen
and Schijven (2006); PHREEQC (Parkhurst and Appelo 1999),
applied by, e.g, Foppen ez al. (2008); STANMOD (Simunek ez a/.
1999b), applied by Jiang ez al (2007); as well as AQUASIM
(Reichert 1994), applied by, e.g., Schifer ez al. (1998). Another relat-
ed computer tool is TOUGH, which has been designed for geo-
thermal applications in particular (see Pruess (2004)).

METHODOLOGY

In this thesis the methodology primarily includes a literature re-
view, which is mainly based on published scientific articles. Nu-
merical modeling has additionally been applied in order to quanti-
tatively analyze and illustrate the review results.

A literature review - the foundation for further research (Paper I)

Recent years have seen important progress in the understanding of
microbial transport and fate in porous media (see e.g. Emelko and
Tufenkiji (2010)). Related computer tools have undergone the same
development; however, at the same time, ground water microbial
contamination is clearly still an urgent problem in many parts of
the world, particularly in urban areas within developing countries
(Trefry and Haque 2010).The recent findings in the two disciplines
could be combined in the construction of predictive models. Ade-
quately constructed models could provide important tools when
quantitatively assessing microbial transport and removal (Schijven
and Hassanizadeh 2000; WHO 2008), and could provide valuable
information to practitioners within the fields of resource manage-
ment, land-use planning and risk analysis, e.g, government agen-
cies, regional authorities, and consultants (Pang ez 2/ 2008). The
improvement of predictive models is particularly relevant for water
usage in densely populated areas in the developing world, where
access to local data is often limited, controlled experiments are dif-
ficult, and there is an acute requirement for scientific evidence in
order to improve current water protection policies; models that are
based on laboratory data have the potential to provide a better un-
derstanding of the outcomes with regards to various scenarios rela-
tively cheaply, e.g. the removal efficiency of a particular protection
area design (ARGOSS 2001; Ausland ez a/. 2002; Howard et al.
2003; WHO 2009; Emelko and Tufenkji 2010; Trefry and Haque
2010). A thorough understanding of the relevant model designs
and parameter values are crucial in relation to the success of such
modeling (Azadpour-Keeley and Ward 2005). Tsang ef al. (1994)
stated that, in order to make predictive assessment of transport in
heterogeneous media, the applicable physical, biological and chem-
ical processes — relating to flow, transport and reactions — must be
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well understood and reflected in the governing equations. Finally,
Brix and Arias (2005) argued that an improved knowledge in rela-
tion to microbial transport processes could contribute to guide-
lines regarding treatment requirements concerning single dwellings
in rural areas. Therefore, the methodology in the first part of this
thesis includes a critical, comparative analysis of the published
findings relating to the transport, attachment, straining and surviv-
al processes that apply to E. /i in unsaturated porous media. Ex-
perimental results for the pore-, column- and field-scale are exam-
ined and compared to the commonly applied theories and
modeling approaches. An analysis of the key influencing physical,
chemical and biological factors that influence attenuation, as well
as the impact of biofilm on E. w/ attenuation is provided. Addi-
tionally, the main focus is on the processes under common envi-
ronmental conditions, which are, generally, unfavorable for at-
tachment: negatively charged filter media (Foppen and Schijven
20006), as well as a transporting solution of low ionic strength
(Yang ez al. 2007; Wang and Zhou 2010) and approximately neutral
pH (Schijven and Hassanizadeh 2000). Most cited studies regard
steady-state flow in homogeneous media, since theories and pro-
cesses under these conditions - although simplified - are, as yet,
still under debate.

Numerical modeling for quantitative analyses (Paper II and Pa-

per I11)

The results in the review determined the two subsequent studies.
Simulations were performed to illustrate the review results in a
simple, unplanted, vertical flow constructed wetland (Paper 1I), and
to compare and generalize literature models, as well as to evaluate
the possibility to predict the removal efficiency of E. co/i in a sim-
ple sand filter system (Paper I11). In both of these studies, the flow
was assumed to be homogeneous and steady-state, thus, it was
modeled using Richard’s equation: eq. 1, with the left-hand side
equal to zero. This was coupled to the advection-dispersion equa-
tion and various different bacterial fate equations (eq. 5). It was
beyond the scope of Paper II and Paper 111 to quantify the removal
processes that occur due to the activity of other microbes, such as
biofilm formation, even though they are likely to be significant in
sand filter systems; the predictions would be complicated by the
fact that these processes are highly dependent on the assumptions
made on the surrounding environment. The governing equations
were solved numerically using the COMSOL Multiphysics 3.5a
solver, based on the finite-element method (COMSOL 2008). This
tool has previously been applied to, eg, model flow at the pore
scale (Keller and Auset 2007; Bradford and Torkzaban 2008;
Torkzaban e al. 2008b; King e# a/. 2009), but it can also be applied
to solve field scale equations (Li ef a/ 2009). Cleatly, there are a
wide range of computer tools that can be used to solve subsurface
flow and transport equations. COMSOL Multiphysics has an ad-
vantage when its flexibility is considered with regards to the geom-
etry, the boundary conditions, as well as the various flow,
transport, and reaction processes that could be accounted for.
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Illustrating the findings in simplified field scenario (Paper I1)

In Paper I, a predictive model was constructed to exemplify the
findings in the review, and to evaluate the removal efficiency of a
simple sand filter system: an unplanted, vertical flow constructed
wetland. The methodology includes the design and application of a
two-dimensional model of flow, transport and attenuation. In Pa-
per II, Agqre was defined according to:

0Cwi aC;
Afate = —by aVI;lm + # = —0w (kret + Kina) Cwm 14)

where Cjn, is the concentration of inactivated bacteria [NL7], Kpet
[T'] is the retention rate and Kip, [T"'] is the inactivation rate. In
addition, the effect of instantaneous retention was addressed and a
Freundlich isotherm was applied (e.g., Matthess ef a/. (1988)):

Cwim _ 0K4Cy)f

at at
where Kq [L’M'] and m; are the Freundlich coefficients that apply
to a certain combination of filter media, colloids and temperature.
Other isotherms, such as Langmuir (Steenhuis ez 2/ 2006) and line-
ar isotherms (Tufenkji 2007) could also have been employed to de-
scribe the microbial transport. The bacterial reaction parameters

were derived from a previous lysimeter study in the unsaturated
zone (Mosaddeghi ez a/. 2010).

The geometry modeled is depicted in figure 3. The top region con-
tains sand and the bottom contains gravel. Infiltration was spread
evenly and at a steady rate over the top surface, which, in reality,
could be implemented using a network of pipes and large stones.
Outflow occurred from the bottom right in the gravel region (to
implement this in reality, tile drains could be used). The filter
depth was 1 m, in agreement with Danish guidelines, and the top
area was 2x5 meters, Ze., two person equivalents according to Aus-
trian guidelines (Brix and Arias 2005; Langergraber and Simunek
2005). As the domain was homogeneous in width, only a two di-
mensional geometry (side view) was modeled.

(15)
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Fig. 3. Conceptual sketch of the simulated unplanted, vertical flow con-
structed wetland (not to scale). The upper region (yellow) contains fine
grained sand and the bottom layer (gray) contains gravel. Inflow only oc-
curs from the top and outflow only occurs at the bottom right; the remain-
ing boundaries are assumed to be impermeable.

