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Abstract

Basic oxygen furnace (BOF) slag media were studied through a series of laboratory, modeling 

and field studies as a potential treatment material for use in on site wastewater disposal systems. 

Microsphere enumeration methodology was examined in a factorial experiment to evaluate the 

minimum density and minimum number of microspheres that should be counted to ensure 

accurate and precise estimations of concentration. The results suggest that to minimize 

variability at least 350 microspheres should be counted and a microsphere density of 25-40 

microspheres field-1 is necessary. A review of existing methodologies for high-titer 

bacteriophage production was conducted and an amalgamation of existing methodologies was 

chosen that reliably achieves elevated concentration and ensures a purified suspension. 

A combination of batch and column studies was conducted to evaluate the removal of the 

bacteriophage, PRD-1, and virus-sized fluorescent microspheres by BOF media, and to delineate 

the relative contributions of the two principle attenuation processes, inactivation and attachment. 

In the batch studies, substantial removal of PRD-1 does not occur in the pH 7.6 and 9.5 

suspensions, but at pH 11.4, removal of the virus was 2.1 log C/C0 day-1 for the first two days, 

followed by 0.124 log C/C0 day-1 over the subsequent 10 days. Two column studies were 

conducted after 60 and 300 days of saturation with artificial groundwater at a flow rate of 1 pore 

volume day-1 using two BOF mixtures. After 300 days of column saturation, microsphere 

concentrations approached input levels, indicating a removal of 0.1-0.2 log C/C0 and suggesting 

attachment processes were negligible. PRD-1 removal was more pronounced (1.0-1.5 log C/C0). 
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The reduction of PRD-1 is likely the result of a combination of virus inactivation at elevated pH 

(10.6-11.4), and attachment processes. Geochemical factors controlling microsphere attachment 

were compared between the two sets of experiments after 60 and 300 days of column saturation. 

Differences in attachment efficiency may be due to higher influent DOC concentration in the 

second experiment, conversion of amorphous iron phases to more crystalline forms over time, 

reductive dissolution of preferable attachment sites on iron phases, or precipitation of calcite.  

Hydrus-1D, a one-dimensional numerical model, was used to quantify transport processes, 

inactivation and attachment/detachment, occurring in the column experiments by model 

inversion. Fitted microsphere breakthrough closely matched observed data, whereas PRD-1 

breakthrough with realistic parameter values does not closely match the peaked nature of the 

observed curves. The model achieved improved fits for microsphere and PRD-1 breakthrough 

when both strongly- and weakly-binding sites are represented. A unique set of parameter 

estimates could not be determined because of overparameterization of the inverse modeling for 

the experimental systems.

An alternative latrine incorporating BOF slag media was constructed in a periurban community 

located near São Paulo, Brazil. Pathogen indicator removal is approximately 4-5 orders of 

magnitude in less than one meter of vertical transport through the BOF slag media. In a control 

latrine, constructed with similar hydraulic characteristics and inert materials, comparable 

reductions in pathogenic indicators were observed over three meters of vertical transport.
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Introduction
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1.     Introduction

The need to develop alternative on site sanitation for poor communities in the developing 

world, which attenuates biological agents within short distances, has become urgent 

given the high population density of these communities, the prevalence of waterborne 

disease and the proximity of groundwater supplies to these facilities. The application of 

permeable reactive barriers (PRBs) in latrines presents an opportunity to significantly 

reduce setback distances for latrines in these densely-populated communities. This thesis 

investigation presents a series of laboratory and modeling, which investigate the efficacy 

of basic oxygen furnace (BOF) slag to attenuate pathogen surrogates, and attempts to 

elucidate and quantify removal mechanisms. The study concluded with the development 

of a field application constructed in a peri-urban community near São Paulo, Brazil. An 

alternative latrine which incorporated a BOF slag PRB, was designed and monitored for 

removal of pathogen indicators.  

1.1.    On site sanitation in periurban areas of the developing world

More than a third of the world’s population (approximately 2.4 billion people) lack 

access to adequate sanitation (Cairncross, 2003). The direct relationship between rapid 

urbanization and degradation of water resources is no better exemplified than in São 

Paulo, Brazil. In the past twenty years, São Paulo has experienced uncontrolled growth 

(4-8% per year in outlying areas). Unfortunately, some of the primary catchments for the 

city’s water supply system, the Billings and Guarapiranga basins, which supply 30% of 

the water supply of São Paulo, are being quickly overrun by unplanned urbanization. 

Although these areas are protected by law, the increased economic pressures on the 
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poorest portion of the population have lead to unplanned invasions or “favelas”. Within 

São Paulo alone, the population of these invasions has reached 1.5 million.  

There is a direct relationship between the occurrences of disease, the degree of poverty 

and the lack of sanitation. Favelas and informal settlements are developed in a dense, 

unplanned fashion with little or no urban infrastructure, including sewage service and 

water supply. Potable water reaches most households (68-96% of the population), but 

sewage is connected to less than half. Those not connected to the water supply system 

obtain their water entirely from wells, most of which are shallow. Thus water supply and 

waste disposal often occur in close proximity and the potential for drinking water 

contamination is very high.  

The legislation that protects the watersheds does not recognize these invasions, and thus 

does not permit their connection to sewage systems. In these same favelas, the infant 

mortality rate (65 per thousand in the favelas of Grajaú and Parelheiros) and the 

occurrence of waterborne disease is much higher than in the population at large. For 

example, of those children under the age of 10 in hospitals, 65% are interned for 

waterborne diseases, with the greatest incidence in those districts without extensive 

sewage and potable water service.  

In these densely-populated neighborhoods, the primary form of one site sanitation for 

domestic liquid wastes are latrines or septic wells (referred to also as ‘pit privies’ in 

Canada), and direct discharge to surface water. It is estimated that 58% of Brazil’s 
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population use latrines, or do not have any sanitation system. Given that those not 

connected to a water supply system use only groundwater, latrines and contaminated 

surface water are an important potential source of pathogen and nutrient contamination to 

their water supply.  

Conventional septic system designs used in Brazil are inadequate for poorer 

neighborhoods because of the close proximity of wells and on site sanitation facilities. 

Septic systems treat organic material and partly attenuate pathogens, but require a certain 

setback distance from water supply sources in order that natural attenuation of nutrients 

(NO3 and PO4) and pathogens can occur. Latrine and septic system density in these 

marginal communities is much higher than that found in the developed world, and water 

wells are often located downgradient within a short distance from these contaminant 

sources, ignoring requirements for minimum setback distances.  

Few alternative latrine/septic systems designs have been developed which meet the 

necessities of developing countries. There is a need to develop new approaches and 

technologies to better treat septic well contamination under the conditions found in these 

communities (i.e. in close proximity to water well supplies). Technological solutions 

need to be priced within the financial capability of the community, constructed of 

materials that can be readily and inexpensively purchased in developing countries and 

must also be easily installed and operated in order to assure their sustainability.  
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1.2.     Permeable reactive barrier approach for pathogen removal

Permeable reactive barriers (PRBs) are a type of on site treatment technology for 

groundwater contamination, which permits the passive attenuation of contaminants. This 

approach has proven to be particularly flexible to engineering challenges. A series of 

possible design concepts have been developed that can be used for particular local 

conditions. Permeable reactive barriers have been developed for remediation of a variety 

of contaminants including solvents from industrial sites (Gillham and O'Hannesin, 1994; 

Blowes et al., 2000), acid mine drainage from mining sites (Benner et al., 1999; 

Waybrant et al., 2002), and septic system effluent. Containerized reactive media have 

been used to attenuate pathogens and nitrate. Two early uses of PRBs to attenuate 

pathogens were the use of peat under weeping tile beds (Brooks et al., 1984) and under 

pit latrines (Nichols et al., 1983).  

BOF slag is residue produced by the steel-making industry, composed primarily of 

portlandite [Ca(OH)2], di- and tri-calcium silicate, ferrous oxide, and Ca-, Mg- and Mn-

ferrite (Proctor et al., 2000, Mikhail et al., 1994). The two principal mechanisms for 

pathogen removal in porous media are inactivation and attachment to mineral surfaces 

(Schijven and Hassanizadeh, 2000). Dissolution of portlandite in BOF slag creates 

elevated pH conditions (pH of 11-12) in effluent in contact with this medium. BOF slag 

has a significant percentage of ferric (oxy)hydroxide surfaces (10-15%), indicating a high 

potential for pathogen attachment to these surfaces.  
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The inclusion of PRBs in septic system has been attempted for pathogen and PO4 

attenuation using BOF slag media (Baker et al., 1997; Baker et al., 1998; Smyth et al., 

2002a, 2000b; Forbes, 2003) and for nitrate using saturated woodchip (Blowes et al., 

1994; Robertson and Cherry, 1995; Robertson et al., 2000). Previous field studies 

indicated that BOF slag effectively attenuates coliform bacteria, presumably by microbial 

inactivation at high pH and by attachment to iron phases (Smyth et al., 2002).

1.3.     Thesis objectives

The primary goal of the investigation was to examine removal mechanisms for pathogen 

surrogates in BOF slag media. The laboratory and modeling studies of breakthrough 

phenomena for BOF slag media also permitted a more general examination of attenuation 

mechanisms under highly-alkaline conditions. Specific objectives of the thesis were to:

1) examine microsphere enumeration methodology to determine appropriate counting 

levels to reduce variability in concentration estimates.

2) evaluate existing high-titer bacteriophage production methodologies to select an 

optimal approach to achieve high concentrations with few impurities.

3) determine removal efficiencies for pathogen surrogates (fluorescent microspheres and 

PRD-1, a bacteriophage) and assess geochemical controls on surrogate removal in BOF 

slag media in controlled laboratory experiments. 
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4) evaluate attenuation mechanisms (inactivation and attachment/detachment) controlling 

the removal of pathogen surrogates in BOF slag media, using analytical and numerical 

models.

5) design and monitor an alternative latrine design incorporating BOF slag media, to 

determine removal efficiencies of pathogen surrogates in the field and examine the 

geochemical evolution of wastewater effluent in latrines.

6) Examine the geochemical impact of wastewater on groundwater.

1.4.     Scope of research program and thesis organization

The results of the investigation are presented in seven chapters (Chapters 3-9).  Each 

chapter is written in the form of an article for submission to a peer-reviewed journal. As a 

result, repetition of introductory material, materials and methods and theoretical 

development are repeated between chapters. Chapter 2 presents a theoretical background 

which presents general information on biocolloid transport.  

The investigations in Chapters 3-8 in this thesis are organized in the order in which the 

research was conducted and form a logical progression in the development of a research 

program, from methodology examination and improvement, to column studies of BOF 

slag, a modeling study of breakthrough curves from the column studies, and a field 

application of BOF slag with which prior column study results can be compared. Chapter 
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9 presents an investigation on nutrient dynamics in wetlands, which examines the 

geochemical impact of wastewater on groundwater.

Chapter 3 presents the results of a repeated ANOVA analysis of microsphere 

enumerations, which suggest a minimum number of microspheres and microsphere 

densities in a field-of-view that need to be counted to minimize variability in microsphere 

concentration estimates. This chapter is presented in the same same format as it was 

published in Water Research in 2008. The first author of this article is Dr. Gi-Tak Chae, a 

post doctoral fellow who visited the University of Waterloo in 2006. In conjunction with 

Dr. Chae, I completed all micropshere enumerations used in the study, the statistical 

analysis of the data, and the preparation of the article.

Chapter 4 is a review of existing methodologies for production of high-titer 

bacteriophage suspensions, which are used in the column studies as a pathogen surrogate. 

Further high-titer phage suspension trials will be conducted and a revised version of this 

chapter will be submitted to the Journal of Virology. The first author of this article is Dr. 

Maria M. Mesquita, a research associate in the Civil Engineering Department at the 

University of Waterloo. My contributions to this article includes examining of existing 

literature, conducting high-titer phage trials, and writing and editing the article with Dr. 

Mesquita.  

Chapter 5 and 6 presents the results of an investigation of fluorescent microsphere and 

bacteriophage transport through columns of BOF slag media. Two transport studies, after 
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60 and 300 days of saturation with artificial groundwater, were conducted. Chapter 5 

focuses on the mechanisms controlling removal of these pathogen surrogates in the media 

in the second experiment, and Chapter 6 examines both transport experiments, to 

determine possible geochemical controls over reduced surrogate removal observed over 

time. Chapter 5 and 6 are presented as revised versions of articles that will be submitted 

to Environmental Science and Technology and Water Research, respectively. 

Chapter 7 presents the findings of numerical and analytical modeling of breakthrough 

curves from the two transport experiments. This chapter will be submitted to Journal of 

Contaminant Hydrology in a revised version.

Chapter 8 describes the design and construction of an alternative latrine design 

incorporation BOF slag media for pathogen removal. A control latrine was also 

constructed, to compare pathogen indicator removal in BOF slag compared to unreactive 

media. Microbiological assays and geochemical parameters for wastewater effluent were 

monitored after 42 and 82 days of wastewater application. A diagram of instrument 

identifiers and a complete data set for these sampling events are presented in Appendix 

A. A limited number of geochemical parameters and pathogen indicator organisms were 

monitored prior to commissioning the latrines, and this data is presented graphically in 

Appendix B. A revised version of this chapter will be submitted to Water Research, 

which will not include the data from Appendix A and B.  
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Chapter 9 describes an investigation of nutrient dynamics in Cootes Paradise wetland, 

located in Hamilton, Ontario. The research represented an opportunity to develop a 

greater understanding of wastewater nutrient chemistry. A revised version of this chapter 

will be submitted to Water Research.

Chapter 10 summarizes the principle conclusions of the research reported in Chapters 3 

to 9. Implications of these results with respect to the pathogen indicator removal 

efficiency of BOF slag are examined.
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Chapter 2:   

Colloid transport:
Theoretic framework
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2.1.     Straining or mechanical filtration 

The following section reviews colloid sorption theory and processes that affect biocolloid 

transport and sorption apart from advection, dispersion and diffusion. These processes include 

straining, attachment and detachment, inactivation, and the effect on geological heterogeneity. 

Chemical factors that in turn affect attachment and detachment, including pH and isoelectric 

point of surfaces, ionic strength, organic matter content, and the presence of Fe and Mn 

oxyhydroxides, are also discussed. The discussion explains how DLVO (Derjaguin, Landau, 

Vervey and Overbeek) colloid filtration theory can be incorporated into the advection-dispersion 

equation to express the transport of biocolloids in the subsurface is examined. This theory is used 

in both column and modeling experiments (Chapter 3, 4, and 5) to examine virus transport. 

Mechanical filtration occurs when biocolloids are trapped in pores because they are trapped in 

pore throats through which they are traveling. Viruses are the smallest biocolloids (0.02-0.2 μm) 

(Figure 2.1), and protozoan have diameters up to 20 μm. Typical pore sizes for sediments range 

from less than 0.3 μm in clay and silt, 6 μm in sand and greater than 100 μm in gravel (Freeze 

and Cherry, 1979).

The pore throat diameter for porous medium can be approximated as 20% of dc, the median grain 

diameter, assuming that the sediment grains are cubic-packed (Fetter, 1994). Particle diameters, 

dp, that are larger than this value will be strained, if the media is ideally-sorted. However, for 

poorly- or moderately-sorted materials, a more heterogeneous distribution of pore throat sizes 

occurs at a smaller dp/dc ratio. McDowell-Boyer et al. (1994) noted that straining of 5-μm 

flagellated protists will occur with average grain diameters on the order of 100 μm or smaller, 
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suggesting that the colloidal diameter must be at least 5% of that of the median grain size. Recent 

studies have indicated that straining occurs at lower dp/dc ratios, down tot values as low as 0.2% 

(Bradford et al., 2002; Bradford et al., 2004). Cell shape has also been shown to affect straining 

phenomena. Weiss et al. (1995) observed that rod-shaped bacteria were preferentially removed 

compared to other bacterial cell shapes of the same size.

Another estimate of the maximum colloid diameter which will not be significantly strained is d10, 

the grain diameter of the tenth percentile of grain sizes. Corapcioglu and Haridas (1984) 

developed an expression to calculate the percentage of bacteria retained by straining, where the 

volumetric percentage of bacteria retained, σ, is equal to:
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in which n0 is the initial porosity, d is the colloid diameter, dg is the mean grain diameter, and Z

is the coordination number which indicates the interconnectedness of pores in the porous media.

2.2.     Filtration or attachment of colloids

The interaction of colloids with mineral surfaces is more complex that the sorption of dissolved 

species to surfaces, as it involves two colloid surfaces, and their changing charge with varying 

pH and bulk solution chemistry. The process of sorption/desorption of dissolved constituents is 

often treated as reversible, equilibrium reactions, but biocolloid attachment/detachment can be 

examined as kinetic reactions where attachment and detachment do not have the same kinetic 

rate constants.
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A traditional approach to modeling colloid sorption processes is referred to as the DLVO theory, 

which describes the net effect of attractive and repulsive surface forces on the attachment of 

colloids on aquifer grains (Derjaguin and Landau, 1941; Verwey and Overbeek, 1948). 

Immobilization of colloids on mineral surfaces is the result of several intersurface forces that 

exist on both the colloid and mineral surface. These forces include: 1.) double layer repulsion or 

attraction (also referred to as "electrostatic forces"), 2.) London-van deer Waals attraction, and 

3.) poorly characterized short-range Born potential (or “non-DLVO” forces). Other forces such 

as hydration, covalent bonding and steric repulsion are also important (Murray and Parks, 1980; 

Ryan and Elimelech, 1996) (Figure 2.2). Steric repulsion are represent the hindrance of 

attachment caused by polymer structures that extend 10-100 nm from bacteria/protozoan cell 

wall into solution, such as flagella, cilia, and expolymers.

The intersurface potential energy between two colloids is the sum of the double layer, van der 

Waals, and Born potentials over a separation distance, x, between the two colloid surfaces:

)2()()()()( xxxx BornvdWdltotal  

The total potential energy with distance from the surfaces is the sum of these individual forces. It 

is characterized by an attractive energy well or primary minimum (Φmin1) at a short separation 

distance, repulsive energy barrier (Φmax), and a shallow attractive energy well (Φmin2) at a larger 

separation distance (Figure 2.2). The rate of attachment will increase exponentially as the height 
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of the corresponding energy barrier, but will be proportional to the maximum potential alone 

(Figure 2.2):
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where kb is the Boltzmann constant and T is the absolute temperature. 