Predictive modeling on the basis of literature results (Paper I11)

In Paper 111, E. coli transport and fate in a simple filter was evaluat-
ed by applying six different literature models. The filter medium
was sand, with van Genuchten parameters according to Carsel and
Parrish (1988). These parameters are listed in Table 1, Paper 111,
which summarizes the default model inputs. In the simulations,
the transport was calculated according to a one-dimensional ver-
sion of eq. 5, in which Cyy was replaced by Cyp, [NL], which is
more precisely defined as the concentration of mobile bacteria (ze.,
those that are transported with the fluid). The impact of molecular
diffusion was ignored, which is common practice (Toride e al.
2003). The dispersivity was estimated using an ¢, to distance ratio
of 0.00, as reported for saturated conditions by Pang e a/. (2004).
Bacterial fate, Afqrein eq. 5, was described using four different
model structures, obtained from previous studies. Primarily, Mo-
sadegghi e al. (2010) applied a first-order, irreversible spatial re-
moval equation to describe attenuation (Model 1). According to
Pang (2009), the temporal removal rate can be obtained by multi-
plying the spatial removal rate by the pore velocity, and the re-
moval process could then be modeled according to:

Afate = —OwkremCwm (7
where Kpem [T7] is the temporal removal rate. Further, Chen
(2008) assumed deposition to be a kinetic and reversible process.
These processes can be described bye:

Afate = —OwkaepCwm + OwkreiCwim (8)
where Kgep [T] and Ky [T] are the deposition rate to, and the

release rate from, the immobile phase, respectively; and Cyyip, [NL
’ is the number of immobile cells per volume fluid, described by:

00y Cyi
ot == ewkdepCWm = OwkreiCwim )
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Alternatively, Powelson and Mills (2001) assumed that a part of the
bacteria was irreversibly removed from the mobile fluid phase, and
that a part was subject to a linear equilibrium isotherm, Ze., they
were instantaneously adsorbed and retarded as compared to the
fluid, according to Toride ez al (1995):

ac
aVIt/m - Bwkrem Cwm (10)

Afgre = —ppKq

where Ky [L’M] is an empirical distribution coefficient and py,
[ML7] is the bulk density of the filter media. The retardation fac-
tor, ze., the reduction in the velocity of bacteria as compared to the

water flow, is calculated according to: R =1 +5—bKd. Lastly,
w

Jiang et al. (2007) applied a model that included the combination of
a reversible solid-water interface deposition site with an equilibri-
um isotherm:

Afate = —ppKy ac(;# - GWkdepCWm + OwkreiCwim (11)
Bacteria retained at the solid-water interface were modeled accord-
ing to:

06w Cwim

Jat

The breakthrough curves were simulated for the models above and
coefficients derived from the literature (Table 1 in Paper III), for
various saturations (20 %, 40 %, 60 %, 80 % and 99 %) and filter
depths (25 cm and 50 cm). These models were included since all of
the corresponding, referred experiments evaluated the steady-state
transport of E. co/i in unsaturated porous media of approximately
the same grain size and column length; no additional, similar
transport studies could be found. The filter depth of 25 cm was
chosen as this corresponded fairly well with the experimental con-
ditions in the cited studies, and the depth of 50 cm was evaluated
since it is a common sand filter depth. In all studies, the growth
was considered to be negligible, in accordance with the cited ex-
perimental studies. The geometry was one-dimensional and the in-
filtration occurred at a steady rate at the top of the sand filter.
Downward flow occurred due to gravity. Initially, the concentra-
tion in the domain was zero and the influent contained no bactetia.
The influent concentration was set to increase suddenly (after 1h)
to 1e6 CFU /100 ml. The fraction of transported cells, Crrg¢, Was
calculated according to (Pang ez al. 2004):

= GWkdepCWm = OwkreiCwim (12)

s Qt xctdt
Crrac = g x 100% 13)
istartQ t*xct dt

where Q t is the flow rate [I.’/T], ¢, is the inflow concentration
[N/L’] and istart [T] and iend [T] are the start and the end time
of the pulse, respectively. The peak relative effluent is the maxi-
mum concentration in the effluent as compared to the influent,
here denoted as Py;.
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RESULTS

This chapter presents the most important results in the literature
review and in the quantitative studies.

Transport and fate of E. coli - key findings in the review (Paper I)

This section outlines the key results from the literature review as
related to the underlying removal processes, the modeling ap-
proaches, as well as the key influencing factors.

Underlying processes

In order to improve an understanding of the main factors control-
ling colloidal transport, deposition and subsistence, the most
common approach has involved bench-scale column studies,
where the concentration of the effluent microbial concentration is
evaluated at a certain point as a function of time (Tufenkji 2007).
However, in such studies, only integrated results are observed. The
key E. coli attenuation processes in unsaturated sand are, hence,
still under debate. Important recent results are outlined below.

Retention In this thesis the distinction is made between attachment,
Z.e., physicochemical deposition or adsorption at a single interface,
and straining, ze., retention due to multiple interfaces. This is in
agreement with Bradford and Torkzaban (2008), who reported
that different torques and forces (energies) acted on colloids that
were attached vs. those which were strained. The terms deposition
and retention relate to both mechanisms. A multitude of retention
processes have been proposed (Fig. 4): attachment to the solid-
water interface; attachment to the air-water interface; wedging at
the grain-grain contact point (straining); bridging between already
deposited bacteria (straining); retention at the soil-air water menis-
cus (straining); retention due to bacterial rotation or stagnation and
subsequent entrapment, typically near the solid-air water interface
(straining); and film straining in the thin water film around a grain
(straining).

Considering a simplified, natural scenario: a transporting solution
of low ionic strength, negatively charged filter media (e.g. sand) and
homogeneous, steady-state flow, literature findings, however, sug-
gest that attachment to air or soil interfaces is limited, since their
negative charges imply repulsive energy barriers (section 11D, Pa-
per I). Considering recent pore-scale imaging and column studies,
the main retention processes for a motile E. ¢o/i in the unsaturated
subsurface (steady-state flow) is, instead, likely to be as follows. At
first, assuming that it is transported in a network of thick and con-
nected pendular rings, it will be weakly (reversibly) attached, due to
repulsive electrostatic forces, at some distance (about 40 nm) to
the soil grains (section I11.B.4 and I1.D.2 in Paper I). Findings fur-
ther indicate that it will subsequently swim, or be translated, near
to the grains, due to hydrodynamic forces, until it encounters a low
velocity region, likely to be placed near the solid-air-water contact
line. Then the bacterium becomes trapped, due to, eg, stagnant
flow, capillary pinning forces, or attractive cell-collector interac-
tions at close distances (section III.B in Paper I). The E. coli is re-
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tained. If it is transported in a region of low saturation, with thin
pendular rings, it might be retained at directly the solid-air-water
interface, without the preceding, weak attachment. This hypothesis
is consistent with what has been reported by McClaine and Ford
(2002a; 2002b), Vigeant ez al. (2002) and Torkzaban e a/. (2008b),
as well as by the thermodynamic calculations by Chen (2008), and
pore-scale visualizations of abiotic colloids of similar surface
charge and hydrophily as E. co/i by Steenhuis ¢ al. (2000), Zevi ¢t al.
(20065 2005) and Crist ez al. (2004; 2005). It is also coherent with
the theory that straining - as compared to attachment - is more
significant than that which has been previously assumed, an idea
promoted by Bradford er a/. (2004; 2003; 20006). It is, however,
possible that the deposition behavior varies with the type of E. co/i
strain. The importance of weak attachment is, for example, likely
to vary with the bacterial motility and charge.

Survival In general only a small amount of data exists on microbial
activity in the natural subsurface, due to high field complexities;
thus, the understanding of growth and survival processes of indi-
cator bacteria in subsurface environments is limited (Taylor ez al.
2004). In column studies, growth is, additionally, often considered
to be negligible due to the low temperature or short removal time
and lack of nutrients (Jiang e# a/. 2007; Chen 2008; Chen e al.
2010). As E. coli is an enteric bacterium, inactivation is most likely
to be the main subsistence process in soil (Foppen and Schijven
20006). Microbial inactivation mechanisms include natural die-off
and predation by nematodes and protists, ¢.g., protozoa (Jamieson
et al. 2002; Keller and Auset 2007; Wand ez o/ 2007; Garcia et 4l
2010). Bacterial subsistence in biofilm is discussed below. The in-
terdependence of a microorganism’s growth and response to nu-
trient availability and survival stress was underlined by Ginn ef al.
(2002): survival mechanisms are linked to active adhesion and de-
tachment, as well as chemotaxis, ze., the ability to move in re-
sponse to a chemical gradient, such as nutrient availability (Wang
and Ford 2009). Chemotaxis could cause faster bacterial transport
(Wang and Ford 2009). Moreover, microbes can attach onto, and
be co-transported with, organic colloids, e.g, to areas of higher nu-
trient content — a process that can protect them from inactivation
(Pang 2009).

Biofilm, bioclogging and cell aggregation 'The mechanisms proposed
above do not account for bacterial behavior in the presence of bio-
films, Ze, surface-associated multicellular communities of
microorganisms, embedded in a matrix of extracellular polymeric
substances (Branda ez a4/ 2005; Strathmann e a/ 2007). It is
probable that their presence substantially affect E. ¢o/i retention
and subsistence. They are even thought to be responsible for the
majority of the microbial processing that occurs in subsurface
constructed wetlands (Garcia ef a/. 2010). Biofilms could protect
the bacteria from environmental stresses (Hall-Stoodley ez a/. 2004)
and serve as reservoirs (Lamb ez al. 1998). Moreover, as E. coli in
unsaturated media in the field often originate from septic tank sys-
tems or manure application, it is probable that other types of mi-
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crobes will be present (Wang e# /. 2011). These can produce bio-
films and change the filter media surface characteristics, which
could affect the E. /i transport and retention behavior. The bio-
films could increase the attachment rate, as they have sticky prop-
erties and could provide attachment sites at extracellular polymeric
substances, cell walls and lipid membranes, and the cytoplasm
(Strathmann e# /. 2007). It is also possible that bioclogging influ-
ences the hydrodynamic properties of porous media through in-
creased surface roughness, reduced porosity and permeability, or
preferential channeling that could increase the conductivity locally
(Liu and Li 2008; Bauman ez a/. 2009). Hence, the presence of bio-
films could also increase the straining rate, since pathways become
narrower. Additionally, biofilms could influence the detachment
behavior: Wang ez al. (2011), eg., reported that biofilm sloughing
and erosion had probably contributed to the release of E. co/i. The-
se processes become pertinent if there are sudden changes in the
flow rate. Lastly, the survival rate might be affected, as the bacteria
could be trapped in biofilm and then be grazed upon by protozoa
(Bauman ¢# al. 2009; Garcia et al. 2010). However, column studies
on the effect of a biofilm and extracellular structures on bacterial
transport are relatively rare and inconclusive, especially in unsatu-
rated soil. Biofilms have been reported to both hinder microbial
transport and to not affect it significantly (Chabaud ez a/ 2000;
Tufenkji 2007; Liu and Li 2008; Salvucci ez a/. 2009). Bacterial bio-
film development is more important in systems of high moisture
content (Dechesne ez a/. 2010).

In addition, bacteria can aggregate in the fluid (in so called flocs),
or when they are retained on a surface (Sirivithayapakorn and
Keller 2003; Kim e# a/. 2009). Flocs affect straining due to the larg-
er size of the transported unit (Stevik e a/. 1999a; Schinner ez al.
2009). However, if particles are diluted, as is likely to apply in natu-
ral environments, it has been argued that the probability of a colli-
sion between two cells is minimal (Chen and Zhu 2005). Further,
pore-scale imaging in the laboratory has revealed that hydrophilic
microspheres often adhere to already deposited microspheres
(Zevi et al. 2005; Zhang et al. 2010). Zhang et al. (2010) reported
that colloids, once retained, acted as new deposition sites for other
suspended colloids and that the deposition rates were dependent
on the input concentration; however, clogging and aggregation are
more important in the cases of high input particle concentrations
(Zhang et al. 2010). The implication in the vadose, a few decime-
ters from the ground surface (with low input concentrations), is
that the importance of biofilm development, aggregation and clog-
ging is likely to be limited.
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Fig. 4. Conceptual sketch of colloidal retention mechanisms proposed in
unsaturated media: A) attachment to the solid-water interface; B) attach-
ment to the air-water interface; C) wedging at the grain-grain contact
point; D) bridging between already deposited bacteria; E) retention at the
soil-air water meniscus; F) retention due to bacterial rotation or stagnation
(and subsequent entrapment), e.g., near the solid-air water interface; and
G) film straining in the thin water film around a grain. The figure is re-
drawn from Bradford and Torkzaban (2008).

Influencing factors

Findings in Paper I point to the fact that physical factors, such as
flow rate, moisture content and temperature have the largest im-
pact on the removal of E. co// in dynamic systems. Table 2 in Paper
I lists the various factors that are hypothesized to influence E. coli
retention in unsaturated dynamic systems, sorted by the spatial
first-order total removal rate, Kyems [L']. The findings based on
this table indicate that the flow rate is a determinant factor for E.
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coli retention in solutions of low ionic strength. The relative efflu-
ent concentration is, for example, very low (< 0.1 %) in the ma-
jority of the cases with an average Darcy velocity, q, of less than
0.1 cm/min. The correlation coefficients between the spatial re-
moval rate and the Darcian fluid flux (q), saturation, grain size, as
well the solution ionic strength were calculated. However, among
these factors, only the correlaton between log(q) and
log(kyems) was significant (p-value = 0.001) (Fig. 5). The slope
was -1.2, which means that Kyep, & 1/q%2, and this underlines the
importance of the flow rate as a key influencing factor. In a coher-
ent manner, Pang (2009), reported that pore-water velocity showed
the clearest correlation with spatial removal rates in aquifers for all
the evaluated properties (pore-velocity, distance, porosity, particle
size). She further argued that this result was consistent with find-
ings for unsaturated zones. Moreover, Stevik e a/. (1999a) reported
that it was likely that physical factors were more important than
chemical factors (pH, cation exchange capacity and ionic strength)
for E. coli removal under unsaturated conditions—a result which
was attributed to the great importance of fluid shear forces. None-
theless, the flow rate is also reduced by a lower moisture content
and grain size (Lazouskaya es al. 20006; Jiang et al. 2007). Hence,
these factors might affect the attenuation efficiencies indirectly. In
addition, increased ionic strength could augment weak attachment
and funneling to low-velocity regions. The importance of physical
factors on retention supports the idea that solid-air water interface
straining is an important retention process: reduced flow velocity
reduces the drag force near the solid-air water wedges that trap the
bacteria and, hence, increase the retention; reduced water content
reduces the size of the wedges and the occurrence of locally satu-
rated regions; and reduced filter media size and increased surface
area increases the capillary forces and reduces the size of the solid-
air-water wedges. It should, however, be noted that studies in rela-
tion to the importance of biological factors on E. co/i transport in
unsaturated media are rare.