The double layer potential energy arises from the overlap of diffuse envelopes of ions (double 

layers) that accumulate near charged surfaces to balance surface charge. If the surfaces are like-

charged, this potential will be repulsive, and if the surfaces are oppositely-charge, this potential 

will be attractive. The double layer potential is sensitive to changes in the surface potentials of 

the colloid and the collector, the ionic strength of the solution, and the colloid size (Ryan and 

Elimelech, 1996). The double layer potential energy, Φdl (V) can be calculated by the following 

expression (Elimelech and O’Melia, 1990):
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in which ε is the dielectric permittivity of water, ε0 is the permittivity of a vacuum (C V-1 M-1), dc

is the radius of the colloid, ψc is the surface potential of the colloid (V), ψg is the surface 

potential of the grain (V), and κ in the inverse of the Debye-Hückel length (m-1), which is 

expressed by:



18

)5(
10002 2

1

0

2












Tk

eIN

b

A




in which NA is Avogadro’s number, e is the elementary charge (C), kB is the Boltzmann constant 

(J K-1), and T is the temperature (K). 

The van der Waals attraction is an electrical force between dipole moments that occur 

instantaneously between different molecules (Gerba, 1984). The potential energy for van der 

Waals forces, Φdl (V) is:
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where A123 is the complex Hamaker constant (J), estimated to be 0.4-0.75 x 10-20 J for poliovirus 

and quartz/hematite (Murray and Parks, 1980), and λ is the characteristic wavelength of the 

interaction (estimated as 10-7) (Loveland et al., 1996). The short-range Born potential, the least 

understood of the surface potentials, can be formulated as:

 
)7(

6

2

8

7560
)(

77

6
123 







 






x

xd

xd

xdA
x c

c

c
Born





19

where σ (Å) is the Born collision parameter, with a typical value of 5 Å (Loveland et al., 1996). 

An alternative form is to determine a minimum separation distance due to these repulsive forces, 

estimated to be 4-10 Å. 

2.2.1.     Amphoteric surface charge and the isoelectric point

Biocolloids and mineral surfaces possess amphoteric surface charge, where surface functional 

groups undergo hydrolysis reactions with changing pH of the solution and complexation 

reactions with changing composition of the bulk solution. The amphoteric character of surface 

charge on biocolloids is caused by the distribution of ionizable functional groups on bacteria cell 

walls or viral capsids, especially carboxyl, hydroxyl and aminos groups (Sherbet, 1978). Mineral 

surfaces also have a pH-dependent surface charge due to the silanol and alumnol groups (Davis 

and Kent, 1990). Some clay minerals have a permanent surface charge from isomorphic 

substitution on their faces and amphoteric surface charge on their edges (Sposito, 1984). 

The pH at which the number of surface sites that are negatively-charged equals the number of 

site that are positively-charged is defined as the point of zero charge (pHzpc) (Parks, 1965). 

Biocolloid surfaces are positively charged below the pHzpc and negatively charged above the 

pHzpc. The point of zero charge for several biocolloid and mineral surfaces are listed in Table 2.1.

If at a particular pH, one colloid surface becomes positively-charged and another remains 

negatively-charged, there will exist a range or ‘envelope’ of pH between the values of pHzpc for 

the two colloids where the two surfaces will be attractive. Viruses have values of pHzpc that range 

from 3-7, and the surfaces of Fe, Mn and Al oxyhydroxides change from positively- to 
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negatively-charge at neutral to high pH values. This relationship is more complex due to specific 

adsorption of solutes on colloid and mineral surfaces, hydrophobic interactions, surface 

roughness, and other factors, but pH remains the master variable controlling colloid adsorption. 

The isoelectric point (pHiep) is the pH where a surface is electrokinetically uncharged. In the 

absence of specifically-adsorbed ions other than H+ and OH-, it is equivalent to the pHzpc (Stumm 

and Morgan, 1981).

Surface charge can be measured from zeta potential, ζ, the potential drop across the mobile part 

of the double layer (Stumm and Morgan, 1981). Zeta potential can be estimated for colloid 

surfaces in solution from measurements of the electrophoretic motility of the colloid. 

Electrophoretic motility, me, is measured by placing a particle in a electric field and measuring 

its movement. The colloid can be assumed to be non-conducting if its radii is large compared 

with the double-layer thickness, and in this case, the zeta potential is related to electrophoretic 

motility by the following relationship:

)8(0




em

where ε is the relative dielectric permittivity, εo is the dielectric permittivity in vacuum, and η is 

the viscosity of the solution. The zeta potential has been used in IFBL/DLVO theory to estimate 

the collision of colloids, based on the fact that colloid-surface interactions are dominated by 

electrostatic forces. 

However, since zeta potential refer to the potential in the diffuse layer (and not the inner Stern 
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layer or within the shear plane of more firmly attracted ions), it must be accompanied by a 

minimum separation distance, xo, between the colloid and the collector, which is equal to twice 

the thickness of the shear plane (Elimelech et al., 1995). Ryan et al. (1999) points out that 

although the calculated collision efficiencies (a measure of attachment in colloid theory) increase 

with increasing measured ζ values, the correspondence between these two values is poor, thus 

limiting the use of the ζ-potential as a predictive tool. Recent studies of use of zeta potential of 

mineral grains to estimate surface charge and its effect on the initial deposition kinetics of 

colloid deposition indicates that deposition is controlled by patchwise surface heterogeneity, and 

that collision efficiencies calculated from zeta potentials are often erroneous (Elimelech et al.,

2000).

Biocolloid attachment in neutral waters is largely restricted to a minor portion of grain surfaces 

that have energetically-favorable charge characteristics for adsorption and higher values of pHzpc

(Scholl et al., 1990, DeFlaun et al., 1997). In neutral groundwaters, these sites are positively-

charged patches of Fe, Al and Mn oxyhydroxides that coat the surfaces of negatively-charged 

minerals grains such as quartz or feldspar. Preferred biocolloid attachment to these surfaces has 

been demonstrated for both viruses (Ryan et al., 1999) and bacteria (Scholl and Harvey, 1992). 

Scholl et al. (1990) examined under microscope an aquifer material, composed of quartz, 

muscovite, limestone, and Fe oxyhydroxides coatings on quartz and muscovite, and determined

that bacteria were preferentially attached to Fe oxyhydroxides. Abudalo et al. (2005) shows a 

direct linear relationship between the percentage of Fe oxyhydroxide surfaces in the media and 

the value of α, the collision efficiency, which measures the degree of colloid attachment.
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2.2.2.      Ionic strength of the solution

The thickness of the double layer thickness on a surface is primarily controlled by the ionic 

strength of a solution. When the ionic strength is elevated, the double layer will be thinner, due 

to the higher ion concentration near the surface. Conversely, at low ionic strength, the double 

layer expands outward. 

At higher ionic strength, the double layer repulsion is decreased and the attractive van der Waals 

forces become more important in the potential energy profile. This leads to the strengthening of 

the secondary minimum (Figure 2.2), and therefore the immobilization of biocolloids on mineral 

surfaces is increased at higher ionic strength (Ryan and Elimelech, 1996). Li and Logan (1999)

indicated that the addition of low ionic strength solution decreased the collision efficiency in 

their experiments from 0.19-0.01 to < 0.0054 for the dilute solution. 

2.2.3.     Hydrophobic interactions

Hydrophobic functional groups on viral and solid surfaces may also contribute to changes in 

viral attachment, but often the effect of dissolved and solid organic matter on virus transport is 

ambiguous. Hydrophobic interactions are not described by DLVO theory (Schijven and 

Hassanizadeh, 2000). Virus attachment can occur due to hydrophobic bonding, and at a pH 

above the isoelectric point of both viruses and mineral surfaces, when both surface charges are 

negative, hydrophobic interactions are probably the most important factor leading to viral 

attachment (Bales et al., 1991). In a study of virus transport through silica beads, attachment was 

enhanced for silica beads coated with C18-chlorosilane (Bales et al., 1993).  
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Conversely, organic matter competes for the same attachment sites that attenuate virus, and 

usually dissolved organic matter concentrations are much more elevated than is virus 

concentration, which leads to decreased virus attachment (Scholl and Harvey, 1992). The most 

common form of dissolved and particulate organic matter, humic acid, is negatively-charged and, 

due to these hydrostatic forces, attach readily attaches to mineral surfaces at a pH below their 

zero-point-of-charge.(Schijven, 2001). In a contaminated aquifer, Ryan et al. (1999) showed that 

adsorbed organic matter and PO4 hindered attachment of PRD-1 and silica colloids to Fe 

oxyhydroxides. Pieper et al. (1997) noted that in the first meter of transport through an aquifer, 

83% of PRD-1 was attenuated under uncontaminated conditions and only 42% was attenuated in 

the contaminated portion of the aquifer. The foc content was 2-11 times greater in the 

contaminated portion of the aquifer. Furthermore, the sorption of dissolved organic matter to 

mineral and colloid surfaces increases the thickness of the Stern layer, creating a greater 

repulsion between surfaces surfaces (Ryan and Elimelech, 1996), leading to decreased 

attachment of biocolloids. 

Natural forms of organic matter (humic acids) absorb in particular to ferric oxyhydroxides, 

which represent preferred virus attachment sites, primarily by surface complexation (Gu et al., 

1994). Zhuang and Jin (2003a) showed that MS-2 attachment decreased significantly in the 

presence of dissolved humic acid and Foppen et al. (2006) demonstrated that E. coli attachment 

decreased strongly on iron oxyhydroxide surfaces in the presence of humic acid. These studies 

suggest that DOC coating of attachment sites leads to a decrease in virus attachment.
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2.2.4.     Specific adsorption of polyvalent ions

Polyvalent ions will also alter surface charge characteristics due to specific adsorption to mineral 

and viral surfaces. Bales et al. (1991) proposed that cations may act as complexing agents in 

attachment, forming salt bridges between viruses and surfaces. Polyvalent ions may also 

decrease the attraction between oppositely-charged surfaces by “charge screening” (Zhuang and 

Jin, 2003b). Bales et al. (1991) found the attachment increase ten-fold between a dilute solution 

and moderate concentrations of Ca and PO4 (10-4 m), acting as salt bridges between the virus and 

the mineral surface. However, the isoelectric point of PRD-1 increased only slightly to 4. In 

Cape Cod groundwater, Ryan et al. (1999) found that the isoelectric point of PRD-1 decreased to 

a value of 3.2, probably due to PO4
- adsorption. Conversely, Zhuang and Jin (2003b) noted a 

decrease in virus transport in the presence of Ca2+ and Mg2+, probably due to charge screening of 

positively-charge mineral surfaces.

2.2.5.     Pore size exclusion

In column and field experiments, the maximum concentration of biocolloids is observed to occur 

before the center of the advective front arrives, as measured by a conservative tracer such as 

bromide (Harvey et al., 1989; Deborde et al., 1999). This phenomenon is referred to as pore size 

exclusion or size exclusion chromatography. It is due to the fact that colloids that transverse 

more torturous paths through the porous media encounter smaller pore throats, and are more 

likely to be attached than colloids traveling along more direct travel paths. This creates a 

skewing of the breakthrough curve toward a faster travel time than suggested by the average 

linear groundwater velocity. The term ‘pore size exclusion’ is a misnomer to some extent 
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because the skewing of the breakthrough data is not due to loss of large biocolloids to straining 

but to the loss of slower-moving biocolloids, travelling on more tortuous paths, to attachment. 

The difference between the initial concentration (in some studies, as high as 1010 plaque-forming 

units mL-1) and the detection limit (1 particle mL-1) for biocolloids is several orders of magnitude 

greater than the difference between the maximum initial concentration that can be used for Br (as 

high as 1000 mg L-1) and its detection limit (0.01 mg L-1). The low detection limits for 

biocolloids results in their appearance in breakthrough data at early times compared to the 

conservative tracer (Harvey et al., 1989; Deborde et al., 1999). 

Retardation values as low as 0.8-0.9 have been calculated for biocolloids, based on groundwater 

velocities calculated from the conservative tracer. These low retardation values are due to both 

pore-size exclusion and the higher precision of colloid analytical methods compared to 

conservative tracer analysis. Rossi et al. (1994) observed pore size exclusion in a field study of 

virus transport, where viruses arrived faster than the conservative tracer, especially at sampling 

points that were at greater distance or in lower hydraulic permeability materials, where 

groundwater residence times were longer. Deborde et al. (1999) also noted that the highest 

concentrations occur near to the leading edge of the breakthrough curve, resulting in an 

unsymmetrical or ‘truncated’ curve, while bromide breakthrough curves are symmetrical. In their 

study, polivirus, which has a much higher attachment rate, exhibits a more truncated 

breakthrough curve than do less-attached coliphages. 



26

2.3.     Detachment of biocolloids

Detachment in colloid theory is not considered simply the reverse of attachment due to the 

difference in energy requirements for these to occur. Attachment, due to diffusion, interception 

or gravitation effects, will occur into the primary minimum (Figure 2.2) with no additional 

energy necessary, but for detachment to occur, some minimum energy change must take place. A 

change in solution chemistry must produce repulsion forces between attached colloids and grains 

that exceeds attractive forces. This is accomplished by altering the double layer potential energy, 

since the van der Waals forces are independent of changes in solution chemistry. In DLVO 

theory, the immobilization of colloids is considered irreversible because the Born potential is not 

considered. Without these short-range repulsive forces, the double layer and van der Waals 

forces create a infinitely deep primary minimum which causes irreversible attachment (Figure 

2.2). However, the DLVO theory does give an estimate of the energy barrier that biocolloids 

must overcome to detach, which is equal to the maximum potential, Φmax , minus the first 

minimum potential, Φmin1 (Figure 2.2). The rate of detachment will decrease exponentially as the 

height of the corresponding energy barrier increases:
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where kb is the Boltzmann constant and T is the absolute temperature (Ryan and Elimelech, 

1996). 
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Both chemical and physical perturbations of the solution can overcome the energy barrier 

necessary for detachment. Chemical perturbations include changes in pH, ionic strength or 

changes in concentration of ions that bind with the surface (polyvalent ions or surfactants). The 

mobilization of colloids by a change in chemistry is caused by the alteration of the surface forces 

on both the biocolloid and the aquifer grain to which they are attached. Physical perturbations 

include an increase in flow velocity, which causes an increase in the shear rate on colloids 

attached to grains (Ryan and Elimelech, 1996). 

Several studies show the dependence of detachment on solution pH. Kinoshita et al. (1993) 

experimented with columns in which PRD-1 was attached at a pH of 5.5, and remobilized at a 

pH of 7. In a field study, Harvey et al. (1993) hypothesized that PRD-1 attenuation was greater 

for the deeper portion of the aquifer, where the pH was lower. He noted that a modest change 

from slightly acid to neutral pH (0.1 to 0.4 pH units) was sufficient to cause this remobilization 

in shallow waters. The injection of a high-pH pulse of water into a column resulted in a 

significant remobilization of retained phage (Bales et al., 1995). Scholl and Harvey (1992) noted 

that the optimal detachment occurs above a pH of 8 for most aquifers, while Ryan et al. (1999) 

noted that an increase of pH to 8.5 may not exceed the pHiep of some ferric oxyhydroxides, but at 

a pH of 10, all Fe mineral phases have negative, repulsive surfaces. However, the presence of 

organic matter, for example in contaminated groundwater, can buffer the effect of pH on 

detachment (Ryan et al., 1999). Bunn et al. (2002) discussed the effect of sodium hydroxide 

addition to groundwater in both field and column studies of natural colloid transport. The 

progress of the elevated pH front through the aquifer material is shown to be concurrent with the 

mobilization of colloids. 
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Bales et al. (1993) also experimented with decreasing ionic strength of the solution, which 

release attached phase. The thickness of the double layer, which represents repulsive forces, 

increases at lower ionic strength. Addition of anionic surfactant detaches PRD-1, due to 

adsorption of the surfactants to the positively-charged oxide surface, the formation of hemicelles, 

and the reversal of surface charge (Ryan et al., 1999).

Other perturbations that cause detachment are not caused by the lowering the energy barrier to 

detachment. Ryan et al. (1999) added reductants such as absorbic acid, which caused reductive 

dissolution of the Fe oxyhydroxide coatings and the release of PRD-1 to solution. 

Chemoattractants such as protein solutions (e.g. beef extract) are commonly used to detach 

viruses from mineral surfaces (Gerba, 1984; Bales et al., 1993). 

The slow detachment of biocolloids in breakthrough data is often referred to as ‘tailing’ or 

‘elution tailing’. Zhang et al. (2001) observed with that extended tailing for bacterial detachment 

which occurred for over four months at a coastal aquifer in Virginia and Deborde et al. (1999) 

observed tailing for six months in an gravel and sand aquifer in Montana. Tailing has been 

observed in other field-scale studies including Scholl and Harvey (1992), Harvey et al. (1995), 

and Schijven et al. (1999). As surface inactivation under some circumstances can be lower than 

solution inactivation, sediment-bound viruses act as a reservoir of viable virus that continue to 

detach long after suspended viruses have become inactivated (Goyal and Gerba, 1979; Gerba, 

1984). The tailing phenomenon suggests that biocolloids in aquifers can detach after long periods 

of time at low solution concentration.
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2.4.     Development of transport equations for colloids

The deposition of particles during the initial stage of filtration, where the number of attached 

virus is not significant compared to the number of attachment sites on mineral surfaces, is also 

referred to as the ‘clean-bed removal’. Attachment under these conditions is typically modeled 

by DLVO theory where the aquifer matrix is represented by an assemblage of single collectors, 

and the fluid flow field around these grains is described by low Reynold’s number 

hydrodynamics (Ryan and Elimelech, 1996). DVLO theory only represents attachment to grain 

surfaces and does not take into account other physical, chemical and biological factors which are 

know to affect microbe transport.