Survival As regards inactivation, nutrient and moisture content have
a critical influence. Naturally, the presence of nutrients increases
survival. In saturated media, the temperature has further been re-
ported to be a key influencing factor: its increase generally increas-
es inactivation (Foppen and Schijven 20006). Furthermore, experi-
mental findings suggest that the moisture content is a key
influencing factor for biofilm growth for motile bacteria (Or ez 4.
2007; Dechesne e al. 2010; Wang and Or 2010; Wang 7 al. 2011),
such as E. c/i. The saturation moreover affects the development
of biofilms of other microbes, and these can host predators, which
could have a significant impact on E. ¢/ inactivation and increase
straining. Or ¢/ al. (2007) emphasized the special nature of the un-
saturated subsurface habitat: it is diverse, localized, and contains
small bacterial colonies that are situated near the subsurface inter-
faces. The habitats are often formed in the solid-liquid-gas wedges
(Or et al. 2007), which are connected by means of thin water films.
Mobility is essential for colony expansion, and dispersal by flagellar
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Scatter plot of the spatial E. coli removal rate vs. the fluid Darcian velocity.
Correlation coefficient (In velocity and In Kom) R = -0.62, p-value = 0.00
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Fig. 5. Correlation between the spatial E. coli first-order attenuation rate,
k... [1/m], and the Darcian flux (data from Table 2, Paper I). The correla-
tion coefficient R of the log velocity and log k., is - 0.62, the p-value is
0.001 and the slope is -1.2.

motility is only possible within a narrow range of wet conditions
(Dechesne ez al. 2010). Nevertheless, knowledge relating to bacteri-
al biofilm development and its impact on removal in dynamic, un-
saturated systems is, as yet, limited (Wang and Or 2010).

Modeling approaches

The means by which the influencing factors, discussed above,
could be incorporated in predictive models has not yet been estab-
lished. The commonly applied theory for saturated transport, the
colloid filtration theory (Yao ef al. 1971; Tufenkji and Elimelech
2004), is likely not to be relevant for the unsaturated transport of
E. coli, as it does not account for the presence of air in a system,
and it assumes that retention only occurs due to favorable attach-
ment to filter media grains (section I1.B, Paper I). A multitude of
processes have been proposed to account for E. c/i removal.
Models have, for example, accounted for: reversible (Chen 2008)
or irreversible processes (Schifer e¢f al. 1998); one deposition
mechanism (Pang 2009) or multiple (Foppen e# al. 2007); time- or
depth dependent retention (Bradford ef a/ 2003); a maximum at-
tainable deposited concentration (Ko and Elimelech 2000); distinct
solid-water and air-water interface retention processes (Lenhart
and Saiers 2002), or in combination (Gargiulo e a/. 2008); and dis-
tinct attachment and straining processes (Simunek ez a/ 20006), or
in combination (Corapcioglu and Choi 1996). A similar diversity
has also been discovered for E. /i in unsaturated media, specifi-
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cally (Table 2, Paper I). The proposed mechanisms are sometimes
conflicting, despite of the fact that the experimental scenarios are
often quite similar. The modeling approaches are generally fitted to
integrated results (breakthrough curves); thus, the model coeffi-
cients could represent multiple, alternative, deposition processes
(DeNovio et al. 2004; Johnson ez al. 2010). Smith ez al. (2008) state:
“with any optimized modeling investigation involving several parameters, sini-
larly good fits can be achieved with more than one combination of variables”.
The idea that different underlying processes could explain the
same integrated outcome has been named equifinality in the con-
text of hydrological modeling (eg, Beven and Freer (2001)). In
summation, the underlying attenuation processes are not, as yet,
fully known, and there is no generally accepted model structure by
which E. /i transport could be predicted. This also applies to
comparatively simple contexts, such as steady-state conditions and
transport in homogeneous soil in a laboratory. Considering the
limited current knowledge, a pragmatic modeling approach in the
field is the kinetic first-order irreversible model, with all removal
mechanisms lumped into one coefficient:

Afate = —OwkremCwm (16)
wWhere Ag g is the bacterial fate term in eq. 5 and Kyem [T] is the
removal rate. Studying microbial transport and removal under both
saturated and unsaturated conditions, Pang (2009) reported that 61
out of 87 studies were satisfactorily described using such a model.
This approach was also applied to E. ¢/ in unsaturated, undis-
turbed field columns by Mosaddeghi ez a/ (2009; 2010) as well as
Unc and Goss (2003). Cleatrly, alternative models to this basic ap-
proach are possible; however, it is preferable to use such models
with care in relation to the risk of over-parameterization.

Pore-scale imaging Improved understanding of the underlying pro-
cesses could be made possible through imaging at the pore scale
(Smith ez a/ 2008). One method for studying various pore-scale
phenomena is to dye the particles, the filter media and the trans-
porting solution, and to use image processing techniques to count
the number of particles (black pixels) at a few, different types of
interfaces (Steenhuis e# @/ 2006). However, it is a challenge to re-
late such pore-scale observations with Darcy-scale systems (Smith
et al. 2008). Theoretical approaches in relation to handling the
translation between length scales are under development. This is
further discussed below.

Illustrative modeling (Paper II)

The results for the simulation of the vertical flow constructed wet-
land are presented in this section. Figure 6 displays the velocity
field (arrows and streamlines) as well as the concentration (surface)
after 1 week (kinetic retention). The flow velocity is, as expected,
higher in the bottom region: the average velocity is 0.4 cm/h and
2.5 cm/h in the unsaturated sand (69 %osaturation) and saturated
gravel (100% saturation), respectively. The influent concentration
was 1.2e6 CFU/100 ml and the average effluent concentration was
2.1e4 CFU/100 ml; hence, the total log10 removal was = 1.8. In
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tigure 3 in Paper I, the breakthrough curves at different depths are
plotted over time. Removal mainly takes place in the unsaturated
zone, which was expected considering the higher retention rate
and lower flow velocity in this region. After 1 week, the effluent
concentration (at the outlet boundary) stabilized at 2.1e4 CFU/100
ml (Fig. 4, Paper II).

Forward sensitivity analysis

The effect of the infiltration rate on the relative effluent concentra-
tion is shown in Table 3, Paper I1. In this case a forward sensitivity
analysis removal was considered to be a kinetic process and the
coefficients were the same as in the previous section. Clearly, in-
ward flux has a large impact on removal: ¢.g., for an infiltration rate
of 0.04 cm/h, it would take approximately 200 days for the bacte-
ria to reach the outlet (assuming they travel with the water). After
that time, it is likely that the majority of the bacteria have been in-
activated. The impact of various kinetic retention rates in unsatu-
rated sand can be seen in Table 4, Paper II (the infiltration rate is
set at 0.4 cm/h). For very high retention rates (7.85/day), no E. co/i
remains in the effluent.

Kinetic vs. equilibrium retention
When using an equilibrium model to describe retention in the un-
saturated sand (Freundlich isotherm), and laboratory coefficients
fitted by Jiang e# al. (2007), the effluent concentration was calculat-
ed to be 7.6e5 CFU/100 ml. Thus, the removal was only 0.2 log10.
However, inferences to be drawn from these results are limited,
due to the low degree of fit of the experimental breakthrough
curves to the Freundlich model (0.58) (Jiang ef 2/ 2007). Addition-
ally, no other studies on E. /i transport in the unsaturated zone

Concentration (CFU/100ml) afler 1week Max: 1. 0e6

08

0.6

0 0.5 1 15 2
x Min: 1.535e4

Fig. 6. Concentration (in CFU/ 100 ml) of E. coli (surface) and velocity field
(arrows and streamlines) after 1 week (kinetic retention). The log10 removal
In the filter was approximately 1.8.
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that apply Freundlich isotherms have been found; hence, it is diffi-
cult to confirm the relevance of this result.