2.4.1.     The single collector removal efficiency, η

A single collector removal efficiency, η, is defined as the ratio of the overall particle deposition 

rate onto the collector to the total number of particles upstream of the collector that are moving 

toward the projected area of the collector. The single collector removal efficiency can be shown 

to be equal to:
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where I is the actual deposition rate on a collector, U is the fluid approach velocity, Co is the bulk 

colloid concentration (particle mL-1), and dc is the collector radius (Yao et al., 1971). DLVO 

theory fails to predict single collector removal efficiency, when repulsive double layer 

interactions predominate. An empirical collision efficiency or sticking factor, α, is used to 

describe the fraction of collisions with the aquifer grains that result in attachment:
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where ηo is the calculated single collector removal efficiency without the inclusion of electric 

double layer interaction (Ryan and Elimelech, 1996). Sticking efficiencies will depend on the 

isoelectric points of the colloid and mineral surfaces, organic material content, foc, surface 

heterogeneity of the mineral surfaces and the ionic strength and composition of the solution. The 

collision or ‘sticking’ efficiency, α, is usually in the range of 10-3 to 1 (Bales et al., 1993, 

Deborde et al., 1999). 

Collision efficiency is dependent on the distance that the biocolloid has traveled. Albinger et al. 

(1994) calculated a nine-fold decrease in the value of α over the length of 10 mm in a column 

experiment. The authors speculated that this variation in α was due to intra-populational 

variation and not to bacterial size or intra-strain genetic variation. This effect was most 

prominent at low values of the collision efficiency. This suggests that column experiments will 

overestimate collision efficiency for the equivalent conditions in a field experiment, due to the 

greater distances traveled (Zhang et al., 2001). Decreased attachment with increased distance has 

been observed in field experiments for viruses (Schijven et al., 1999), bacteria (DeFlaun et al., 

1997; Bolster et al., 2000), and protozoans (Harvey et al., 1995), and in column experiments for 

bacteria (Hendry et al., 1997). The depth-dependent deposition rate produces a hyper-exponential 

distribution with depth n retained phage, due to the decreasing detachment with increased travel 

distance (Bradford and Toride, 2007).
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2.4.2.     Calculation of ηo, the single collector removal efficiency without electric double 
layer interaction

The transport of a colloid to a collector will depend on three processes: 1.) Brownian diffusion of 

the particle toward the surface, 2.) the interception of a colloid with a collector due to the 

intersection of the particle’s path with the collector, and 3.) the effect of gravity on the 

movement of the particle (Figure 2.3).

Brownian movement or diffusion determines that for small particle sizes, greater adsorption will 

occur, due to higher frequency of surface contact, and at larger particle size, interception and 

straining become more important processes (Figure 2.4). There is a colloid diameter optimum of 

approximately 2 μm, which is the size of some bacteria and protists, for which groundwater 

transport of these colloids will be maximized. This observation is only true for coarser porous 

media for which pore throats are large enough to preclude mechanical filtration near 2 μm.

Harvey et al. (1993) in a field study confirmed that biocolloids near 2 μm in diameter were 

transported the farthest distance. Bales et al. (1995) theorized that the greater rate of diffusion 

(and attachment) for the viruses over larger-diameter microspheres was due to the smaller size of 

viruses.

In order to calculate the value of ηo, there are two commonly-used expressions of this initial 

deposition rate of colloids, the IFBL (Interaction Force Boundary Layer) approximation, 

developed by Yao et al. (1971) and the Rajagopalan and Tien (1976) correlation equation. The 

premise of the IFBL theory is that colloidal interactions operate over a very short distances from 

the collector surface where convective transport (interception and gravitation) is insignificant. 
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Thus the IFBL (or the surface interaction boundary layer) is approximately the thickness of the 

double layer (Ryan and Elimelech, 1996). According to IFBL theory, the single collector 

removal efficiency, is equivalent to the Smoluchowski-Levich approximation for capture of 

small, Brownian colloid, expressed as:
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where As is a porosity-dependent parameter, D∞ is the colloid bulk diffusion coefficient, and ν is 

the fluid approach velocity. 

The IFBL approximation assumes that diffusion will be the only significant process, because 

colloids are assumed to be Brownian and unaffected by gravitation and interception is considered 

insignificant compared to diffusion in attachment (Ryan and Elimelech, 1996). The correction 

term for diffusion, As, was originally developed by Happel (1958), where:
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Spielman and Friedlander (1974) also developed an expression for the sticking efficiency, α:
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A pseudo-first-order rate constant, kF, accounts for retarding effect of the double layer repulsion 

on the attachment rate. Values of S(β), a slowly-varying function of β, are tabulated by Spielman 

and Friedlander (1974). Experimental collision efficiencies are often many orders of magnitude 

higher than values predicted from this equation, and experimental collision efficiencies are 

independent of particle size (Ryan and Elimelech, 1996).

2.4.3.     Rajagopalan and Tien’s correlation equation

In the Rajagopalan and Tien’s correlation equation, further complexity is added to the originial 

IFBL equation to account for van der Waals attractions, particle size and gravitation (non-

Brownian) forces, as additional terms to the equation (Rajagopalan and Tien, 1976). 

The correlation equation developed by Rajagopalan and Tien (1976) improved the IFBL 

equation (Yao et al., 1971) for calculating the single collector removal efficiency, ηo, to take into

account the effect of interception, including van der Waals attractive forces, and gravitation 

(Logan et al., 1995). The Rajagopalan and Tien equation also was altered to reflect the resistance 
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of an incompressible fluid when it is forced out between colliding particles, which is termed the 

lubrication effect. The expression for ηo:

)17(GIDo  

is a sum of individual terms which account for 1.) collisions due to Brownian diffusion, ηD:
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2.) collisions due to interception, ηI: 
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and 3.) collisions due to gravitation or settling, ηG:
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The Peclet number, NPe, is equal to:

where Dp is the colloid diffusion coefficient (m2 s-1), which can be estimated by (Penrod et al., 

1996):
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The interception term in Equation 12 was corrected by Rajagopalan and Tien (1976) to include 

the contribution of particle London-van der Waals attractive forces, defined as:

in which H is the Hamaker constant, μ is the dynamic viscosity of the solution, dp is colloidal 

diameter, and ν is the approach velocity. The interception term in Equation 17 also includes the 

interception number, NR, which is the ratio between the colloidal diameter, dp, and the collector 

diameter, dc:
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The last term for gravitation in Equation 17 includes the gravitation number, NG:
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where, Up, the colloid settling velocity, which is equal to:
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in which g is the acceleration due to gravity, ρp is the colloid density, ρf is the fluid density. 

Logan et al. (1995) discuss in greater detail the differences between the initial IFBL (Yao et al., 

1971), and the Rajagopalan and Tien (1976) models. Martin et al. (1996) have studied 

characteristic diameters from grain size distributions and determined that the smaller particles 

sizes (arithmetic mean, da, and geometric mean, dg, for number distributions, and, d10 for volume 

distribution) are the most accurate estimate of the single collector diameter for filtration theory.

Tufenkji and Elimelech (2004) has developed a further improvement of the single collector 

efficiency equation. The authors added the effect of hydrodynamic interactions and van der 

Waals interactions in the Brownian diffusion term. The authors also noted that gravitation was 

not influenced by θ, the porosity, removing the dependency of ηG on As in the gravitation term. 

Van der Waals forces were also represented in the gravitation term, which had not been 

previously considered (Eq. 20). Application of the Tufenkji-Elimelech equation improved 

prediction of mid-sized biocolloids (2 μm) by a factor of two, when compared to experimental 

data.

2.4.4.     Inclusion of DLVO attachment into the advection-dispersion equation

Based on Equation 17, Yao et al. (1971), developed a mass balance based on particle removal by 

uniform spheres, assuming a packed bed is an assemblage of isolates spheres, that describes the 

decrease in particle concentration, C, along a flow path, from an influent concentration of C0: 
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where C is the colloid concentration (particles mL-1) in solution at distance L into the granular 

media, C0 is the initial concentration, α is the collision efficiency, ηo is the calculated single 

collector removal efficiency, θ is the porosity, and katt is the irreversible kinetic rate coefficient 

for attachment. This can be rearranged to:
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which describes a logarithmic decrease in unattached colloids with distance through the material. 

The attachment of colloids can be included in the advection-dispersion equation as an additional 

term:
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where C is the concentration of the biocolloid, D is the hydrodynamic dispersivity coefficient, ν

is the linear advective velocity, and katt, the colloid filtration or attachment coefficient. The value 

of dispersion for colloids in a particular media cannot be assumed to be the same as for a 

conservative tracer under the same transport conditions, since colloids are excluded from smaller 

pore throats and lower-velocity streamlines, which leads to lower values of D for colloids (Auset 

et al.). The value of dispersivity estimated from bromide tracer tests will overestimate colloid 

dispersion (Hornberger et al., 1992).



38

The colloid attachment coefficient, katt, is equal to:
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DLVO theory assumes that colloids are irreversibly attached, so Equation 26 does not account 

for reversible attachment. An addition term for reversible attachment can be included (Dowd et 

al., 1998): 
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If linear Freundlich partitioning between the sorbed and solute phase are assumed:
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However, in the past decade, most modeling studies of attachment have shown that equilibrium 

attachment is negligible compared with kinetic attachment (Tufenkji, 2006) and DVLO theory, 

based on kinetic attachment, is a more appropriate approach to representing virus attachment 

than retardation.

2.4.5.     Inclusion of biocolloid inactivation into the advection-dispersion equation

Viruses undergo inactivation, which includes fracture and disintegration of the viral capsid, 

ejection of the viral nucleic acid or change in host-recognition sites (Harvey and Ryan, 2004) 

(Figure 2.5). 

Because the decline of bacteriophages is exponential with time, the decay rate, μ, can be 

expressed as:
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in units of T-1. Inactivation has been shown to be dependent on several factors, including changes 

in dissolved oxygen and the presence of microorganisms (Jansons et al., 1989), but is primarily 

dependent on termperature (Yates and Yates, 1987; Yahya et al.1993). 

In cold groundwaters, virus transport is enhanced due to decreased inactivation rates. 

In two studies in cold-weather climates, virus concentration was detectable up to 900 m in South 

Island, New Zealand (Noonan and McNabb, 1979) and 150 m in Switzerland (Rossi et al., 1994). 
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Deborde et al (1999) showed that there was no appreciable inactivation of virus over the time of 

their field experiment (at 8 oC for 72 hours). Bales et al. (1993) demonstrate that the inactivation 

of MS-2 and poliovirus at 7 oC was negligible over a few days, measured at less than 1.5% 

day -1.

Inactivation rates for viruses suspended in solution vary from inactivation rates for attached 

viruses on mineral surfaces (Figure 2.6). Schijven et al. (2002b) estimated surface inactivation 

rates for PRD-1 at neutral pH from field study data that were approximately 2 to 3 times higher 

than those measured in solution for the same temperature. They speculated this was primarily 

due to high energy mineral surfaces, especially Fe and Mn oxides, which cause damage to viral 

capsid expolymers that inable the virus from recognizing its host. 

An empirical expression for solution inactivation rate dependence on temperature can be 

developed for a particular virus in solution. Harvey and Ryan (2004) developed an expression for 

the virus, PRD-1:

)33(0029.00021.0  T

based on die-off data from several transport experiments for this virus suspended in unamended 

groundwater. 

The rate of inactivation on mineral surfaces, μS, will depend on the strength of surface forces. 

For geological material with high organic matter and clay-sized particles, viral surface 
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inactivation has been found to be lower than solution inactivation (Straub et al., 1992), but viral 

attachment to Fe(III) and Al(III) oxides, which bind biocolloids strongly, the surface inactivation 

rates were much higher that solution inactivation (Murray and Laband, 1979). Ryan et al. (2002) 

showed in field and columns studies that surface inactivation was at least three times greater than 

solution inactivation in Cape Cod sand, where these oxides were present. 

The inactivation rate for solution and surfaces can be included in the transport equation 28:
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where μL is the solution inactivation rate, μS is the surface inactivation rate, S is the concentration 

of biocolloids attached on surfaces (particle kg-1) and ρb is the bulk density of the porous 

medium. 

2.4.6.     Inclusion of kinetic attachment and detachment rates into the advection-dispersion 
equation

A decade ago, attachment was thought to occur at both the kinetically-limited primary potential 

energy minimum, next to the surface, and as fast, equilibrium adsorption in the secondary 

minimum at tens of nanometers from the surface (Figure 2.2) (Bales et al., 1991). Subsequent 

research indicated that attachment is kinetically-limited (Bales et al., 1993, Kinoshita et al., 

1993, Schijven et al., 1999). The energy profiles calculated by Loveland et al. (1996) suggest 

that the secondary minimum is very small and does not affect virus transport. If viruses are 

attached in the primary minimum, they are more strongly bond to the surface. 
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An alternative form of the transport equation includes the kinetics of reversible attachment and 

detachment of biocolloids. This formulation is based of the scenario for transport of reversible 

attachment/detachment as an equilibrium process, as expressed by the retardation term in 

Equations 30. Instead of including a single term for attachment, ρb s/θ t, separate kinetic terms 

can be included for attachment and detachment, where the kinetic rate constants for attachment, 

katt, and for detachment, kdet, are not necessarily equal:
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The concentration of virus on mineral surfaces, S, can be expressed with the same kinetic terms:
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These equations no longer include the DLVO term, as attachment is now modeled as reversible 

rather than irreversible. 

Biocolloid detachment has been shown to generally be a slower process than attachment. The 

presence of tailing in breakthrough is attributable to the slower release of biocolloids over time. 

The inverse of kinetic rate coefficient indicates the time scale for reactions to reach equilibrium. 

Rate coefficients PRD-1 and MS-2 attachment (10-4 s-1) and detachment (10-4 to 10-6 s-1) indicate 

reaction rates on the order of hours for attachment and days for detachment (Bales et al., 1991). 
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Dowd et al. (1998) calculated values of katt (6.8 x 10-3 s-1) and kdet (4 x 10-4 s-1) for PRD-1. The 

authors also tried to fit an equilibrium retardation equation to the data (R = 2.7), but the 

estimated concentrations did not fit the data as closely. However, in some cases, equilibrium and 

kinetic models give similar results, and focus on the tailing phenomena is necessary to 

distinguish between the two processes (Schijven and Hassanizadeh, 2000).

More recently, two-site models have been developed that take into account attachment and 

detachment to 1.) energetically-favored sites, such as Fe(III) and Al(III) oxides, and other 

mineral surfaces (Schijven et al., 2002b):
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The subscripts 1 and 2 are used to distinguish between energetically-favored sites and weakly-

binding sites. With varying values for the two sites, Schijven et al. (2002b) was able to more 

closely match the experimental breakthrough data that exhibits a slowing rising limb and a 

smooth transition from the declining limb to an elution tail (Figure 2.7). 

If only one site in considered, either with concentration on a linear scale or log-transformed 

scale, the initial breakthrough curve or the tailing phenomenon in the observed data cannot be 

fitted. 
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2.4.7.     Inclusion of straining into the advection-dispersion equation

Biocolloid removal due to straining can be represent by an addition term to the advection-

dispersion equation: 
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where kstr is the straining coefficient and ψstr is the dimensionless depth-dependent straining 

function (Bradford et al., 2003). A power-law function has been used to estimate the straining 

function:
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where β is a fitting parameter that controls the spatial distribution of strained biocolloids.

2.4.8.     Aquifer heterogeneity 

The interpretation of field-scale biocolloid transport studies is made difficult by the complexities 

of geological heterogeneities in an aquifer. Laboratory experiments, conducted with small 

samples of packed geological material, are not effective in examining these phenomena. DeFlaun 

et al. (1997) examined the control of geochemical heterogeneities on bacterial transport in a field 

experiment. At a multilevel piezometer, breakthrough of bacteria occurred at six levels between 

12 and 34 hours, while in the remaining four levels the bacteria never appeared. The authors 

showed that zones with lower hydraulic conductivity exhibited delayed breakthrough curves and 

they hypothesized that varying hydraulic characteristics of the aquifer created varying redox 



45

conditions which in turn created variations in the amount of Fe and Mn coatings in the aquifer 

matrix. Schijven et al (2000) also suggested that variations in the abundance of Fe 

oxyhydroxides in a dune sand aquifer controlled the transport of viral surrogates. The 

distribution of organic matter has also been demonstrated to be an important control of virus 

transport on the field scale (Pieper et al., 1997; Schijven et al., 1999).

Rossi et al. (1994) recorded that at piezometers located at a similar distance from the injection 

well, viral concentrations ranging between 250 000 and 3 pfu mL-1 in aquifer materials with 

hydraulic conductivity varying between 10-3 to 10-5 m s-1. Harvey et al. (1993) suggested that 

bacterial transport in field studies, due to these physical heterogeneities, is sometimes faster 

(Harvey et al., 1989), slower (Harvey et al., 1993) or coincidental with the conservative tracer 

(Harvey and Garabedian, 1991). If an aquifer is assumed to be hydraulically homogeneous, the 

enormous range of viral concentrations observed in field experiments cannot be explained. 

2.4.9.     Relative breakthrough

An alternative method for measuring the collision efficiency, α, is to calculate the relative 

breakthrough (RB), which relates the breakthrough of biocolloids with respect to a conservative 

tracer. Relative breakthrough is calculated using concentration verse time data from a sampling 

point centered along the tracer plume (Harvey and Garabedian, 1991; Deborde et al., 1999). This 

comparison is based on the area of the breakthrough curve normalized by the initial 

concentration: 



46

)40(

0

0

0

0

dt
Br
Br

dt
C
C

RB
f

f

t

t

t

t

t

t






where Co and Bro are the initial biocolloid (in particles mL-1) and Br concentrations (in mg L-1) at 

the injection well, Ct and Brt are the concentrations at the monitoring well at some time, t, after 

the tracer injection and to and tf are the time representing the beginning and the end of the 

breakthrough curve. The percent of relative attenuation (RA) is simply calculated by converting 

RB to percent and subtracting the result from one hundred:
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The collision efficiency, α, (the ratio of the rate of collisions resulting in attachment to the toal 

rate of collision between particles and collector grains), can be calculated based on the RB:
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where dc is the average grain diameter, αL is the longitudinal dispersivity [m], x is the transport 

distance [m], θ is the porosity [unitless], and η is the single collector removal efficiency 

(Rajagopalan and Tien, 1976; Harvey and Garabedian, 1991). In order to use this method based 
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on DLVO theory, one must assume that attachment is irreversible (Schijven and Hassanizadeh, 

2000)

The longitudinal dispersivity can be calculated from breakthrough data:

where Δt is the time during which Ct > ½ Cmax and tpeak is the time to reach peak concentration 

(Harvey and Garabedian, 1991). 