Predicting the efficiency of a filter on the basis of literature models

(Paper I11)
The relative BTCs are displayed in Fig. 7 and Fig. 8, considering
transport distances of 25 cm and 50 cm, respectively (Table 1 in
Paper I1I). Cleatly, the shapes and heights of the breakthrough
curves vary considerably between the different models. The values
of Crrge and Pry for each model, as dependent on saturation, are
listed in Paper III (Appendix A). This also displays the minimum
and maximum values of Cfrqc and Pre;. For example, Crpq ranges
from 2.5¢-9 to 1 (O = 40 %) and from 9.5e-4 to 1 (@ = 80 %), and
Py¢; ranges from 4.5¢-10 to 0.18 (0 = 40 %) and from 1.9¢-5 to
0.15 (@ = 80 %,). These wide ranges are remarkable considering
that all of the applied models have been derived from similar ex-
perimental settings (Table 3, Paper III). Model 6 is notable based
on its high removal efficiency results. If this model were to be ex-
cluded from the analysis, the ranges of Crq would, more reason-
ably, be more narrow: 0.42 to 1 (at 40 % saturation) and 0.92 to 1
(@ = 80 %), and Py, would range from 0.09 to 0.18 (@ = 40 %),
and from 0.05 to 0.15 (@ = 80 %). The breakthrough curves for
the various models display different behaviors with regard to the
flow velocity. The logl0-reductions of the bacterial concentrations
are shown for the filter depths of 25 cm (Fig. 9) and 50 cm
(Fig. 10). The latter is a typical sand filter format. The darker,
dashed line and the lighter dashed line show the reduction neces-
sary for compliance with bathing and drinking water guidelines, re-
spectively.
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Fig. 7. Relative BTCs (C/C0) for the various models in Table 3, Paper 111,
considering a filter depth of 25 cm and saturations of 20 %, 40 %, 60 %, 80
% and 99 %, respectively.
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Fig. 8. Relative BTCs (C/C0) for the various models in Table 3, Paper I1I,
considering a filter depth of 50 cm and saturations of 20 %, 40 %, 60 %, 80
% and 99 %, respectively.
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Fig. 9. The logl0-reduction of the relative peak effluent concentration and
the relative accumulated effluent number of cells, as related to saturation,
Darcy velocity and pore velocity (filter depth = 25 cm). The darker and
lighter dashed lines show the reduction necessary for compliance with
drinking and bathing water guidelines, respectively.
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Fig. 10. The logl0-reduction of the relative peak effluent concentration and
the relative accumulated effluent number of cells, as related to saturation,
Darcy velocity and pore velocity (filter depth = 50 cm). The darker and
Iighter dashed Iines show the reduction necessary for compliance with
drinking and bathing water guidelines, respectively.
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DISCUSSION

This chapter evaluates the implications of the results presented in
the previous chapter.

Generalizing previous research?

Paper I raised some important questions. For, example: can litera-
ture results be used to predict E. w/i removal in the unsaturated
zone in the field, for example in Bwaise III Parish, or even, in a
simple sand filter? Could the implications of a conservative ap-
proach be outlined? Could one specific model and a range of ap-
plicable coefficients be defined for a simple, well-defined system?
These questions were addressed in Paper I11.

Explaining the wide ranges of breakthrough curve behavior? (Paper 111)

In this section, the simulated breakthrough curves (Fig. 7 and Fig.
8) are analyzed in order to assess the implications of the different
model structures, as well as the possibility to predict removal in the
various fictitious filters. The wide ranges in breakthrough curve
behavior indicate that a model can only be applied to a filter with
the same saturation as that which applied in the experiment from
which it has been derived (in the simulations the coefficients were
specified to be independent of saturation). If the wide range was
only caused by this extrapolation, then P, would, however, be
similar in different studies with the same saturation (if the other
experiential settings were comparable). Table 4, Paper III lists ex-
perimentally derived values for P, in different studies of similar
saturation, filter media and depth. From this table it is evident that
there is no coherency to the values. Hence, the wide ranges are, at
least to some degree, related to other factors. One possible expla-
nation is that the removal rates are considerably dependent on the
van Genuchten parameters of the filter media and that these varied
largely between the cited experiments — and were different from
those reported in Carsel and Parrish (1988) (applied in Paper III).
This would limit any generalizations of bacterial removal to filters
involving the same van Genuchten parameters, and underline the
importance of publishing these parameters for each studied filter,
which is not always the case at the present time. Another explana-
tion is that the type of E. co/i strains varied in the experimental
studies, and that the type of strain has a large influence on the re-
tention behavior.

Cleatly, this is a complicated issue. The assumption that the tem-
poral coefficients are perfectly independent of the saturation (and
flow rate) is likely to be a simplification. Nevertheless, Paper 111
aims at illustrating how one could make use of published results in
otder to specify a range of realistic outcomes in systems of different
settings, as well as to specify a conservative approach. It provides a
methodology to compare previous research. Other strategies to
generalize literature results have not been found. Alternatively,
predictions would only be based on very few models; however,
this would probably make them less robust. Therefore, this simpli-
fication was accepted.
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The implications of the various model structures (Paper I11)

Models 1 and Model 5 result in similar BTCs apart from the slight
delay and reduced slope of the tail of the latter, which has occurred
due to its equilibrium isotherm. This means that a part of the bac-
teria deposits instantaneously. It moves slower than the fluid.
However, many studies have shown that, contrarily, colloids often
sample faster (wider) pathways than tracers (size exclusion), which
occurs due to the significant size of the bacterial particles (1 um)
(Unc and Goss 2003; Keller and Auset 2007; Foppen e al. 2008;
Mosaddeghi e a/ 2010;). Hence, the probability is that their
transport will, in general, be accelerated as compared to water. A
conservative approach, therefore, does not include an equilibrium
isotherm (Pang ez al. 2004). Moreover, instantaneous deposition
means that the bacteria would instantaneously be released if the
bacterial concentration in the fluid were to be zero; however, a re-
cent study by Torkzaban ez a/. (2008b) reported that only a small
fraction of the retained E. co/i was released when the column was
flushed with clean water.

One important difference between the models further relates to
whether the kinetic deposition is considered reversible (models 2,
3, 4 and 6) or irreversible (models 1 and 5). Reversible processes
entail that bacteria are loosely retained and result in long tails of
the BTC (Fig. 7 and Fig. 8). A high deposition rate results in a
BTC peak that is late, short and wide, whereas a high release rate
causes the reverse: it is early, high and thin (Jiang e a/. 2007). In
models 2-4 Cfrqc is 100 %, which is expected, since both the dep-
osition and release coefficients are very high and the retained cells
are not inactivated: all bacteria are quickly released from deposi-
tion. If a reversible model is assumed, it is recommended that a
decay term is added for the retained bacteria; otherwise, if the
model is applied in a setting involving a different flow rate or
transport distance, the result could be that Crrqe equals 100 %,
which might not be realistic. For example, the experimental values
of Crrgc that could be found are clearly less than 100 %:
Crrac equals 29 %, 63 % and 1 %, for experiments 1, 5 and 6, re-
spectively (Table 2, Paper III). Further, regarding field conditions,
Crane and Moore (1984) stated: “Bacteria generally move less than 1 m
when unsaturated flow conditions prevail in a soil”. This points to the fact
that irreversible removal does occur in the field.

First-order removal with constant temporal coefficients (Paper I and Pa-
perIIl)

Recent literature results point to the fact that kinetic irreversible
removal (eq. 7) could be an acceptable approximation when the
pore-scale retention processes are not known and that it is not
very likely that the first-order temporal attenuation are considera-
bly dependent on the flow velocity. These findings are summarized
below. Literature results have shown that 70 % of 87 reviewed
field studies relating to microbial transport could satisfactorily be
described using a kinetic, irreversible attenuation model (Pang
2009). The author further stated that the deviation from this model
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mainly applied to organically contaminated fine filters, something
that clearly does not regard the column studies cited in Paper III. In
addition, it was reported that, of all the evaluated aquifer proper-
ties (pore-velocity, distance, porosity, particle size), the pore-water
velocity, v, was the parameter that showed the clearest correlation
with the spatial first-order removal rate: Kpems & v~% | Pang
(2009) argued that this result was consistent with findings for un-
saturated zones: spatial removal rates decrease with increased hy-
draulic conductivity and infiltration rates. Accordingly, figure 5
above shows a significant inverse correlation coefficient between
the flow velocity and the spatial first-order removal rate: the slope
of the relation between log q and log(Kyems) was -1.2 (p-value
= 0.001). The implication is: Kyems X (v8y,) 12, These results
support the idea that the temporal first-order removal rate, Kyep,
is only slightly (inversely) correlated to the pore-water velocity, Ze.,
Krem vo2
(Pang 2009).

Evaluating the results with respect to health guidelines and field studies
(Paper II and Paper I11)

The US water quality criterion for fresh recreational waters is that
the geometric mean of the observed bacterial density is < 126
CFU /100 ml (USEPA 2003). In a consetvative approach, it is as-
sumed that no attenuation occurs after the treated water is released
from the filter. As the influent concentration is 1e6/100ml (Paper
I1]), the bacterial reduction is thus required to be at least 4 log10
(or, more precisely 3.9 logl0) in order to comply with the guide-
lines. For drinking water quality, the WHO standards are a concen-
tration of < 1 CFU/100ml WHO 2008; hence the reduction
should be 6 log10. The log-10 reduction for the various flow rates
was calculated in the filters of depths of 25 cm and 50 cm (Fig. 9
and Fig. 10). The darker and the lighter dashed line show the re-
duction necessary for compliance with drinking and bathing water
guidelines, respectively. A reasonable conservative approach is that
all models should result in a sufficient reduction for a filter to
comply with the guidelines. Visual inspection of the graphs, how-
ever, reveals that neither of the filters is sufficiently deep for the
required reductions of Pre; and Crpqc: for filter depths of 50 cm,

only Model 6 (0 < 60%) results in a sufficient reduction for drink-
ing water quality.

, considering that Kyepm = Vkyems, per definition

Alternatively, a first-order kinetic removal model could be applied
to evaluate the required filter depth (coefficients as derived in Ta-
ble 2, Paper I1I). Using this methodology, the travel distances nec-
essary for compliance with bathing and drinking water guidelines,
respectively, are listed in Paper 111, Table 6 and Table 7: at 20 %
saturation, the filter depth would have to be at least 44 cm and 66
cm, respectively. However, to obtain a Darcy velocity that is more
typical for sand filters: 0.004 cm/min (Falvey 1997), the saturation
must be at least 35 %. At 40% saturation the filter must be at least
3.8 m and 5.7 m to comply with bathing and drinking water guide-
lines, respectively. For faster flows, remarkably higher filter depths
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(> 10 m) are required. It is moreover, clear that saturation (or flow
rate), as compared to filter depth, has a larger influence on the at-
tenuation efficiency. This is in agreement with the findings by
Pang (2009), discussed above.

In Paper 11, the effluent concentration (2.1e4 CFU/100 ml) is two
orders of magnitude larger than the guidelines for bathing water
quality. This result indicates that constructed wetlands should be
designed with: deeper unsaturated zones, ‘e., at least one more me-
ter (than 0.85 m); lower infiltration rates (<0.4 cm/h); or finer fil-
ter media, than those specified in Paper I1.

Regarding field transport, Crane and Moore (1984) stated that sep-
tic tank disposal systems present little hazard to groundwater con-
tamination, under the premise that discharge occurs to unsaturated
soils at least 1.5 meters above the water table. Considering the re-
sults in Paper 111, this statement would, however, only apply to soils
of low moisture contents (< 40 %) and flow rates. In the natural
environment, the attenuation rates of microbes in superficial soil,
which is normally considered unsaturated, is a few log10/m for the
majority of soil types (Pang 2009). This is in agreement with the
spatial first-order log-removal rates calculated for experiments 1-5
(corresponding to models 1-5): 1.4 log/m - 5.5 log/m (1 log10/m
= 2.3 log/m), listed in Table 2, Paper III. However, experiment 6
with a log-removal of 34.5/m is rather high. On the other hand, it
is normal that values are much higher in the laboratory than in the
field. Moreover, the results in Paper II are also consistent with Pang
(2009): removal was =1.8 log10 for 0.85 m transport in the unsatu-
rated zone, Ze., rtemoval was approximately 2.1 log10/m.

Translation between experimental scales

There are challenges related to predictive modeling based on mod-
els derived from laboratory conditions or limited field data; well-
defined laboratory experiments are rarely relevant to natural pro-
cesses, which are highly complex, due to physical, chemical and
biological heterogeneities, and are, as such, difficult to imitate
(Tufenkji 2007). This problem is addressed in field-scale experi-
ments; however, generalizing such findings is difficult. The up-
scaling of column-scale findings to the field is linked to whether
the column can be considered as being a representative element
volume (Pang 2009). Regarding parameters, values reported in the
natural environment are, generally, much lower than those derived
from short term column experiments; microbial removal rates
were, eg., reported to be 1-3 orders of magnitude times lower in
the field (Pang 2009). Studying E. e/, specifically, Smith ez al.
(1985) reported a 2 logl0 attenuation difference in disturbed ver-
sus intact cores.

Furthermore, it has not yet been established as to how to relate
pore-scale observations with Darcy-scale systems (Smith e7 i
2008). This approach, however, implies that only a limited number
of interfaces can be studied at a time, which might not represent
the overall systems (Zevi ez al. 2009). Theoretical approaches to
handling the translation between length scales are under develop-
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ment; the up-scaling from cell to biofilm scale has, for example,
been developed by Wood and Whitaker (1999), and from biofilm
to Darcy scale, by Golfier 7 al. (2009). Common methods involve
homogenization and volume averaging, which cover means by
which closure problems are handled, and the implication is that
sub-pore-scale parameters and problem geometry are incorporated
into the definitions of the effective parameters at the macro-scale
(Wood and Whitaker 2000; Wood e a/. 2002; Golfier et al. 2009).
The related research is still ongoing.

Study colloids to predict E. coli and E. coli to predict pathogens?