2.4.10.     Transient effects of colloid deposition: blocking and ripening

DLVO deposition models assume that colloid attachment does not approach saturation with 

respect to attachment sites on mineral surfaces. This static approach to colloid theory ignores the 

dynamic or transient aspects of deposition. Once sufficient colloids have attached to the surface 

to make colloid-colloid interactions on surfaces significant, the deposition rate will either decline 

due to repulsive particle interactions, or increase when particle interactions are attractive. When 

colloid interaction is repulsive, the process is termed “blocking”, and when the colloid 

interaction is attractive the process is referred to as “ripening” (Ryan and Elimelech, 1996). 

Blocking leads to increased transport of biocolloids over time (Camesano et al., 1999). 

At low ionic strength, the double layer is thicker, and “soft” particles exclude an area several 

times larger than their project area on the mineral surface, whereas under high ionic strength 
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conditions, in the absence of an electrostatic energy barrier, particle-particle interactions are 

favorable. The calculation of traditional collision efficiencies and single collector removal 

efficiencies do not take into account the phenomenon of blocking or ripening. 

A Langmuirian dynamic blocking function, B(θ), is a function of θ, the fractional surface 

coverage, and the jamming limit, θmax, is related to β, the excluded area parameter:
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When the surface is initially completely unblocked, θ is equal to zero and B(θ) = 1

(Ryan and Elimelech, 1996; Camesano et al., 1999). However, the Langmuirian dynamic 

blocking function describes point-sized molecules, and therefore does not adequately describe 

surface exclusion effect of large colloid particles (Ryan and Elimelech, 1996). 

If one can assume that 1.) attachment is irreversible as long as chemical and hydrodynamic 

conditions do not change, 2.) that surface diffusion is negligible, 3.) that particle-particle contact 

is prohibited, then a random sequential adsorption (RSA) dynamic blocking function can be used 

(Ryan and Elimelech, 1996), which does not treat the molecules as being point-sized, based on a 

virial expansion of excluded areas effects to the third order in density:
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where θ∞ is the hard sphere jamming limit. This expression is based on the more general case of 

“soft” particles, and can be used up to a maximum blocked coverage of 0.8 • θmax (Ryan and 

Elimelech, 1996). Ko et al. (2000) have modeled the RSA dynamic blocking function, and found 

that the magnitudes of the virial coefficients increase from the hard sphere values with increasing 

flow rate, ν, and decreasing ionic strength. Particle size also plays an important role in 

determining the dynamics of deposition. An attempt to include filtration theory, including 

dynamic blocking effects, in a advection-dispersion model of viral transport in groundwater has 

been attemped by Bhattacharjee et al. (2002), in which they determined that viral attenuation is 

probably overestimated by simpler retardation models of viral transport. 

2.4.11.     Colloid transport under unsaturated conditions

The transport of colloids in media that is not fully saturated involves the presence of a third 

phase, air. Additional mechanisms of attachment under unsaturated conditions include 

attachment to the air-water interface (AWI) and film straining (physical restriction of colloid 

transport through water films that are thinner than the diameter of the colloid (Torkzaban et al., 

2008). Virus attachment to the AWI is considered to be irreversible due to the strong electrostatic 

and capillary pressures that are found at these boundaries (Sirivithayapakorn and Keller, 2003). 

As saturation decreases, the probability of colloid entrainment in the AWI and mineral surfaces, 

and straining in pore throats increases. Torkzaban et al. (2006) examined virus attachment 

behaviour under unsaturated conditions, and found that although saturated media could be 

modeled by a one-site kinetic site model, a second site (for the AWI) had to be introduced in the 

unsaturated modeling to fit the observed breakthrough curves. Evidence attributing the second 

kinetic site to AWI attachment was given by the fact that when the columns were resaturated, the 
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recovery of phage in the eluted water was nearly complete. Torkzaban et al., (2008) theorized 

that phage attenuation in columns studies was due principally to straining, which became more 

pronounced at higher levels of unsaturation. The authors suggest that as saturation decreases, the 

influence of stagnant regions near surfaces on attachment increases.

2.5.     The failure of colloid deposition models in practice

The majority of groundwater colloid transport problems involve deposition in the presence of 

repulsive interactions. Under these circumstances, there is poor agreement between collision 

efficiencies calculated from DLVO theory and those determined by experimentation. These 

experiments have shown that collision efficiencies are many orders of magnitude larger than 

predicted values for DLVO theory and are independent of particle size. 

Underestimation of collision efficiencies by DLVO theory has been attributed to the 

heterogeneity of charge on mineral surfaces, which is ignored in theory (Ryan and Elimelech, 

1996; Velegol and Thwar, 2001). In an aquifer, silicates and aluminosilicates (quartz, feldspar, 

mica and clay) are coated by carbonates and Fe, Al and Mn oxyhydroxides, in addition to 

complex organic molecules. The surfaces of silicate and metal oxyhydroxide minerals are 

composed of hydroxyl functional groups, which are not chemically identical from mineral to 

mineral, which leads to charge heterogeneity. Individual mineral surfaces have surface charge 

heterogeneity due to variable mineral chemical compositions, structural defects, kind and screw 

dislocations, and surface-bound impurities. 
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Colloid deposition occurs preferentially onto favorable sites, resulting in initial deposition rates 

that are much higher than predicted based on the average collector surface potential. In 

experiments, even small degrees of charge heterogeneity on surfaces can result in deposition 

rates that are orders of magnitude higher than that of homogeneous-charged surfaces (Ryan and 

Elimelech, 1996). Furthermore, given that areas on particles with a low charge density will tend 

to be more hydrophobic, charge heterogeneity might allow strong hydrophobic interactions 

between particles (Velegol and Thwar, 2001). Ryan et al. (1999) showed that the IFBL theory 

can predict the trend of collision efficiencies of virus and silica colloids on the aquifer matrix, 

but the values of collision efficiencies are overcalculated for uncontaminated aquifer and 

undercalculated for contaminated aquifer. They attribute this to the fact that even though 

electrostatic forces dominate the attachment of the colloids, the grain surfaces are chemically 

heterogeneous which is not represented by the IFBL theory. 

Classical DLVO theory also assumes that the surfaces of colloids and minerals are perfectly 

smooth on a molecular level. Bhattacharjee (1998) examined roughness by generating models 

that included random asperities, thus investigating their influence on the DLVO interaction 

potential. They found that the inclusion of surface roughness causes a significant reduction in the 

repulsive interaction energy (i.e. increased attachment), with decreasing repulsion with 

increasing size and density of asperities. In column studies of roughness-enhanced acid/base 

etched glass beads, Shellenberger and Logan (2002) determined that there was a greater retention 

of latex microspheres on rough than smooth surfaces in both low and high ionic solutions, and 

collision efficiencies were 30-50% higher for the rough beads. 
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More recent studies have shown that deposition of colloids in the secondary minimum deposition 

and surface charge heterogeneities have a strong influence on observed deviations of 

breakthrough from colloid filtration theory. The deviation is explained by dual mode deposition, 

with colloids attaching at a low rate to the primary energy minimum and at a fast rate to the 

secondary energy minimum (Tufenkji et al., 2004). Tufenkji et al. (2005) demonstrated that 

surface charge heterogeneity, which induce fast depsition, may also play a role. The dual 

attachment behaviour is theorized to occur due to biocolloid intrapopulational surface charge 

heterogeneity, rather than mineral surface charge heterogeneity as previously thought. This 

phenomena occurs more noticeably with larger biocolloids, such as bacteria and protozoans, 

leading to overestimation of collision efficiencies. This indicates that use of colloid filtration 

theory to determine removal capacity by attachment may not be appropriate.
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Figure 2.1:  Size relationship bettween colloids (after Ryan, 2005)
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Figure 2.2:  Separation distance versus total potential energy (from Ryan and Elimelech, 1996)
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Figure 2.3:  Processes in colloid attachment (after Ryan, 2005)
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Figure 2.4:  Relative importance of diffusion, interception and gravitation with particle size 

(after Ryan, 2005)
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Figure 2.5:  Schematic diagram of inactivation processes (after Harvey and Ryan, 2004)
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Figure 2.6:  Schematic of solution and surface inactivation and kinetic attachment and 

detachment (after Harvey and Ryan, 2004)
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Figure 2.7:  Fitting of one-site and two-site kinetic transport models to PRD-1 (from Schijven et 

al., 2002b)
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Table 2.1:  The zero-point-of-charge for some common minerals and biocolloid surfaces

Surface Point of zero charge
Silica gel (SiO2) 1 – 2.5
Quartz (SiO2) 2 
σ-MnO2 2  
Viruses 3 – 7
MS-2 3.9 
PRD-1 4.2 
X-174 6.6 
Norwalk Virus 5 
Poliovirus 4.5 -7.5
Bacteria 2 – 4
Kaolinite ~3.5
Montmorillonite <2.5
Fe2O3 (hematite) 6 – 7, occasionally 5 – 9
FeO(OH) (goethite) 6 – 7
Fe3O4 (magnetite) 6.5
Fe2O3 • nH2O 6-9
TiO2 (anatase) 7.2
Fe and Al oxyhydroxides 9
Al2O3 (corundum) 9.1
Al(OH)3 (gibbsite) ~9 
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Chapter 3:

Statistical assessment of the accuracy and 
precision of bacteria- and virus-sized 

microsphere enumerations by epifluorescence
microscopy

Chae, G.-T., Stimson, J., Emelko, M. B., Blowes, D. W., Ptacek, C. J., 
     and Mesquita, M. M., Statistical assessment of  the accuracy and
      precision of bacteria- and virus-sized microsphere enumerations
     by epifluorescence microscopy, Water Res., 42(6-7), 1431-1440.
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3.1.     Introduction

Microbiological agents can threaten groundwater quality and public health if physical and 

chemical conditions favoring transport to drinking water supplies exist. Colloids can also 

facilitate the transport of low solubility contaminants, such as radionuclides, in groundwater 

(McCarthy and Zachara, 1989; Moulin and Ouzounian, 1992). A variety of parameters are 

available for studying the transport of biocolloids such as viruses at the laboratory- and field-

scale. These include fluorescent microspheres, bacteriophage, and fluorescent stained viruses 

(Gitis et al., 2002).

Microspheres have been used as pathogen surrogates in laboratory (Zhuang et al., 2005; Close et 

al., 2006) and field studies of biocolloid transport (Harvey et al., 1993, 1995; Ryan et al., 1999; 

Zhang et al., 2001; McCarthy et al., 2002; Becker et al., 2003). Compared to biocolloids such as 

viruses, they are easily and inexpensively enumerated and chemically and biologically inert in 

most groundwaters. Microspheres can be enumerated by fluorometry (Delie, 1998), flow 

cytometry (Shapiro, 1995; Neihren and Kinzelbach, 1995) and by direct counting (Harvey et al., 

1993; Bales et al., 1997). Direct counting typically results in comparable or sometimes lower 

detection limits (approximately 102–103 microspheres mL-1 when using a field method and much 

lower when entire filter membranes are evaluated) than can be achieved by flow cytometry (102

microspheres mL-1) and fluormetry (104–106 microspheres mL-1) (Becker et al., 1999). Flow 

cytometry and fluorometry methodologies for the quantification of microspheres offer rapid 

enumeration relative to microscopy, however, microscopy is a less expensive and more robust 

methodology because a wider range of microsphere concentrations can be evaluated.
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Direct counting methods typically consist of using filter membranes to separate microspheres 

from water by size exclusion. Microspheres are then enumerated using fluorescence microscopy. 

Depending on the microsphere concentration in the water sample, the number of microspheres on 

the membrane filter may be low enough (< ~2,000 slide-1) to permit evaluation of the entire slide 

(i.e. filter membrane surface). This method achieves the most accurate estimate of concentration,

and it is associated with a low detection limit. However, often virus-sized microsphere 

concentrations used in tracer studies are so elevated (up to 1010 microspheres mL-1 or more) that 

evaluation of the entire slide is impractical. In such instances several fields must be enumerated 

to estimate microsphere concentration. 

Field counting approaches are based on the assumptions that microspheres are uniformly 

distributed on the filter membrane surface and the sample of fields is representative of the filter 

membrane, thereby yielding a reasonable estimate of the total number of microspheres on the 

filter membrane surface. It has been proposed that a minimum of 200 viruses or virus-like 

particles in at least 20 random fields (or a minimum 20 fields with ~10 particles field-1) be 

counted (Suttle, 1993) to ensure reasonable estimates of virus abundance. This approach is also 

commonly utilized (Montanié et al. 2002; Danovaro et al., 2003; Wen et al., 2004), although 

others such as counting at least 100 random fields are also employed (Alonso et al. 1999). 

Field counting can be achieved by either evaluating fields using a systematic sampling pattern 

that attempts a spatially-even distribution, or by selecting fields randomly. Several studies 

describing the aspects of sample processing and microscopic analyses that contribute to overall 

variability associated with performing total direct counts of bacteria by epifluorescence 
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microscopy were discussed by Lisle et al. (2004). Among those studies it has been demonstrated 

that random sampling has the advantage that it ensures lower statistical bias relative to 

subjective/systematic sampling (Kirchman et al., 1982; Lisle et al., 2004). Kirchman et al. (1982) 

studied the sources of statistical biases associated with enumerating bacteria by a field approach 

and determined that the largest contributor to variance in the microbial data was the selection of 

fields approach, which contributed 60–80% of the total variance in counts. They found that that 

when the number of bacteria was in the range of 25 to 50 cells field-1 there was no significant 

effect on the RSD of the resulting data. However, as particle density decreased below 25 cells

field-1 the RSD increased abruptly. Formal investigation of the influences of cell abundances on 

data variability was not one of their objectives, however. Lisle et al. (2004) examined the impact 

of density on the bias associated with estimates of microsphere and bacterial abundance and 

concluded that microsphere and bacterial abundance data obtained by examination of 20 fields 

on a single filter and 5 fields on each of three filters yielded statistically similar results. The 

authors also noted that regardless of the number of filters used, lower root mean squared errors 

were observed when microsphere and bacteria abundances exceeded ~105.5 filter-1. At 

abundances below ~105.5 filter-1, the precision of the data (measure by RSD) was consistent, but 

the accuracy of the method declined, resulting in significant over- and under-estimates of true 

abundance.

Historically, some microbial enumeration methods have relied on counting the particles in ten 

fields, whereas others have involved the enumeration of particles in fields until a given number

of particle, typically 200 to 400, have been counted (Jones and Simon, 1975). At present, 

Standard Methods for the Examination of Water and Wastewater recommends counting at least 
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20 squares using a calibrated graticule and preferably counting 10 to 50 cells field-1 (at least ~ 

200 cells) (Method 9216, APHA, 2005). The literature, as well as the present investigation, 

suggests that the provision of more detailed guidance regarding counting and reporting rules for 

virus- and bacteria-sized particle enumeration data is warranted.

Recognizing that a field approach can contribute considerable uncertainty to microbial or 

microsphere enumeration data, the present investigation examined in greater detail two critical 

sources of variance associated with the field counting approach: 1) the total number of 

microspheres counted per sample and 2) the density of microspheres counted in each field. We 

evaluate the minimum microsphere density and number of microspheres counted which are 

necessary to ensure a precise and accurate concentration estimation using the field methodology. 

The study also evaluates statistical parameters that can be used by the analyst to assess the 

accuracy and precision of microsphere enumeration by the direct counting method using a field 

approach. 

3.2.     Materials and Methods

3.2.1.     Preparation of microsphere stock suspension

Large virus- or bacterial-sized (0.2 µm) yellow-green fluorescent microspheres (Polysciences 

Inc., Warrington, PA) were utilized. The emission and excitation wavelengths of used 

microsphere are 441 and 486 nm, respectively. To invesigate variations in surface chemistry due 

to ionic strength, two solution chemistries, deionized water (DIW) and artificial groundwater 

(AGW) were investigated. AGW (I=0.003) was investigated because it is often used as a 

reference water composition in column studies investigating colloid transport in porous media. It 
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was compared to DIW, which has zero ionic strength (I=0). AGW was prepared by saturating 

deionized water with an excess of CaCO3, bubbled with CO2 for 24 hours and allowed to degas 

until the AGW reached a pH of 8.2. Similar titers of microspheres were prepared in the deionized 

water (2.3 × 105 microspheres mL-1) and AGW (2.7 × 105 microspheres mL-1) matrices.

3.2.2.     Slide preparation and microsphere enumeration

Microspheres were enumerated using epifluoresence microscopy and a direct count method with 

a field approach. Subsamples (0.1–1 mL) of the microsphere stock suspensions were gently 

inverted several times to ensure homogenization of the suspension. A 0.1 μm pore-sized black 

polycarbonate filter membrane (Osmonics Inc., Trevose, PA, USA), supported by a 8.0 μm pore-

sized nitrocellulose filter membrane (Millipore, Billerica, MA, USA), were placed on a manifold 

and wetted with deionized water to ensure a proper seal. Polycarbonate filters have been shown 

to have a uniform pore size with a flat surface and their black color eliminates background 

fluorescence and enhances microsphere fluorescence (Hobbie et al., 1977). The samples were 

filtered using by vacuum pump (5KH32FG 550A, General Electric, Conn. USA) at a vacuum of 

16.67 kPa. Stainless steel weights were used to hold the filter membranes in place as the samples 

were filtered. Additional deionized water was added to check the filter funnel seal and to rinse 

any microspheres from the sides of the weights. Using sterile forceps, the filter membranes were 

then removed from the manifold and mounted on glass slides using a DABCO-glycerol 

mounting medium. Air bubbles in the mounting medium were gently removed by applying 

pressure to the cover slip. The cover slips were sealed with clear enamel to prevent drying. 

Microspheres were enumerated manually using an AXIOSKOP 2 Plus microscope (Zeiss, 
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Oberkochen, Germany) by excitation from a FluorArc epifluorescent light source and FITC/AO 

filter cube set at 400X magnification. Fields were selected randomly by using a random-number 

generator to compute Cartesian coordinates within the area of the filter membrane using a 

spreadsheet (Microsoft, Redmond, WA). At each set of coordinates, the microspheres observed in 

a 1 mm2 graticule mounted in the eyepiece were enumerated. Microsphere concentrations were 

calculated from the arithmetic mean of counts from several fields, the subsample volumes, and 

the magnification. Fields that were partly outside the area of microsphere filtration or obscured 

by large particles, which were infrequent, were excluded from consideration. Care was taken to 

ensure that fields did not overlap. Slide preparation and enumeration were performed by two 

analysts over a period of 14 days. As part of ongoing laboratory quality assurance/quality control 

monitoring, comparisons between analyst counts from several fields were made daily. 