It has been debated as to whether inorganic particles could be used
to satisfactorily predict E. co/i retention mechanisms. The differ-
ence in rheology and motility between E. ¢/ and abiotic colloids,
as well as the ability of bacteria to survive in biofilms, clearly ques-
tion the relevance of findings referring to processes and models
developed for colloids. However, these biological processes are
currently insufficiently understood. It has been argued that micro-
spheres might provide a useful surrogate for E. ¢/, if they are par-
ticularly selected, based on a similarity of size and surface proper-
ties (Passmore ez al. 2010). Knowledge of the behavior of similar
colloids in various scenarios provides a starting point for predictions
of E. coli removal.

Another issue concerns the relevance of the use of E. w/i to pre-
dict the removal of bacterial pathogens in general. E. ¢/ is a suita-
ble bacterium to study because a relatively large amount of data
has been collected relating to its properties and it is easy to moni-
tor and is a useful fecal indicator. The prediction of contaminant
transport using E. co// models, could, however, be questioned, as
E. coli retention rates have been shown to be heterogeneous within
the strain (Foppen and Schijven 2006; Yang ef al 2000;
Haznedaroglu ez a/. 2009; Lutterodt ez al. 2009; Foppen et al. 2010).
For example, Foppen e al. (2010) reported that the maximum
breakthrough concentrations varied by two orders of magnitude in
54 different E. co/i strains. The authors recommended that further
studies are conducted to assess the relevance of E. co/i as a fecal
indicator. This also suggests that future research should focus on
specific, pathogenic E. co/i strains and not on E. co/i in general.
Clearly, the transport and fate behavior of E. /i do not necessarily
correspond to those of pathogenic bacteria. Nevertheless,
knowledge of the most important E. ¢/ influencing factors, key
processes, and modeling approaches under specified circumstanc-
es, could provide useful information when predicting the transport
of other microbes — assuming that their characteristics, as com-
pared to those of E. co/z, have been well identified. Further, Pang
(2009) reported that the removal rates for E. co/, fecal coliforms,
streptococci, and enterococci were similar.

The relevance of steady-state, homogeneous flow and no biofilm
formation

As transport and attenuation are strongly dependent on flow pro-
cesses, the predictions relating to homogeneous, steady-state flows
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have limited relevance in many natural environments. Some of the
related mechanisms are discussed below, with citations to in-depth
studies, to which the interested reader is referred.

Transient vs. steady-state flow in sand filters and nature

Regarding the natural environment, Emelko and Tufenkji (2010)
argued that the impact of extreme events, such as heavy rains,
should be taken into account when developing quantitative micro-
bial risk assessment frameworks to protect groundwater supplies.
In the vadose zone, microbial transport with transient wetting
fronts is an important contamination mechanism (Emelko and
Tufenkji 2010; Zhuang ez a/. 2010). Transient conditions can have a
significant impact on bacterial behavior, eg., release from deposi-
tion and colony expansion. Retention near the air-water interface is
particulatly critical under transient flow conditions, as the implica-
tion is that the deposition interface moves (Bradford and
Torkzaban 2008). This is particularly significant when considering
that retention at the solid-air-water interface is likely to be an im-
portant E. co/i retention mechanism; release can occur when the in-
terface moves (Keller and Auset 2007). Moreover, regarding sur-
vival, Dechesne ¢ 4/ (2010) concluded that even brief and
infrequent wet events enabled the bacterium Pseudomonas putida
KT2440 to disperse by flagellar motility, yielding larger colonies. It
is probable that this finding will also apply to motile E. co/i strains,
which move in a similar way (Dechesne ¢z @/ 2010). The effect of
infiltration and drainage on mobilization has further been evaluat-
ed by Cheng and Saiers (2009), Bridge ¢z a/. (2009), Zhuang ef al.
(2009, 2010), and Shang ez a/. (2009, 2008), as well as Gao ez 4.
(2006), who focused on pore-scale mechanisms.

In sand filters, transient flux is possible if the filter has an open top
surface; however, closed systems are not exposed to sudden in-
fluxes. In the vadose zone, changing moisture contents mainly ap-
plies to the upper part, where the saturation varies with the time of
day and rainfall rates, whereas more stable moisture levels often
occur at the lower part, where infiltration changes are damped
down by time and matric forces (Powelson and Mills 2001). Stevik
et al. (1999b) reported that unsaturated, steady-state flows were es-
tablished at depths of approximately 20 cm and 40 cm, when eight
daily doses of 3.125 mm and 6.25 mm, respectively, were intermit-
tently applied to columns. Further, Russo and Fiori (2008) simulat-
ed transient and equivalent steady-state partially saturated flows,
accounting for observed hydraulic properties, and reported that
the vadose zone could be divided into two parts (when the water
table was situated sufficiently far from the soil surface) namely a
highly transient zone near the soil surface, and a quasi-steady-state
zone deeper in the soil. For low water tables, steady-state flow
could hence reconstruct a “true” solute BTC at a control plane lo-
cated near to the water table depth. This was reported to apply to
heterogeneous soils, and in both the presence and absence of
vegetation (Russo and Fiori 2008).
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Homogeneous vs. heterogeneous flow

Non-equilibrium flow and transport in fractures, macro-pores or
other types of high permeability zones are likely to have a large in-
fluence on microbial transport in the field (eg, Jamieson ez 4.
(2002) and McMurry ez al. (1998)). The sources of preferential flow
could, for example, be tubular pores near the surface, due to soil
fauna and flora roots as well as cracks due to clay shrinking and
cracking (Carlander ez a/ 2000). Preferential flow is generally
thought to reduce bacterial subsurface removal due to faster
transport and reduced deposition in the soil matrix (Smith ez /.
1985; de Jonge ez al. 2004).

A variety of mathematical models and computer tools have been
developed to describe flow and transport in structured soils. These
have been reviewed by, ¢g, Simunek e a/. (2003), Gerke (2000),
Jarvis and Dubois (2006) and Kohne ez a/. (2009a; 2009b). The dif-
ferent models include descriptions of the porous medium as a sin-
gle- or multiple continua or as a network (Kohne ez a/ 2009a;
Kohne e al. 2009b). The group of multiple-continua models can
be divided into the following: mobile—immobile models, in which
the soil micropore network is considered to have such a low pet-
meability that water is immobile in one direction; the dual-porosity
model (Gerke and van Genuchten 1993) that assumes that the fil-
ter medium consists of two overlapping connected domains, in
one the water flows rapidly (the macro-pore) and, in the other,
transport is only due to diffusion (the matrix domain); and the du-
al-permeability model (Simunek e 2/ 2003), which adds the possi-
bility of advection in the matrix (Coppola ez a/. 2009; Kéhne ez al.
2009a; Kohne et al. 2009b). For example, Jiang e al. (2010) used
the dual-porosity formulation to describe water flow and bacterial
transport. The equation applied is based on the assumption that
Richard’s equation applies to macro-pore flow, that a mass balance
equation can describe the moisture dynamics in the immobile wa-
ter region, and that the transfer rate for water exchange between
the macro-pores and the matrix is driven by the difference in soil
water pressure head (Gerke and van Genuchten 1993; Simunek ez
al. 2003). This approach demands that the pressure heads must be
calculated for both the matrix and the macro-pores and that each
region has its own values of 6, 8, as well as a and # The implica-
tion based on this is that eleven parameters must be calibrated to
describe the transport: six for transport in the macro-pores, four
for transport in the matrix, and one for the exchange between the
two regions (Jiang ef al. 2010). One type of network model is the
discrete fracture model, which describes discrete flow in fractures
and in fractured rock, in which water exchange between the frac-
ture and the matrix is described as an advection-diffusion process
(Kohne et al. 2009a). The resulting breakthrough curves display
multiple peaks, due to channeling, ze. concentration of fluid flow
to preferential paths (Nordqvist e al 1996). Discrete fracture
models have, eg, been applied to assess safety in relation to geo-
logic repositories for nuclear waste (e.g., Min ez al. (2005)). Typical-
ly, the discrete fractures and their individual characteristics are sto-
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chastically generated. The discrete approach is not practical for
problems at the scale of kilometers, considering that that this
would imply the calculation of an enormous amount of fractures
(computer power is limited) (Min e a/. 2005).