Differences in counts obtained by the analysts were not found to be statistically significant.

3.2.3.     Experimental design

The impact of microsphere field density and total number of microspheres on microsphere 

enumeration by the field counting approach was investigated. A set of 4–9 slides of each 

combination of the two factors was enumerated. The specific number of slides made in each 

water matrix is presented in Table 3.1. A factorial design with repeated measures was used 

because each slide represented an element that was measured at several levels (total number of 

microspheres counted) and the variance attributable to each factor was not independent (Winer, 

1971). Additional slides with high microsphere densities were enumerated using direct counts 

and enumeration of the entire filter membrane surface, to estimate the true microsphere 

concentration. 
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The total number of microspheres enumerated was investigated at four levels. The four levels 

were investigated on each slide, constituting a repeated measure. The total count for a given slide 

was defined as the total number of microspheres counted in a number of fields that yielded at 

least 50, 150, 350, or 500 microspheres, such that the entire fields were evaluated. The numbers 

of fields counted are summarized in Table 3.2 The microsphere density was investigated at three 

levels (dense, intermediate and sparse) by filtering different sample volumes from a microsphere 

stock suspension (Figure 3.1). A dense distribution of microspheres was attained by sampling a 1 

mL subsample of the stock suspension, which resulted in approximately 40 microspheres field-1

(~105.5 microspheres filter-1). An intermediate density of microspheres, resulting in 

approximately 8 microspheres field-1 (~104.7 microspheres filter-1), was attained by preparing a 

slide with 0.2 mL of stock suspension. Sparse microsphere distributions were achieved by 

filtering 0.1 mL of stock suspension, yielding approximately 4 microspheres field-1(~104.5

microspheres filter-1). Kirchman et al. (1982) observed that the coefficient of variation increased 

dramatically when the counts field-1 were less than 25 and ideal conditions for counting were 

achieved when there were 25–50 microspheres field-1. Lisle et al. (2004) recommended that the 

preservation of methodological accuracy required >~105.5 microspheres filter-1. The experimental 

design utilized herein allowed for evaluation of those density recommendations and typically 

recommended minimum count requirements of 200 to 400 particles field-1 (Jones and Simon, 

1975; Suttle, 1993; APHA, 2005).

A statistical software package, SPSS (Chicago, IL, USA), was used to determine the main 

effects, interactions and errors between groups and repeated measures (Winer, 1971). A two-way 
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ANOVA with repeated measures in one factor (mixed model ANOVA ) was used to analyze the 

AGW and DIW data sets. The two-factorial analysis of variance was conducted on the precision 

and accuracy of the data obtained using the various combinations of methodological factors 

(microsphere density and number of microspheres counted). Precision and accuracy were 

quantified by RSD (relative standard deviation) and PE (percent error) respectively. The ANOVA 

evaluated the main effects between subjects (microsphere density: dense, intermediate, and 

sparse) and within subjects (total number of microspheres counted: 50, 150, 350, and 500). In 

addition, ANOVA will address which factors enhance or weaken our precision and accuracy in 

the estimation number of microspheres. Each group of observations was evaluated using the 

Shapiro-Wilks test, which is used to assess whether data sets with less than 50 observations are 

consistent with the normal distribution. The null hypothesis of Shapiro-Wilks test was that the 

data population is normally distributed. This hypothesis was accepted when the calculated p-

value were larger than 0.05. For those data sets that failed the Shapiro-Wilks test (i.e. were 

statistically inconsistent with the normal distribution), the data were transformed by the natural 

logarithm; the resulting distributions were consistent with a normal distribution. Mauchly's test 

of sphericity indicated a lack of homogeneity of variance. Accordingly, the two-way ANOVA 

with repeated measures in one factor model was corrected by using the Huynh-Feldt correction. 

When a significant difference between the main effects was observed (p < 0.05), a multiple 

comparison least significant difference test (LSD) was used to determine if significant 

differences existed between any two treatment pairs. 

3.2.4.     Statistical analysis of precision and accuracy

Relative standard deviation (RSD) or coefficient of variation was used to evaluate the precision 
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of the microsphere enumeration data. Relative standard deviation, which is the standard 

deviation (s) divided by the arithmetic mean ( x ), is widely used in experimental analysis 

because it is useful for comparing the uncertainty between different measurements of varying 

absolute magnitude (Eq. 1):

100
x

s
RSD   (1)

The percent error (PE) of the microsphere concentration was calculated as a measure of accuracy. 

Percent error is the absolute value of relative difference between the true (a) and observed values 

(b) of a parameter, normalized to the magnitude of the measurement (Eq. 2): 

100



a

ba
PE   (2)

In the present investigation of virus-sized microsphere concentrations, the best available 

measures of true concentration were those obtained by direct counting under the most favorable 

conditions (greatest number of microspheres counted with the highest microsphere density 

field-1).  

3.3.     Results and discussion

3.3.1.     Visual observation of microsphere distribution in AGW and DIW waters

A total of 56 slides of microspheres suspended in AGW and 88 slides suspended in DIW were 

analyzed. During direct count analysis, an essentially uniform distribution of microspheres on the 
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membrane surface.is expected (Figure 3.2A). Several factors can influence the distribution of 

virus-sized microspheres during the direct count analysis, resulting in biased enumerations due to 

non-uniform distributions of microspheres on the filter membrane surface. These factors include, 

undulations in the filter membrane surface (Figure 3.2B), microsphere attachment to precipitates 

(Figure 3.2C), and microsphere attachment to air bubbles in the mounting medium (Figure 

3.2D). All of these factors can bias experimental outcomes. 

All of the samples discussed herein were processed with care to assure that the microspheres 

were essentially uniformly distributed on the filter membrane surface and to minimize any 

potential bias. Nonetheless, it is inevitable that some of these factors will result in non-uniform 

distributions of microspheres on the membrane surfaces and difficulties in enumeration. 

Undulations in the filter membrane surface also occur and have a greater impact when higher 

magnification is used. Particular care was taken during the enumeration process to measure at 

several planes of focus in the same field. Variance in the data inevitably increases because of 

miss or repeated counts of microspheres. 

When using AGW or other water chemistries such as groundwater and swage water in which 

precipitates may form, increased variance in microsphere enumeration data can be expected. The 

AGW was prepared by oversaturating the solution with respect to calcite. The calcite saturation 

index of the AGW in the present investigation was approximately +0.82. Under visible light, 

precipitates were visible. 
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3.3.2.     Microsphere enumeration in AGW and DIW 

Microsphere concentrations at different microsphere densities and repeated measures of 

microsphere counts in AGW and DIW are presented in Figure 3.3. As expected, the measured 

microsphere concentrations converged toward a constant value as the number of counts on each 

slide increased. In addition, increased microsphere density in each field was associated with a 

decrease in the variance of microsphere concentration. 

Microsphere enumeration data exhibited lower variance when enumerated in the DIW 

suspension than in AGW suspension. This difference in variance may be attributed to a bias in 

field sampling due to attachment to precipitates in the suspension likely associated with the 

higher ionic strength of the AGW matrix. Diffuse Chapman-Gouy double layers on surfaces are 

compressed in higher ionic strength water matrices and the net electrostatic forces between 

surfaces tend to be more attractive (Schijven and Hassanizadeh, 2000; Saiers and Lenhart, 2003).

In AGW supersaturated with respect to calcite, both the presence of precipitates, which were 

observed under the microscope in visible light, and increased attachment to the surfaces of the 

precipitates due to the increased ionic strength, could explain the increased variance of counts 

observed in microsphere enumerations in AGW compared with DIW.

3.3.3.     Analysis of variance for repeated measures experiment

A two-way ANOVA with repeated measures in one factor was used to evaluate the main effects 

between subjects (microsphere density: dense, intermediate, and sparse) and within subjects 

(total number of microspheres counted: 50, 150, 350, and 500). The Shapiro-Wilks test 

demonstrated (= 0.05) that the microsphere concentration RSD data are consistent with the 
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normal distribution, regardless of the matrix (p > 0.05 for all sample groups). In some cases, the 

distribution of the microsphere concentration PE in both water matrices was found to be 

statistically inconsistent with the normal distribution (p < 0.05 for some sample groups). In those 

cases, the values of PE were transformed using the natural logarithm.

The results of the two-way ANOVA with repeated measures in one factor are presented in Table 

3.3. These analyses indicated that there were significant differences ( = 0.05) in RSD between 

microsphere density subjects in both the AGW (p = 0.029) and DIW (p < 0.001). Statistically 

significant differences ( = 0.05) in RSD within microsphere density subjects were only 

observed in the AGW (p = 0.001). PE exhibited statistically significant differences within 

microsphere density subjects in both the AGW (p = 0.001) and the DIW (p < 0.001).

3.3.3.1.     Microsphere density (between-subjects) multiple comparisons

The results of the multiple comparison analyses of the microsphere densities (between subjects) 

are presented in Table 3.4. In DIW, statistically significant differences ( = 0.05) in mean RSD 

were observed between all combinations of subjects (dense, intermediate, and sparse 

microsphere densities with mean RSDs of 19.4%, 43.6%, and 57.2% respectively). In the AGW, 

statistically significant differences ( = 0.05) in mean RSD were observed between subjects 

when the dense and sparse microsphere densities (with mean RSDs of 15.7% and 64.8% 

respectively) were compared. In one case, in which the total number of microspheres enumerated 

was 150, a statistically significant difference ( = 0.05) in mean RSD was observed between 

subjects when intermediate and sparse microsphere densities were compared. These results 

suggest that counting ~40 microspheres field-1, in either DIW or AGW, results in statistically 
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significant differences in precision relative to results obtained from slides with a microsphere 

density of ~4 microspheres field-1. As well, in DIW, statistically significant differences in the 

precision of microsphere concentration data were observed between counting ~40 and ~8 

microspheres field-1 and ~8 and ~4 microspheres field-1. In both the AGW and DIW suspensions, 

the RSD decreased with increasing microsphere density (Figure 3.4), suggesting that the 

precision in microsphere concentration enumeration increases with increased microsphere 

density. 

3.3.3.2.     Microsphere counts (within-subjects) multiple comparisons

The results of the total microsphere count (within subjects) multiple comparison analyses are 

presented in Table 3.5. In DIW, statistically significant differences ( = 0.05) in mean PE were 

observed between total counts of 150 (mean PE = 8.0%) and 350 (mean PE = 5.0%) 

microspheres. This result suggests that in DIW microsphere concentration enumeration accuracy 

improves significantly by counting at least 350 microspheres slide-1, but there is no statistically 

significant improvement in microsphere enumeration by counting to 500 microspheres.

In AGW, a statistically significant difference ( = 0.05) in mean PE was observed between total 

counts of 50 (mean PE = 22.3%) and 150 (mean PE = 12.4%) microspheres. This result suggests 

that in AGW microsphere enumeration accuracy improves significantly by counting at least 150 

microspheres slide-1 instead of 50, but there is no statistically significant improvement in 

microsphere enumeration by counting to 350 or 500 microspheres. Similarly, a statistically 

significant difference ( = 0.05) in mean RSD was observed between total counts of 150 (mean 

RSD = 40.4%) and 350 (mean RSD = 45.6%). This result suggests that in AGW microsphere 
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enumeration precision also improves when at least 350 microspheres are counted per slide, 

however, continuing on to count at least 500 microspheres slide-1 does significantly improve the 

precision of the concentration estimate. In both suspensions, a notable decrease in both RSD 

(Figure 3.5) and PE (Figure 3.6) was observed with increasing number of microspheres counted. 

In the present investigation, there was not a significant impacts of microsphere density on 

methodological accuracy as measured by PE. In constrast, Lisle et al. (2004) did see statistically 

significant differences in methodological accuracy measured as root mean square error (RMSE) 

at densities similar to those investigated in the present study (abundances below 105.5

microspheres filter-1). One of the challenges associated with both RMSE and PE data is that both 

measures must assume that the original or target concentration of microspheres is known when in 

fact only an estimate can be provided.

3.4.     Conclusions

This study indicated that the precision and accuracy of microsphere enumeration by 

epifluorescence microscopy respectively depend on the density of microspheres per field and the 

total counts for a given slide. Analytical biases mainly originated from suspension matrix

chemistry and slide preparation. Microspheres in the higher ionic strength water matrices were 

not uniformly distributed on the filter membranes. Undulations of filter membrane, bubbles in 

mounting medium, and precipitate formation can act as additional sources of bias. 

Methodological accuracy was significantly improved when total microsphere counts exceeded

350. Overall, the investigation presented herein underscores the importance of both particle 

density and total number of particles counted when quantifying waterborne bacteria- and virus-
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sized particle concentrations using a field counting approach and microscopy. To obtain precise 

and accurate microsphere measurements by epifluorescence microscopy, microsphere densities 

of 25-40 microspheres field-1 and counts of at least 350 microspheres are recommended. 
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Figure 3.1: Schematic diagram of repeated measures ANOVA experimental design.
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Figure 3.2: Micrographs of portions of fields illustrating: (A) uniform distribution of microspheres on the filter membrane surface, 
(B) undulations in the filter membrane surface, (C) microsphere attachment to precipitates in AGW, and (D) microsphere attachment 
to an air bubble in the mounting medium.
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Table 3.1: The number of slides made in each stock suspension

Microsphere density on slide AGW DIW

Dense 4 9

Intermediate 5 6

Sparse 5 7

Number of slides

Table 3.2: The number of fields counted in each treatment

Average number of

Microsphere Number of
density on slide microspheres counted AGW DIW

Dense 500 13 15

350 9 10

150 4 5

50 2 2

Intermediate 500 57 71

350 39 50

150 19 21

50 15 7

Sparse 500 136 138

350 95 97

150 39 42

50 15 14

fields counted
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Table 3.3: The result of GLM (General Linear Model) repeated measures

Between groups Within groups

Artificial RSD 0.029 b 0.001

groundwater (AGW) PE a 0.465 0.001

De-ionized RSD <0.001 0.224

Water (DIW) PE a 0.474 <0.001

a Transformed using the natural logarithm.
b Statistically-significant (α=0.05) differences are indicated in bold.

Matrix Variables p-value

Table 3.4: Multiple comparisons between groups

50 150 350 500

Artificial D-I 0.079 0.193 0.194 0.175

groundwater D-S 0.016 b 0.004 0.014 0.019

(AGW) I-S 0.237 0.029 0.06 0.1

De-ionized D-I < 0.001 < 0.001 < 0.001 < 0.001

water D-S < 0.001 < 0.001 < 0.001 < 0.001

(DIW) I-S 0.005 0.005 0.003 0.019

a D = Dense, I = Intermediate, and S = Sparse
b Statistically-significant (α=0.05) differences are indicated in bold.

RSD

Variables Groups a p-value

RSD

Matrix
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Table 3.5: Multiple comparison within groups

50-150 150-350 350-500

Artificial

groundwater

(AGW) PE a 0.009 0.39 0.114

De-ionized
Water (DIW)

a Transformed using the natural logarithm.
b Statistically-significant (α=0.05) differences are indicated in bold.

Matrix Variables p-value

RSD 0.66 0.006  b 0.779

PE a 0.182 0.003 0.794
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Chapter 4:

Preparation of large volumes of high titer 
bacteriophage suspensions for use as 

pathogenic virus surrogates in environmental 
experiments

  

Mesquita, M. M. F., Stimson, J.; Chae, G.-T.; Emelko, M. B., Goyal, S. M.,
      Ptacek, C. J., and Blowes, D. W., Preparation of large volumes of high 
    titer bacteriophage suspensions for use as pathogenic virus surrogates
    in environmental experiments, in preparation.
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4.1.     Introduction

The unique characteristics of bacterial viruses, also referred to as bacteriophages or phages, 

make them invaluable tools not only in molecular biology, genetics, medicine and biotechnology 

but also in environmental sciences as surrogates of pathogenic mammalian viruses. Since their 

discovery in the early part of the last century (d’Herelle, 1917; Twort, 1915), bacteriophages 

have been used successfully in environmental studies where they fulfill a variety of functions. As 

index organisms, their occurrence and persistence in natural environments relates to health risks 

due to the occurrence of pathogens (Havelaar, 1986). As indicators, they help evaluate the 

effectiveness of treatment processes and final product quality (Mossel, 1982). As tracers, they 

have been used to simulate the fate and transport of pathogenic viruses in natural and artificial 

environments (Schijven and Hassanizadeh, 2000).

There are several reasons why bacteriophages are particularly appropriate surrogates for 

environmental studies. They persist as inactive and non-pathogenic entities outside a bacterial 

host and are similar to mammalian viral pathogens in size, shape, morphology, physiochemistry, 

mode of replication and resistance in natural environments. In contrast to pathogenic viruses, 

phages can be cultivated rapidly and cost effectively and maintained in microbiology 

laboratories, using small samples and simple methods. Because of their high multiplication rates, 

phages can be prepared in large quantities in vitro in contrast with most pathogenic viruses 

(Collins et al., 2006; Rossi, 1994; Schijven and Hassanizadeh, 2000).

Some examples of recent environmental studies using bacteriophages, selected to emphasize the 

broad range of applications of this group of viruses in environmental research, are listed in Table 
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4.1. Three main bacteriophage groups have been used in survival and tracer studies as surrogates 

of pathogenic viruses. Somatic coliphages, which infect the host cells by attaching to receptors 

located in the bacterial cell wall, have been used as tracers in laboratory investigations, pilot 

trials and validation testing (Yamamoto et al., 1970). Male specific F-RNA phages attach to 

fertility fimbriae (F-pili or sex-pili) produced by male bacterial cells in certain stages of their 

growth cycle (Collins et al., 2006). These phages have proven to be useful as tracers and have 

been shown to be superior to somatic coliphages as surrogates of the behaviour of enteric viruses 

in water environments and in their response to treatment and disinfection processes (Havelaar, 

1986; Yamamoto et al., 1970). Bacteroides bacteriophages have been proposed as a possible 

index of faecal pollution due to their specific association with faecal material and exceptional 

resistance to environmental conditions. However, detection methods for these phages are more 

complex and expensive than for other bacteriophages. B. fragilis HSP40 phages are especially 

promising because they have been found in only human faeces (Yamamoto et al., 1970). 

Water quality assessment from a virological safety standpoint is essential because a variety of 

mammalian pathogenic viruses, commonly referred to as enteric viruses (i.e. poliovirus, 

echovirus, coxsackie viruses, hepatitis A and E viruses, etc.) are transmissible by water. Assay 

techniques that are presently available for mammalian viruses are complex and costly, and are of 

limited sensitivity, making their use impractical in environmental studies. In contrast, relatively 

simple and reliable methods for isolation, detection, characterization and enumeration of 

bacteriophages from natural sources are available. These methods include classic cultural 

techniques using liquid or solid bacteriological media (Adams, 1959; Eisenstark, 1967; Havelaar, 

1986; Rossi, 1994; ISO, 1995; ISO 2000; EPA, 2001a; EPA, 2001b; Pepper and Gerba, 2004; 
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APHA et al., 2006) as well as physico-chemical, immunological, immunofluorescence, electron 

microscopy, and molecular methods (Doane and Anderson, 1987; Erlich, 1989; Havelaar et al., 

1991; Maramorosch and Koprowski, 1967; Sinton et al., 1996; Sobsey et al., 1990; Scott et al., 

2002).  

Most bacteriophage methods are relatively easy to implement in standard microbiology 

laboratories. However, methods for the production of large volume, high titer purified 

bacteriophage suspensions, which are often required for laboratory or field studies of microbial 

transport and survival in natural and engineered environments are difficult to find in the refereed 

literature. This lack of current information is likely because much of the relevant research on this 

subject, conducted before the 1970s, has not been synthesized recently in a single review. Often, 

researchers using viral surrogates in environmental studies are not focused on method 

development; rather they tend to modify or adapt existing methods but do not publish their 

results. In some cases, they rely on procedures developed for pathogenic viruses, which may not 

be suitable for use with bacteriophages. 

This paper presents a comprehensive review of existing techniques available to conduct the 

principal steps in the preparation of high-titer bacteriophage suspension e.g., propagation, 

concentration and purification. New data on several propagation and concentration 

methodologies for the production of high-yield phage stocks are included. Based on literature 

review and our own experimental results with phage/host system PRD1/E. coli, we propose a 

few reliable, cost effective and time saving procedures to produce high-titer purified 

bacteriophage suspensions for use in environmental and other applications.
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4.2.     Review of existing methodologies

The preparation of bacteriophage suspensions can be easily achieved, but when large volumes of 

high titer suspensions (1010-1013 plaque forming units or pfu ml-1) are required, as is often the 

case in environmental transport and survival studies, care must be taken to follow specific 

procedures to attain maximum bacteriophage yields (Eisenstark, 1967). These procedures can be 

divided into three steps: propagation, concentration and purification. The primary goal of phage 

propagation is to produce the maximum yield of phage particles by growing a phage/host system 

under optimal conditions. Concentration is necessary to increase phage numbers in small 

volumes of liquid. Purification is often required to ensure that bacteria, molds, insoluble debris, 

nutrients and other contaminants, which may interfere with phage quantification, are removed 

from the suspension.  

Optimal physico-chemical conditions for bacteriophage production vary considerably between 

different phage/host systems (Rossi, 1994). If the requirements of a particular phage/host system 

have been studied previously, pertinent parameters (i.e. aeration, contact time, organic and 

inorganic nutrient requirements, cofactors for adsorption, temperature, and pH) should be 

considered to optimize the propagation stage. Well-known bacteriophages and their hosts can be 

easily obtained from commercial sources such as the American Type Culture Collection (ATCC) 

or the German Collection of Microorganisms and Cell Cultures (DSMZ). Some of the more 

frequently used phages in environmental transport and survival studies and their 

physicochemical characteristics are listed in Table 4.2. If new phages and their hosts are isolated 

for which growth requirements have not been determined, optimization of propagation is 

recommended before the production of large volumes of phage suspension is attempted. 
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Two principal propagation methods are used for production of phage suspensions: liquid 

propagation and plating propagation. Liquid propagation is achieved by adding bacteriophage to 

a log phase growth culture of the susceptible host in an appropriate liquid medium, followed by 

incubation at optimal physicochemical conditions for the host/phage growth. Plating propagation 

consists of growing the phage/host system in a soft agar mixture plated in Petri dishes. In 

general, higher phage concentrations are obtained by the latter method (Adams, 1959; 

Eisenstark, 1967; Rossi, 1994; ISO, 1995; ISO, 2000). 

4.2.1.     Propagation in liquid media

Critical considerations for optimal phage production in liquid media include selection of a 

sensitive host, the use of an appropriate culture medium, optimal physicochemical conditions for 

growth (i.e. temperature, pH, aeration, presence of essential supplements), a correct phage/host 

ratio and optimal timing of phage addition to the host (Eisenstark, 1967). If the phage/host ratio 

is too low, the host will exhaust the medium before the phages develop optimally. If the 

phage/host ratio is too high, the phage will cause premature lysis of bacterial cells before a high 

concentration of the host is achieved (Rossi, 1994). 

Eisenstark (1967) and Sambrook et al. (1989) describe two methods for large-scale production of 

bacteriophage, using an initial low phage titer (low multiplicity method) or high phage titer (high 

multiplicity method). In the former procedure, a phage suspension of 5 x 107 or 5 x 108 pfu is 

added to the exponentially growing host (~ 1 x 109 colony forming units ml-1). This mixture is 

added to a large volume of the medium and incubated for 8-12 hours to permit several infection 



103

cycles to occur, which will eventually lead to complete lysis of the bacterial culture. In this 

method, small variations in the initial phage/host ratio will greatly influence the final 

bacteriophage yield. The ideal ratio varies considerably among different phage/bacteria systems. 

In the second method, an initial high phage titer is used for propagation and more consistent 

phage yields can usually be obtained (Sambrook et al., 1989). This method involves infection of 

a log growth culture of host with a phage suspension of high titer (1010 pfu) for a short period of 

time (3 to 5 hours), which leads to complete lysis of the bacterial culture. Clarification of the 

medium does not always occur because bacterial debris from lysis can be quite turbid and phage 

particles themselves scatter light appreciably (Adams, 1959; Schade and Adle, 1967). 

More recently, Rossi (1994) presents a sequential procedure for the preparation of large volumes 

(~10 L) of concentrated phage suspension in liquid media by making successive propagations in 

increasingly larger volumes of the phage/host system. The ISO (1995) standard method for 

propagation of F-specific bacteriophages consists of a procedure for MS2 production in liquid 

which has been demonstrated to produce high phage yields (1010 - 1013 pfu ml-1). Production of 

large volumes of high titer bacteriophage suspensions (1010 pfu ml-1) in fermenters is reported by 

Epstein and Campbell (1975) and Rossi (1994). Although expensive and requiring antifoaming 

agents, fermenters allow optimal control of temperature, agitation, aeration and pH (Rossi, 

1994).
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4.2.2.     Plating propagation 

Production of high titer suspensions of bacteriophages in Petri dishes utilizes the single or double 

agar layer methods (Adams, 1959), followed by resuspension of phage in phosphate buffer 

solution (PBS). In these methods, small amounts of a log phase host culture and a phage 

suspension are mixed in molten soft agar. The mixture is poured into Petri dishes as a single or a 

double agar layer (on top of a first layer of sterile agar), respectively, and allowed to solidify. 

The bacteria grow as tiny subsurface colonies in the agar and phage plaques appear as clear holes 

in the opaque layer of bacterial growth.

As with the liquid propagation method, the initial phage titer is critical. If the titer is too low, 

plaques will not be confluent and phage yield will not be maximized. If the titer is too elevated, 

the host will be lysed prematurely. Rossi (1994) suggests a total of 300-500 phage plaques per 9 

cm diameter Petri dish as an ideal concentration for plate propagation. After 12 to 18 hours of 

incubation, phage particles can be collected either by flooding the plates with PBS or by 

emulsifying the agar layer containing the bacteriophage. 

The first procedure consists of pouring a small volume of PBS on top of the plates, letting them 

sit at room temperature for a few hours (to allow phage diffusion into the liquid), decanting the 

supernatant gently (to ensure that the suspension is free of cellular or agar debris), and storing at 

4oC in the dark (Rossi, 1994). In the second method, the agar layer containing the bacteriophage 

is scraped from the plates, emulsified with a small aliquot of PBS and incubated for 3-5 hours. 

The latter procedure has the disadvantage that agar particles and soluble agar have to be removed 

from the final phage stock by filtration or centrifugation (Eisenstark, 1967). The crude 
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bacteriophage lysate obtained by either plating procedure, can be purified further by 

centrifugation (1000 g for 25 min) followed by filtration through 0.45 μm and 0.22 μm filter 

membranes (ATCC, 2004). This lysate remains viable for long periods of time when refrigerated 

at 4-8 oC, although its titer will decrease over time (ATCC, 2004). The lysate may also be 

preserved for years by freezing at very low temperature (< -70oC) with or without cryoprotectant, 

by storage in liquid nitrogen or by freeze-drying (ATCC, 2004). In some cases, propagation 

alone (in liquid or solid media) may provide a sufficiently high titer for use as a tracer in 

environmental studies. If further concentration and/or purification are needed, the methods 

presented in the next section should be considered. 

4.2.3.     Concentration and purification 

In the early to mid twentieth century numerous procedures for concentration and purification of 

phage isolated from natural environments were developed. Several reviews (Eisenstark, 1967, 

Maramorosch and Koprowski, 1967; Bachrach and Friedman, 1971; Havelaar et al., 1991) 

describe these methods, including differential centrifugation, hydroextraction, ultrafiltration 

through collodium membranes, adsorption on various materials, electrophoresis, acid 

precipitation and equilibrium centrifugation in cesium chloride gradients. Many of these initial 

procedures were later adapted for the preparation of high titer bacteriophage suspensions. 

By the early 1960s, a new concentration/purification method was developed (Albertsson, 1960; 

Albertsson and Frick, 1960; Norrby and Albertsson, 1960; Philipson et al., 1960; Frick, 1961; 

Bengtsson et al, 1962) which was based on liquid-liquid separation which selectively distributes 

substances into two immiscible phases (Albertsson, 1967). When two non-compatible polymers 
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(dextran sulphate and polyethylene glycol or PEG) are dissolved in water, undamaged high 

weight proteins, phage and cell particles accumulate in the interface between the two-phase 

system. This occurs due to the surface properties of the particles and their high molecular weight. 

Bacteriophages can be concentrated by a factor of 50-100 in the interface of the PEG/dextran 

sulfate mixture. In the 1970’s, this method was utilized successfully to concentrate several 

bacteriophage, including T-series coliphage, and bacteriophages λ, fd, R27, Qβ, φX174 and κ 

(Bachrach and Friedman, 1971, Yamamoto et al., 1970). Bachrach and Friedmann (1971) 

compared the efficiency of the PEG procedure with other concentration methods and found that 

separation with PEG allowed maximum recovery of intact infective particles of T-series 

coliphage, MS2 and φX174. The principal disadvantage of this PEG method was that the final 

virus concentrate was contaminated with dextran sulfate. To overcome this difficulty, the method 

was modified by using sodium chloride instead of dextran sulfate as the second immiscible 

phase. This improved method was used by Hebert (1963) and Venekamp and Mosch (1964) for 

plant viruses, by Leberman (1966) for bacteriophage T4, and by Yamamoto et al. (1970) for 

bacteriophages λ, T4, T7, P22, fd, φX174 and R17.

Prior to phage concentration with PEG, cellular debris is removed from lysate suspensions using 

a variety of pretreatment techniques, including digestion with pancreatic nucleases, disinfection 

with chloroform (if dealing with non-lipid containing phage), filtration, centrifugation or a 

combination of these procedures. Solid NaCl is then dissolved in the lysate, debris is removed by 

low speed centrifugation or by gravity settling over several hours at 4oC, followed by the 

addition of PEG 6000 to achieve >10% solution at neutral pH. Centrifuging again or allowing 

the lysate to settle for several hours at 4o C produces a fluffy precipitate of concentrated phages 
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which can then be resuspended in a small volume of buffer (Yamamoto et al., 1970). This 

modified PEG method is particularly useful for concentration of large lysate volumes (>10 

liters). High recoveries have been demonstrated for a large range of phage titers (105 to 1013 pfu 

ml-1). Using this procedure, Yamamoto et al. (1970) achieved recoveries greater than 90% for 

several bacteriophage suspensions. 

Lower molecular weight PEG (4000, 1500 and 600 daltons) was found to achieve lower phage 

recoveries than PEG 6000. The recoveries of phage from PEG/NaCl suspensions were relatively 

insensitive to variations in phage concentration, pH (6 - 8) and ionic strength (Yamamoto et al., 

1970). Other concentration methods, such as ultracentrifugation, are more time-consuming and 

expensive for producing large lysate volumes and tend to provide lower recoveries because of 

phage inactivation during pelletization (Yamamoto et al., 1970).

The PEG method is the most common concentration/purification method currently used for the 

propagation of high titer phage suspensions (Bowes and Dowell, 1974; Sambrook et al., 1989; 

Wick and McCubbin, 1999; Oakey and Owens, 2000; Vorkas and Lloyd, 2000; Barrangou et al., 

2002; Lu et al., 2003; Slootweg et al., 2006). PEG residue is usually minor and bacteriophage 

pellets can be resuspended in buffer for use in most environmental studies. If further purification 

is required, as is often the case in molecular or characterization studies, several techniques exist 

that can remove the small amount of residual PEG. 

Ultracentrifugation and resuspension in fresh buffer is a simple method but may damage some 

bacteriophages (Yamamoto et al., 1970). Another alternative is pressure filtration of the 
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resuspended phage through Amicon XM-50 membranes (which filter out molecules weighing 

>50,000 daltons) (Wick and McCubbin, 1999). Zone centrifugation in sucrose gradients and 

banding of phage by equilibrium centrifugation in preformed cesium chloride step gradients for 

relatively short centrifugation periods (40 to 60 minutes at 100 000 g) have also given 

satisfactory results for phage purification (Bachrach and Friedman, 1971; Sambrook et al., 1989; 

Barrangou et al., 2002; Lu et al., 2003). 

4.3.     Materials and methods

4.3.1.     Bacteriophage strains and media 

In this study, we used Enterobacteria bacteriophage PR772, species PRD1 (ATCC BAA-769-

B1) and Escherichia coli (ATCC BAA-769) as the host bacterium. Both were obtained from the 

American Type Culture Collection, Manassas, VA, USA. The bacterial media used were 

trypticase soy broth (TSB) and trypticase soy agar (TSA) (Becton Dickinson, Sparks, MD, 

USA).

4.3.2.     Liquid propagation methods

Both high and low multiplicity methods (Sambrook et al., 1989; ISO, 1995) were compared. 

After numerous trials (Table 4.3), a modified version of high multiplicity method was shown to 

be more reliable and to produce consistently higher phage yields. The bacterial host was grown 

overnight in 10 ml TSB at 37o C with agitation (60 rpm). Small amounts of this culture were used 

to inoculate a series of 1 L bottles containing 500 ml each of sterile TSB prewarmed to 37o C. 

The bottles were reincubated at 37o C in a water bath with vigorous agitation (100 rpm) until log 
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growth was obtained (OD520=0.5A usually 3-4 hours). An inoculum from a concentrated phage 

stock (previously obtained by plating) was added to the TSB culture to reach 1010 pfu 500 ml-1. 

The flasks containing the phage/host suspension were reincubated at 37o C with vigorous shaking 

for 5 hours. Total clarification usually did not occur and a considerable amount of cell debris 

usually was present. Centrifugation was used to remove debris (discarded as pellet) from the 

lysates. The titer in each supernatant was then determined by the double agar layer method as 

described below. 

4.3.3.     Plating propagation methods 

The double agar layer method (Adams, 1959) was used and 20 replicate 9 cm Petri dishes were 

used at a time. The top layer consisted of 5 ml of 0.35 % TSA previously melted and cooled to 

45o C, to which 0.2 ml of log phase culture of E. coli host (OD520 = 0.5 A ~109 cells ml-1) and 

~104 PRD1 particles were added. The mixture was poured over the surface of an ordinary agar 

plate (15 ml of TSA with 1.5% agar in a Petri dish), spread on the surface, and allowed to 

solidify. Plates were then incubated upright at 37o C for 12-18 hours. The goal was to obtain 

confluent or semi-confluent plaques of lysis (unlike in phage enumeration), therefore the agar 

surface was not dried before incubation because moisture promotes diffusion of the phage 

particles (Eisenstark, 1967). Also, the Petri dishes were not inverted during incubation to avoid 

shedding of the soft top agar layers. The almost confluent bacteriophage plaques appeared as 

clear circles touching each other and the only visible bacterial growth was a gauzy webbing that 

marked the junction between adjacent plaques. Phage collection was carried out in one of two 

ways. The top agar layer was flooded with PBS and kept at room temperature for 3-5 hours with 

intermittent gentle shaking before the supernatant was decanted (supernatant procedure). 
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Alternatively, the top agar layer was scraped with a sterile glass rod, collected in a centrifuge 

tube, emulsified with 5 ml of PBS (used to rinse each plate) and incubated for 3-5 hours 

(emulsifying procedure). Centrifugation of lysates was carried out using a Sorvall RG 5B plus 

and a SS34 rotor at 5000 g for 20 min to remove agar, cells and debris. Phage suspensions were 

then stored at 4o C or frozen at -30o C (ATTC, 2004) until further use. 

4.3.4.     Phage enumeration 

The phage titers, expressed in plaque forming units (pfu) per ml, were determined by the double 

agar layer method (Adams, 1959). To ensure well isolated plaques, the plates were dried (30 min 

in a 37o C incubator with the lids ajar) before the top layer was poured. Serial decimal dilutions 

of bacteriophage suspension in PBS were agitated vigorously and 0.2 ml aliquots were added to 

5 ml melted soft agar (0.7% agar), mixed with 0.2 mL of log growth E.coli, and poured onto 

TSA (15 ml of 1.5 %TSA). Three dilutions of phage suspension were used each time in an 

attempt to frame countable numbers of phage plaques. Inverted plates were incubated at 37o C 

for 12-18 hours. Two to four replicates per dilution as well as a negative control (TSA + host) 

were used for each analysis (Table 4.3). The precision of the phage assay is reported as ± 20% 

(6). The detection limit for the method, based on a count of >30 plaques and a minimum sample 

volume of 2 mL, is 15 pfu mL-1.  