Nevertheless, as yet, knowledge with regards to the processes relat-
ing to the preferential flow and transport of microbes is incom-
plete, and there is no generally accepted, physical model for de-
scribing the related processes. Models are required to be locally
calibrated. This complicates any comparative analyses and predic-
tions with regards to new systems. Steady-state, homogeneous
flow could, in some cases, provide realistic simplifications. Evalu-
ating the flow and transport in partially saturated field soils, Cey ez
al. (2009), determined that worm burrows were the primary path-
ways and the major macro-pore type for the deep transport of dye
and microspheres. For most plants, the limit of the root-zone is,
approximately, 1 m below the ground surface (Pang 2009). The au-
thor defined vadose zones as the unsaturated subsurface media be-
low soils and above the ground water table, devoid of animals,
roots, or any other markers of biological activity and set its upper
boundary at 1 m below the ground. Further, Cey ef a/ (2009) re-
ported that the impact of macro-pore flow increased with the infil-
tration rate. In designed systems, management schemes could af-
fect the impact of preferential flow paths (Jiang ef a/. 2010). Their
influence could, for example, be significantly reduced in a filter
system with a specific and relatively homogeneous filter material,
without the presence of plant roots or worms, and a controlled,
constant and low infiltration rate. On the subject of irrigation,
Jiang et al. (2010) stated that the effect of preferential flow could
be minimized through the adoption of appropriate schemes, for
example including the use of spray instead of flood irrigation and a
high irrigation frequency. In summation, these results indicate that
the findings in Paper II and Paper 1II — applying to steady-state,
homogeneous flow — could be relevant for natural conditions low-
er down in the soil, as well as in engineered systems with con-
trolled flow rates and filter media.

Ignoring the impact of E. coli growth and the presence of biofilm (Pa-
perIT and Paper I11)

The main reason why E. c/i growth was ignored in Paper II and
Paper 111 is that this was the case in the cited experimental studies
that provided the basis for the simulations. In agreement to this,
Foppen and Schijven (2000) state: “when E. coli bacteria are introduced
into water environments, they gradually die’. Moreover, assuming that
soil is a long way from being saturated and that the water content
is constant, recent studies indicate that the importance of bacterial
growth in biofilm is limited. Habitats in unsaturated environments
are fragmented and connected by means of thin water films. Bacte-
rial colony expansion is driven by individual cell mobility, which is
constrained by viscous and capillary forces; reduced water content
decreases bacterial mobility due to pinning by capillary forces
(Dechesne ez al. 2010; Wang and Or 2010). Hence, biofilm for-
mation and the related bacterial processes are likely to be more
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important in saturated systems, whereas physical filtration is still
very important in filters that contain fine grains and significant
amounts of air. Nevertheless, retention of E. ¢/ in biofilms of
other microbes can occur (Wang ¢f a/. 2011). In this case, removal
mainly occurs in the biological layer that is formed in the top few
centimeters of the sand filter (WHO 2011). However, accounting
for such effects was not within the scope of Paper II and Paper I11.

Additionally, Zhang ez al. (2010) reported that colloids, once re-
tained, acted as new deposition sites for other suspended colloids
(clogging), and that the deposition rates were dependent on input
concentration. Moreover, aggregations in the fluid, or flocs, could
affect straining due to the larger size of the transported unit (Stevik
et al. 1999a; Schinner ¢f a/. 2009). The impact of clogging and flocs
could be important processes; however their importance can hard-
ly be assessed in column or lysimeter studies unless the deposition
profiles are analyzed, which is comparatively rare.

CONCLUSION

A deeper understanding of bacterial transport behavior in unsatu-
rated filter media is imperative in order to provide for improved
guidelines relating to groundwater protection and the construction
of filter systems. The most important findings in this thesis, relat-
ing to the main removal processes, influencing factors and model-
ing approaches relevant for E. co// in unsaturated porous media are
outlined below. Pore-scale imaging and integrated results indicate
that the key removal mechanism in sand is straining at, or near, the
solid-air-water interface, to which the bacteria are transported by
means of hydrodynamic forces (in the presence of repulsive energy
barriers, as is common in the natural environment). This mecha-
nism could be preceded by weak, reversible attachment and E. co/i
swimming along a grain. It is, however, possible that the deposi-
tion behavior varies with the type of E. co/i strain. As regards sut-
vival, it is probable that inactivation is the main process. Addition-
ally, the impact of E. c/i removal due to the presence of biofilms
by other microbes is likely to be significant; however, this process
is highly dependent on the surrounding conditions and it was be-
yond the scope of this paper to estimate its relative importance on
removal.

Physical factors are likely to a have high influence on the spatial
removal rate. These particularly affect straining processes near the
solid-air water interface. More specifically, the results point to that
the major influencing factors is the flow rate, which is dependent
on the saturation, the filter media grain size and surface roughness.
The results further indicate that the flow rate, as compared to the
filter depth, has a larger influence on the attenuation efficiency. In
addition, increased ionic strength could augment weak attachment
and funneling to low-velocity regions. Inactivation increases with
decreased moisture and nutrient content, as well as increased tem-
perature.

It is not clear how to incorporate the findings on key processes
and influencing factors in predictive models. In the literature, a
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multitude of models that account for bacterial attenuation have
been proposed. The model structures and parameters used are of-
ten incoherent and alternative theoties could describe the same
observation. Moreover, the relevance of a model approach and the
corresponding derived parameters in an earlier study, has rarely, if
ever, been evaluated in a new one. It thus remains uncertain how
literature models could be generalized and used for predictions in
new scenarios, even under simple, controlled column scale condi-
tions. A conservative approach includes the calculation of a wide
range of outcomes and considers the worst case scenario. Howev-
er, the ranges of the E. co/i attenuation efficiencies in various sand
filters were discovered to be extremely wide, when considering the
breakthrough curves resulting from six different literature models
(derived under similar experimental conditions). If the underlying
processes are unknown, a pragmatic and reasonable approach
could alternatively be a first-order kinetic model with constant
temporal removal coefficients.

Suggestions for further research

Considering that the importance of the flow rate on removal has
been undetlined in this thesis, future research is recommended to
include the effects of sudden transient flow, as well as structured
filter media — even though bacterial fate under simplified condi-
tions is not, as yet, sufficiently understood. Sudden imbibitions
could, for example, cause both release of bacteria and colony ex-
pansion. Furthermore, for improved understanding of the underly-
ing removal mechanisms, pore-scale imaging of the act of bacterial
deposition is recommended, preferably in combination with a
study of the related breakthrough curves and deposition profiles —
ideally evaluated as dependent on time. In addition, in order to en-
able macro-scale predictions, theoretical up-scaling methodologies
relating to unsaturated media require further development. The
knowledge relating to E. co/i biofilm development and its impact
on attenuation in dynamic, unsaturated systems is also currently ra-
ther limited and requires further studies. Finally, clarification is re-
quired regarding E. co/i as a relevant indicator bacterium when pre-
dicting the transport and removal of pathogenic bacteria in
general.
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