4.3.5.     Concentration and purification

All phage lysates in TSB were centrifuged at 5000g for 20 min to remove bacteria and agar. 

Further purification was achieved by filtering the phage suspensions through 1.2, 0.45, and 0.22 
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μm pore-size membrane filters (Whatman, London, UK). Concentration of phage particles in 

debris-free suspensions was attempted using: 1) filtration through 0.05 μm polycarbonate filters 

(Whatman, London, UK) and resuspension by immersion of the filter membranes in a liquid 

medium agitated for 2 hours (1); 2) centrifugation with a Sorvall RG 5B Plus centrifuge and a 

SS34 rotor for 8 hr at 20,000 rpm to produce a phage pellet; 3) precipitation using the simplified 

PEG method developed by Yamamoto et al. (1971) using 0.5% solid NaCl plus 10% PEG 6000. 

In the last step of the PEG method, the use of sterilized glass separation funnels maintained at 4o 

C was found especially useful since it allowed clear visualization of the final fluffy white 

precipitate containing the concentrated bacteriophage. The final phage lysates were stored at 4o C 

and used as soon as possible or frozen at - 30 o C to avoid potential titer losses.

4.4.     Results and discussion

Our initial attempts at liquid propagation (Table 4.3; Liquid Trials 1 and 2) produced phage 

suspensions of relatively low titers. Our experience suggests that this was mostly due to the 

addition of a non-optimal bacteriophage seeding concentration to the exponentially growing 

bacterial host culture, which is a critical factor in achieving high yields. Later, even when larger 

volumes were used, liquid propagation attempts gave better results because: (1) more appropriate 

phage/host ratios were used and (2) concentrated phage suspensions were added to late log 

growth cultures. 

Plating propagation produced smaller volumes of phage suspension but generated consistently 

higher phage yields than did liquid propagation (Table 4.3; plating trials). In terms of phage 

particle collection, the emulsifying procedure gave better results than the supernatant procedure.
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Both filtration (through 0.5 μm pore size membranes) followed by elution (77% recovery in one 

trial), and centrifugation (at 48 000 g for 16 hours) were tried with reasonable results for 

concentration and purification for up to 1 liter of bacteriophage suspensions. However, when 

used for larger volumes these methods proved to be impractical, expensive and time-consuming. 

In contrast, the simplified PEG method developed by Yamamoto et al. (1971), although allowing 

variable recoveries (60 to 80% pfu ml-1), was found to be a good alternative to the other two 

concentration/purification methods for large-scale bacteriophage suspension production. 

4.5.     Conclusions and recommendations 

The sequence of selected procedures proposed for the production of large volumes of high-titer, 

bacteriophage suspensions for use in environmental experiments is summarized in Figure 4.1. As 

with other investigators (Adams, 1959; Eisenstark, 1967, Rossi, 1994; ISO, 1995; ISO, 2000), 

our plating trials achieved higher PRD1 titers than liquid propagations by approximately an order 

of magnitude. A few repetitions of the plating method on its own will produce enough phage for 

use in many studies. In this study 9 cm Petri dishes were used, however, 15 cm Petri dishes or 

large size T-flasks with increased amounts of media and PBS could also be used, to ensure the 

production of larger volumes of high titer phage suspensions by plating. In studies where many 

liters of high titer phage suspension are required, liquid propagation is essential. However, our 

experience with PRD1 and that of others (Eisenstark, 1967; Rossi, 1994), suggest that this 

method can result in somewhat unpredictable final phage concentrations. Therefore, we suggest 

that its use be preceded by propagation by a plating technique to ensure a more consistent 

production of an initial high titer phage suspension (Figure 4.1). This initial suspension can then 
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be used to seed large volumes of liquid media for large-scale propagation. To ensure maximum 

phage yields, we recommend the use of a high phage concentration and short contact time (high 

multiplicity) method for liquid propagation of the PRD1/E.coli system. The PEG method using 

NaCl is our first choice for phage concentration since it is fast, gentle, efficient (high phage 

recoveries), easy to use and has the added advantage of removing undesirable impurities from 

the phage lysates.

The success of the proposed sequence of procedures in Figure 4.1 greatly depends on attention to 

critical details mentioned above in the materials and methods section. It is especially important 

to ensure the host bacterium is properly cultured and stored. To avoid phage sensitivity losses (or 

any other changes), aliquots of a stock from the original culture should be kept frozen at -30oC or 

lower and each subcultured a maximum of 7 times before being replaced by a new thawed 

aliquot.
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  Further concentration and 
purification using PEG method

Figure 4.1:  Recommended general procedure for preparation of large volumes of high titer 
bacteriophage suspensions
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Table 4.1:  A selection of recent environmental studies using bacteriophage surrogates

Types of environmental studies that use 
pathogenic surrogates Author(s)

Freshwater, seawater and sediments Havelaar et al. (1993), Rossi et al. (1998), Contreras-Coll 
(2002), Skraber et al. (2002), Allwood et al. (2003), Brion et al. 
(2003), Luther and Fujioka (2004), Moce-Llivina et al. (2005), 
Stewart-Pullaro et al. (2006). 

Shellfish from contaminated harvesting waters Doré et al. (2000, 2003), Kator and Rhodes (2001), Muniain-
Mujika et al. (2003), Formiga-Cruz et al. (2003), Loisy et al. 
(2005).

Sewage sludge and biosolids Mignotte-Cadiergues et al. (2002), Mandilara et al. (2006), 
Nappier et al. (2006).

Water and wastewater treatment technologies Vorkas and Lloyd (2000), Gehringer et al. (2003), Huertas et al. 
(2003), Tanji et al. (2002, 2003), Hodgson et al. (2004), Tanner 
et al. (2004), Mi et al. (2004), Arraj et al. (2005), Davies-Colley 
et al. (2005), Persson et al. (2005), Withey et al. (2005), 
Harwood et al. (2005).

Groundwater Pieper et al. (1997), Schijven et al. (1999), Ryan et al. (1999), 
Leclerc et al. (2000), Schijven and Hassanizadeh, (2000), 
Schijven (2001), Auckenthaler et al. (2002), Schijven et al. 
(2003), Harvey and Harms (2002), Harvey and Ryan (2004), 
Blanford et al. (2005), Collins et al. (2006), Lucena et al. (2006), 
Vidales-Contreras et al. (2006), Torkzaban et al. (2006).
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Table 4.2:  Characteristics of bacteriophages commonly used as surrogates

Phage Family name Type
Lipid 
(%) pHzpc Hosts Phage Size/Shape

T2, T4, T6 Myoviridae Somatic 
Linear ds-
DNA

0 — E. coli  and other 
Enterobateriaceae

Cubic capsid (isosahedral or 
elongated), long contractile tail, 
95 x 65 nm

T5, λ Siphoviridae Somatic 
Linear ds-
DNA

0 — E. coli  and other 
Enterobateriaceae

Cubic capsid (isosahedral), long 
non-contractile tail (150 nm), 54-
60 nm

T3, T7 Podoviridae Somatic 
Linear ds-
DNA

0 — E. coli  and other 
Enterobateriaceae

Cubic capsid (isosahedral), short 
non-contractile tail, 54-61 nm

PM2 Corticoviridae Somatic 
Linear ds-
DNA

13 7.3 E. coli, S. typhimurium 
and other 
Enterobateriaceae

Cubic capsid (isosahedral), with 
spikes in vertices, no tail, 62 nm

PRD-1 a Tectiviridae Somatic 
Circular 
ss-DNA

16 3-4 E. coli  and other 
Enterobateriaceae

Cubic capsid (isosahedral), no 
tail, 25-27 nm

MS2, Qβ Leviviridae F-specific 

Linear ss-
RNA

0 3.9, 5.2 E. coli  and Salmonella Cubic capsid (isosahedral), no 
tail, 20-30 nm

φX174 Microviridae Somatic 
Circular 
ss-DNA

0 6.6 Pseudomonas sp. , 
Pseudoalteromonas sp.

Cubic capsid (isosahedral), with 
spikes in vertices, no tail, 60 nm

SJ2, fd, M13 Inoviridae F-specific 
Circular 
ss-RNA

0 — E. coli and Salmonella 
sp.

Filamentous or rod-shaped, 810 
x 6 nm

Bacteroides fragillis 
phages

Siphoviridae Linear ds-
DNA

0 — Bacteroides fragillis 
HSP40

Icosahedral head (60 nm), 
flexible non-contractile tail, 150 
x 8 nm

Bamford, 2006.

Sources: Havelaar and Hogeboom, 1984; Havelaar et al, 1993; Dowd et al., 1998; Huertas et al., 2003; Collins et al., 2006; Bamford and 

a PRD-1 is a unique bacteriophage because although somatic is also plasmic dependent and capable of infecting bacterial cells only when IncP-, 
IncN- and IncW-type multiple drug resistant conjugative plasmids are present (Olsen et al., 1974; Grahn et al., 2006).
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Table 4.3:  Measured phage titers for liquid and plating propagation trials

Phage titer 
(pfu/ml)

Standard 
deviation (pfu/ml)

Liquid Propagations 1 x 106   —

2 x 108   —

3 x 108 1.21 x 107

8.8 x 108 5.9 x 108

3.5 x 109 2.8 x108

4.37 x 108 1.98 x 108

4.13 x 108 1.06 x107

Plating Propagations
Supernatant Procedure 4.4 x 109 1.22 x 109

4.6 x 109 —

Emusifying Procedure 1.05 x1010 —

6.6 x 109 1.4 x 108

1.16 x 1011 1.47 x 1010

Propagation Attempts





127

Chapter 5:

Basic oxygen furnace slag as a treatment 
material for pathogens: contribution of 

inactivation and attachment in virus 
attenuation

Stimson, J., Chae, G.-T., Ptacek, C. J., Emelko, M. B., Mesquita, M. M. F., 
     and Blowes, D. W., Basic oxygen furnace slag as a treatment material for 
     pathogens: contribution of inactivation and attachment in virus 
     attenuation, in preparation
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5.1.     Introduction

Groundwater contamination by viral pathogens is a serious health concern for the developing and 

developed world. Since 1980, 70% of disease outbreaks derived from ingestion of virus-

contaminated drinking water in the United States have been associated with groundwater use for 

potable water production (Kramer et al., 1996). Sources of viral pathogens include wastewater 

from septic tanks, leaking sewer systems, landfills, disposal of biosolids, and animal-waste. The 

majority of cases of groundwater contamination with microbiological agents in North America 

are from septic tanks (Yates et al., 1985). In developing countries, pit latrines have been 

identified as a primary source of bacterial contamination to groundwater (Palamuleni, 2002). 

This study focuses on the potential development of a cost-effective technology for attenuating

waterborne viral pathogens from septic systems and pit latrines by investigating low-cost 

materials that promote virus attenuation during in situ wastewater treatment.

Inactivation and attachment/detachment are critical processes controlling virus transport and 

attenuation in natural porous media. Numerous parameters affect virus inactivation in 

groundwater (John and Rose, 2005); however, ambient temperature appears to be the only factor 

that is significantly correlated to inactivation rates of most viruses, with greater inactivation 

observed at higher temperature (Yates et al., 1990; Yahya et al., 1993a). Virus attachment and 

release in geologic media is dominated by electrostatic forces (Schijven and Hassanizadeh, 

2000); steric repulsion, hydrophobic attraction, and hydration effects may also be significant 

(Harvey and Ryan, 2004). The relative contribution of these various interactions on virus 

attachment in the subsurface depends on the surface charge of the geologic media and the virus, 

and the bulk composition of groundwater. For example, iron oxyhydroxides are highly-charged 

and can preferentially attenuate viruses under saturated conditions, due to strong electrostatic 



129

attraction between the viruses and the oxyhydroxide surfaces (Ryan et al., 1999) and subsequent 

disintegration/disinfection of the attached virus (Ryan et al., 2002). 

Basic oxygen furnace (BOF) slag is a byproduct of the steel-making industry, composed 

primarily of di- and tri-calcium silicate, ferrous oxide, portlandite [Ca(OH)2], and Ca-, Mg- and 

Mn-ferrite (Proctor et al., 2000, Mikhail et al., 1994). The dissolution of portlandite produces 

elevated pH conditions (pH of 11-12) in water in contacts with this medium for sufficient times. 

This medium also has a high content of ferric (oxy)hydroxide surfaces suggesting a high 

potential for surface interactions. Previous column and field studies indicated that BOF slag 

effectively attenuates PO4, due to adsorption and coprecipitation of PO4 (Baker et al., 1997). It 

has also been shown to attenuate coliform bacteria, presumably by microbial inactivation at high 

pH and by attachment to iron phases (Smyth et al., 2002).

Because virus-sized fluorescent microspheres cannot be inactivated, they provide an independent 

estimate of attachment without inactivation. At neutral pH, microspheres typically have a net 

surface charge that is more negative than those of natural biocolloids and attach more readily to 

positively-charged mineral surfaces such as iron oxyhydroxides. Therefore, at neutral pH 

transport experiments using microspheres as pathogen surrogates tend to overestimate attachment 

and underestimate pathogen transport (Harvey et al., 1989). PRD-1, a bacteriophage, often is 

used to estimate concurrent virus inactivation and attachment to porous media because, relative 

to pathogenic viruses, it is relatively persistent in groundwater settings (Harvey and Ryan, 2004). 

In this study, batch and column experiments were conducted using both microspheres and PRD-1 

to assess the relative contributions of attachment/detachment and virus inactivation processes on 

virus-sized pathogen removal by high pH reactive media.
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5.2.     Materials and methods

5.2.1.     Treatment material

Two BOF mixtures, from Stelco (Hamilton, Ontario, Canada) and Tubarão (Espíritu Santo, 

Brazil) were studied. To optimize contact time with the media, the BOF slag (3-18 mm fraction) 

was mixed with 1.3 mm Ottawa sand and 18 mm pea gravel in a ratio of 50:20:30 to lower the 

overall hydraulic conductivity and increase residence time within the system. The surface 

characteristics of the BOF media are presented in Table 5.1. 

5.2.2.     Virus selection, assay and propagation

PRD-1 is an icosahedral DNA bacteriophage with an average diameter of 62 nm and an 

isoelectric point of ~3-4 (Olson et al., 1974; Ryan et al., 1999). PRD-1 is commonly used as a 

surrogate for subsurface viral fate and transport studies because of its stability in aqueous and 

geologic media (Yahya et al., 1993a; Straub et al., 1992) as well as its structural and functional 

similarities to adenoviruses (Belnap and Steven, 2000). Relative to other phages, it also tends to 

demonstrate less attachment affinity to many surfaces (Yahya et al., 1993b). PRD-1 (ATCC 

BAA-769-B1) was obtained from the American Type Culture Collection (Manassas, VA, USA) 

and enumerated by the dual agar layer, plaque-forming method on bacterial lawns of Escherichia 

coli (ATCC BAA-769) (Adams, 1959). Serial dilutions in phosphate buffered saline solution 

were agitated vigorously and 0.2 mL aliquots were added to melted soft agar, mixed with 0.2 mL 

of host bacteria, and poured onto trypticase soy agar plates. Inverted plates were incubated at 37 

oC for 12-18 hours. Duplicates of each dilution were processed. Sample dilutions that resulted in 

plates with 30 to 300 plaques were counted and the results expressed as pfu (plaque-forming 

units) mL-1. The precision of the virus assay is reported as ± 20% (ASTM, 1991). The method 
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detection limit, based on a count of ≥ 30 plaques and a minimum sample volume of 2 mL, was 

15 pfu mL-1. 

A high-titer phage stock suspension was prepared by adding 1011 pfu of PRD-1 into 1 L of 

trypticase soy broth (TSB) containing 10 mL of 137 mM CaCl2 and 278 mM glucose. The TSB 

suspension was incubated for 24 hours at 37oC and then centrifuged at 10,000 rpm for 15 

minutes to remove bacteria and agar. The supernatant was filtered through 1.2, 0.45, and 0.22 μm 

membrane filters (Whatman, London, UK) to remove bacterial fragments, and filtered through a 

0.05 μm polycarbonate filter (Osmonics, Inc., Trevose, PA, USA) to collect phage (Adams, 

1959). Additional filtered supernatant was produced using the same protocol and the phage 

suspension was centrifuged for 8 hr at 20,000 rpm to produce a phage pellet. The virus was 

resuspended by agitating the filter membranes and pellet in artificial groundwater (AGW) for 2 

hr. A phage titer of 2 x 108 pfu mL-1 was obtained. Further detail regarding this method can be 

found in Mesquita et al. (in submission). 

5.2.3.     Microsphere selection, characterization and enumeration 

Surfactant-free, carboxylated fluorescent-dyed polystyrene microspheres (Polysciences Inc., 

Warrington, PA) were used as non-biological surrogates for virus transport and attenuation by 

attachment. The virus-sized microspheres had an average diameter of 0.190 µm and a density of 

1.045 g/mL. The dye contained in the microspheres is a proprietary chemical that has maximum 

excitation at 458 nm and maximum emission at 540 nm, similar to fluorescein isothiocyanate 

(FITC). Microelectrophoresis (Malvern Zetasizer, Malvern, UK) was used to characterize the

electrokinetic properties of the microspheres in the AGW at pH of ~7. Microsphere suspensions 
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of 105 spheres mL-1 were used. The measured electrophoretic mobilities were used to calculate ζ

potentials using the Smoluchowski equation (Hunter, 2001).

Samples containing microspheres were gently inverted several times and diluted sequentially in 

distilled water. Samples were filtered through 0.1 μm polycarbonate filters (Osmonics, Inc., 

Trevose, PA, USA), supported by 8.0 μm nitrocellulose filter membranes (Millipore, Billerica, 

MA, USA), by vacuum at 125 mm of mercury. The filters were mounted on glass slides using a 

DABCO glycerol mounting medium. Microspheres were enumerated manually using an 

AXIOSKOP 2 Plus microscope (Zeiss, Oberkochen, Germany) by excitation from a FluorArc 

epifluorescent light source at 400X magnification. An area that represented 4-100% of the 1 mm2

graticule mounted in the eyepiece was used to achieve counts of 20-200 microspheres. The area 

was comprised of the symmetrical pattern formed by the four corners of the graticule. Several 

fields of view were examined, such that a minimum of ten fields of view and 300 microspheres 

in total were enumerated (APHA, 2005). Counts below approximately 500 spheres mL-1 were not 

considered because they typically exhibited a relative standard deviation (RSD) above 50% and 

were considered statistically unreliable (Chae et al., 2007). The mean relative standard deviation 

for microsphere replicates was 18.9 %.

5.2.4.     Virus surrogate batch and transport experiments

A batch experiment was conducted by amending a suspension of 1.3 x 108 pfu PRD-1 mL-1 with 

0.2 N KOH to a pH of 7.6, 9.5 or 11.4. It was monitored for 14 days to determine the degree of 

virus inactivation at neutral and more alkaline pH. The virus suspension was prepared in artificial 

ground water (AGW), sanitized under UV light for 24 hours. The experiment was conducted at 4 

oC to match temperature conditions under which transport experiments were conducted. AGW 
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was prepared by saturating deionized water with an excess of CaCO3, ingassed with CO2 for 24 

hours and allowed to degass until the AGW reached a pH of 8.2. 

Transport experiments were conducted in transparent Plexiglas® columns (40 cm in length, 5 cm 

ID). Influent and effluent tubing and fittings were made from Teflon (except for Pharmed® pump 

tubing). Screens at the top and bottom of the column were made from stainless steel. The BOF 

mixture was oven dried at 105 oC for 24 hours. The column was dry packed by adding 200 mL 

aliquots that were tamped after each addition. Entrapped air was displaced using CO2 gas for 48 

hours. The columns were saturated from the bottom upward, at a low flow rate for several pore 

volumes. All columns were maintained in a vertical position. AGW was pumped continuously 

through the columns for 300 days at a low flow rate (5 mL hr-1 or 0.33 PV day-1) prior to 

initiating the transport experiment.  Figure 5.1 presents a schematic representation of the 

experimental apparatus.

During the transport experiment a suspension containing virus surrogates and conservative 

bromide tracer (7 mg L-1) was applied to the column using a low-flow, multichannel, roller pump 

(Ismatec Corp.) at a constant flow rate of one pore volume (PV) day-1. Care was taken to 

maintain the suspension by agitation with a stir bar. Continuous samples were collected in 

borosilicate test tubes on a fraction collector at 40 minute intervals. Bromide concentrations were 

measured using an Enviroflow 3500 Autoanalyzer (Perstorp Analytical, Silver Springs, MD) 

with a detection limit of 0.02 mg L-1. The seed suspensions feeding the Stelco and Tubarão BOF 

columns respectively contained 1.7 x 109 and 1.1 x 109 spheres mL-1 and 3.8 x 108 and 1.7 x 108

PRD-1 pfu mL-1. Bromide was applied to the column for 12 PV, to assure that steady-state 

attenuation conditions were attained, followed by 10 PV of tracer-free suspension. The 
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suspension influent to the Stelco and Tubarão BOF mixtures respectively were spiked with 13 

and 28 mg L-1 of DOC and 14 and 22 mg L-1 of PO4, concentrations typical of septic system 

effluent (Whelan and Titamnis, 1982), by adding ~10 mL of trypticase soy broth. Eh and pH 

were measured in a sealed cell and filtered samples for analysis of cations, anions, and DOC 

were collected from the effluent and the influent. Samples for cation and DOC analysis were 

acidified to pH < 2 using HNO3. 

5.3.     Results and discussion

PRD-1 inactivation over time was evaluated in batch experiments conducted over a range in pH. 

Following the batch experiments, transport experiments were conducted to assess the removal of 

PRD-1 and virus-sized microspheres under steady flow conditions. In combination, these 

experiments assist in delineating inactivation and attachment/detachment mechanisms of virus 

removal in BOF slag mixtures. 

5.3.1.     Batch experiments: PRD-1 inactivation at 4 oC at varying pH

Analyses of PRD-1 from the batch experiments indicate that PRD-1 concentrations declined 

slowly (~3.2 x 10-3 log C/C0 day-1) as a function of time for the near neutral pH suspensions 

evaluated (pH 7.6) (Figure 5.2). This outcome is consistent with rates reported for near neutral 

pH conditions at low temperature (Harvey and Ryan, 2004). In this study, the changes in PRD-1 

concentrations were so small that the error associated with random variability in the data 

precluded accurate determination of the inactivation rate at near neutral pH (R2 = 0.04). Harvey 

and Ryan (2004) developed a temperature-dependent expression of PRD-1 inactivation at neutral 

pH below 10 oC (Eq. 1): 
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A rate of 1.1 x 10-2 log C/Co day-1, calculated for 4oC from Eq. 1, is similar to the result obtained 

herein atpH 7.6. Higher inactivation was observed at pH 9.5 (2.4 x10-2  log C/C0 hr-1; R2 = 0.81).

At pH values typical of those for water or wastewater in contact with BOF slag (pH 11.4), 

removal of PRD-1 was 2.1 log C/C0 day-1 (R2=0.9999) over the first two days. Subsequently, 

PRD-1 underwent slower inactivation (0.124 log C/C0 day-1, R2=0.96). The observed bimodal 

rates of removal are consistent with inactivation kinetics resulting from a subpopulation of 

microorganism that exhibits higher resistance to adverse conditions (Gyürék and Finch, 1998). 

However, the PRD-1 surrogate is a single viral strain and the propagated virus are therefore 

genetically identical. The mechanisms of virus inactivation at alkaline pH have been attributed to 

viral capsid protein denaturation and DNA disintegration (Salo and Cliver, 1976).

These inactivation results were also used to determine the maximum holding time for column 

effluent samples containing virus. The inactivation of PRD-1 after one day of contact with high 

pH was ~0.88 log C/C0 day-1, suggesting that 10% underestimation in concentration would occur 

after one hour. This holding time was not exceeded during the column experiments.
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5.3.2.     Column transport experiments 

5.3.2.1.     Transport of conservative tracer 

For both column experiments performed using reactive mixtures containing Stelco and Tubarão 

BOF slag, the rising limbs of the bromide breakthrough curves resembled those expected from 

natural porous media such as sand, based on the simple advection/dispersion equation for 

uniform saturated porous media (Figure 5.3). After 2 PV, the effluent approached the influent 

concentrations, and remained there until the influent was switched to the tracer-free solution. The 

trailing edges of the bromide breakthrough curves were also consistent with those expected from 

uniform saturated porous media. Analysis of the bromide breakthrough curve data using 

CXTFIT2 (Toride et al., 1995) yields an average linear velocity of 1.0 x 10-2 cm hr-1 (Stelco) and 

8.6 x 10-3 cm hr-1 (Tubarão) and dispersion coefficient of 2.8 (Stelco) and 2.3 (Tubarão). The 

calculated average linear velocity is in agreement with the average linear velocity measure in the 

experiments (1.2 x 10-2 cm hr-1, Stelco; 1.1 x 10-2 cm hr-1, Tubarão). Both columns reached 

steady-state with respect to bromide after 6-8 days of seed suspension introduction.

5.3.2.2.     Microsphere attachment to BOF mixtures

The microsphere breakthrough curves describe transport of a virus-sized charged particle in the 

absence of inactivation processes. In both columns, the effluent microsphere concentrations 

increased more slowly than the bromide conservative tracer, but then reached values near C0 after 

10 days (10 pore volumes) of influent addition (Figure 5.3). These results indicate that there was 

some initial attenuation of microspheres, but that the attenuation processes were not sufficiently 

effective at removing the microspheres below the input concentrations for sustained periods of 

time (Figure 5.3). The lag in arrival time of the microspheres was similar for both columns, 
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yielding an average linear velocity of approximately one fifth that of the velocity of the

conservative tracer. This observation is estimated by the arrival time of 50% of the total colloid 

mass as measured in the outlet effluent (Figure 5.3). However, a portion of the microspheres 

arrive prior to the conservativee tracer and the remaining microsphere breakthrough does not 

follow ideal behaviour for solute transport.

If only simple equilibrium attachment and detachment of microspheres take place, the resulting 

breakthrough curve is expected to rise gradually and then reach a constant plateau (Schijven and 

Hassanizadeh, 2000). If other more complex transport processes are active (e.g., attachment and 

detachment at differing rates or straining), deviations from ideal breakthrough are expected 

(Schijven and Hassanizadeh, 2000; Ryan and Elimelech, 1996). In the present investigation, 

microsphere breakthrough from both BOF mixtures approached C0 slowly, referred to as a 

“slowly rising limb” (Schijven and Hassanizadeh, 2000). These breakthrough curves suggest that 

additional transport processes may be substantially contributing to microsphere transport in the 

BOF mixtures.  

During the experiment, pH remained elevated in both column effluents, suggesting that both 

colloid and media surfaces are negatively charged, thereby limiting attachment due to 

electrostatic repulsion. Under these elevated pH conditions, the net surface charge of the solids 

contained in the BOF mixture (BOF, sand and gravel) is expected to be negative. BOF slag 

contains Fe minerals in both the Fe(II) and Fe(III) oxidation states (Mikhail et al., 1994; Procter 

et al., 2000). Fe(III) oxyhydroxide surfaces have net negative surface charges at high pH (pHiep 6-

8.5; Stumm and Morgan, 1981); the BOF slag surfaces, therefore, also are expected to have 

negative surface charges in the pH range of the experiments. At the elevated pH conditions of the 
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experiments, it is expected that the microspheres were negatively charged (pHiep < 3, Yoon et al., 

1996). Electrophoretic mobility measurements confirmed this expectation and indicated that the 

mean microsphere ζ potential (± one standard deviation) was -25.4 ± 2.7 mV. Accordingly, 

negligible electrostatic impacts on microsphere attachment are likely. The limited extent of 

microsphere removal in both column experiments is consistent with predominantly negative 

surface charges on both surfaces.

Over the course of the experiments, column effluent pH was basic, however, not constant. For 

the Stelco mixture, the pH decreased from 11.4 to 10.6, while in the Tubarão mixture the pH 

declined from 11.0 to 10.6 (Figure 5.4A and B). This decline in pH may be a contributing factor 

to the observed non-ideal transport behavior. 

Another mechanism preventing steady state attachment is media blocking, in which previously-

attached particles alter mineral surface charge distribution and decrease attachment over time. 

This process is only significant when the number of attached particles is near or greater than the 

number of attachment sites on the original mineral surface (Ryan and Elimelech, 1996). A 

comparison of the slag surface areas by BET analysis (Table 1) and surface area of the total 

number of microspheres in a closely-packed configuration indicates that a small proportion of the 

surface area (approximately 0.01%) would be covered in microspheres. However when geometric 

area of the grains is considered, approximately 5% of the area would be covered. Microspheres 

are much larger than surface attachment sites, suggesting that the geometric surface area may be 

the more appropriate measure of surface area when considering blocking impacts on colloid 

transport in porous media.
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Limited microsphere breakthrough from both media was observed prior to bromide breakthrough 

(Figure 5.3). Early breakthrough may be attributable to pore size exclusion, as has been 

suggested in other studies (e.g. Zhang et al., 2001; Sirivithayapakorn and Keller, 2003). Given 

that the early appearance of microspheres in the column effluent is accompanied by a slowly 

rising limb herein, it is likely that this behavior is due to the more sensitive detection limits for 

microspheres. Given the present experimental configuration, 6 to 7 orders of magnitude of 

microsphere concentration could be reliably measured as compared to 3 orders of magnitude of 

bromide concentration.

5.3.2.3.     PRD-1 inactivation and attachment in BOF mixtures

Transport of PRD-1 bacteriophage through the BOF mixtures could be affected by both 

inactivation and surface attachment processes. During the column experiments, arrival of PRD-1 

in the column effluent was delayed relative to the arrival of bromide and microspheres. PRD-1 

removal by the Stelco and Tubarão mixtures was also substantially greater than microsphere 

removal. Substantial PRD-1 removal by both BOF mixtures was observed. Maximum observed 

effluent PRD-1 concentrations approached 30% and 5% of the concentrations influent to 

columns containing the Stelco and Tubarão mixtures respectively. The log-scale breakthrough 

curves (Figure 5.3B and 5.3D) demonstrated a slowly rising limb and near steady-state conditions 

after 12 days in Stelco (0.5 log C/C0 removal) and Tubarão (1.0 log C/C0 removal) mixtures 

(Figure 5.3). These results suggest a combination of processes may be contributing to PRD-1 

removal, including inactivation and attachment and detachment processes. An average linear 

velocity for PRD-1 of approximately 1/10 that of the conservative tracer is estimated.
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The slowly rising limb was more pronounced for PRD-1 than for the microspheres (Figure 5.3), 

suggesting that attachment rate for PRD-1 is greater than for the microspheres (Schijven and 

Hassanizadeh, 2000). As with the microspheres, the appearance of low concentrations of PRD-1 

in the column effluent prior to bromide might suggest that pore size exclusion of PRD-1 is 

occurring, however, as with the microspheres, it is more likely that this apparent discrepancy is 

due to the more sensitive methodology for PRD-1. Given the experimental configuration, 8 to 9 

orders of magnitude of PRD-1 concentration could be reliably measured as compared to 3 orders 

of magnitude of bromide concentration. PRD-1 tailing in the Stelco and Tubarão BOF mixture 

effluents suggest that detachment rates may be considerably slower than the attachment rates 

(Figure 5.3). 

The effluent PRD-1 concentrations indicate that breakthrough curve was approaching a plateau, 

with 0.5 log C/C0 removal by the Stelco (Figure 5.3C) and 1.0 log C/C0 removal by Tubarão 

(Figure 5.3D) mixtures. This removal is attributed to inactivation processes, related primarily to 

the elevated pH conditions in the column pore water and solid surfaces, and 

attachment/detachment, which explain the delayed arrival of PRD-1 compared to the 

conservative tracer. 

The removal of PRD-1 was slightly higher in Tubarão slag due to several factors. Tubarão has 

higher surface area and higher weight percent of iron oxyhydroxides (Table 1), which would 

suggest that attachment efficiency and surface inactivation would be greater for this medium. As 

well, DOC has been shown to protect viruses from inactivation (Pieper et al., 1997). The DOC 

concentration in the stock suspension used in the Tubarão experiment was lower (14 mg L-1) than 
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that used for Stelco slag (28 mg L-1), which may have led to greater PRD-1 inactivation in the 

Tubarão slag (Figure 5.4C and D). 

5.3.3.     Comparison of batch and column tests 

PRD-1 reduction during the column tests indicated that surface inactivation and attachment, as 

determined through the transport experiments, and liquid inactivation, as determined in the batch 

pH experiments in the absence of solids, resulted in 0.5 and 1.0 log C/C0 removal over one day. 

Batch tests measuring liquid inactivation indicated rapid virus reductions during the first two 

days, followed by decreased virus reduction rates, implying that longer contact times with BOF 

slag in field applications should lead to several log reduction in virus concentration.

After 12 PV, the observed virus inactivation in the Stelco and Tubarão BOF slag column 

experiments reached 1.5 and 0.8 log C/Co removal respectively. This removal is much lower than 

that observed in batch experiments (liquid inactivation rate of 2.1 log C/C0 day-1), possibly due to 

the higher survival of phage on mineral surfaces. Harvey and Ryan (2004) reviewed PRD-1 

inactivation and noted that, in general, viruses appear to be protected from inactivation by 

attachment to geological media with high organic matter and clay-sized particle content. They 

also noted, however, that inactivation can be accelerated by virus attachment to geological media 

like iron and aluminium oxides and other materials that bind viruses strongly. In the case of 

PRD-1, Schijven et al. (1999) reported surface inactivation that was similar to liquid inactivation. 

The field results of Ryan et al. (2002) suggested surface inactivation occurring at a rate 2-3 times 

faster than solution inactivation when in the presence of strong attractive forces between the 

viruses and surfaces. In the present investigation, the less highly-charged quartz surfaces in the 
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inert media (Ottawa sand and pea gravel) may provide attachment sites that decrease total virus 

inactivation. At high pH, other mechanisms may lead to decreased solid inactivation.

5.4.     Implications

The batch experiment results indicate inactivation due to the high pH conditions strongly 

influence the viability of PRD-1, suggesting that the high pH conditions associated with the BOF 

slag result in inactivation in the column experiments. This result suggests that use of BOF media 

to limit virus transport in on-site wastewater treatment applications will require sufficient contact 

times with BOF media. This contact time primarily is to promote release of base from the BOF 

media into the pore waters, thereby leading to a sufficient increase in pH to promote virus 

inactivation. Previous studies suggest that residence times of 0.5 days or greater are required to 

maintain high pH levels in pore waters in contact with BOF media. Optimal virus attenuation is 

therefore expected in BOF applications that provide sufficient residence times.  
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Figure 5.1: Experimental design of column studies
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Table 5.1:  Physicochemical characteristics of BOF slag mixtures

Physicochemical characteristics Stelco BOF Tubarão BOF

Porosity (%) 37.2 37.6

Bulk density (g cm-3) 1.73 1.76

Surface area (m2 g-1) (3-5 mm fraction) 0.55-0.56 2.09-2.15
(<1 mm fraction) 2.15-2.28 10.5-10.8

Hydraulic conductivity (m s-1) by permeameter test 2.0 x 10-2 NA a

by Hazen approximation 1.5 x 10-2 1.3 x 10-2 

Sieve analyses
d90 (mm) 9.0-9.3 8.9-9.1

d60 (mm) 6.7-6.8 6.8-6.9

d10 (mm) 0.67-0.68 0.65-0.66

characteristic diameter (d60/d10) 10.0 10.5

Chemical composition by oxide weight percentages b

CaO (%) 37.6 40.5
Fe2O3 (%) 32.7 29.1

Al2O3 (%) 2.7 2.1

MgO (%) 10.6 8.3
MnO (%) 5.1 4.4
SiO2 (%) 9.7 10.8

a Insufficient sample to complete permeameter test for hydraulic conductivity.
b Oxide weight percentages are the average of 4 samples of Stelco slag and 5 samples of Tubãrao slag.
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6.1.     Introduction

In both developing and developed countries, viral pathogens represent an important vector for 

waterbourne disease. In the United States, an estimated 0.75 to 5 million illnesses and 1400 to 

9400 deaths are caused every year by contaminated drinking water from groundwater sources 

(Macler and Merkle, 2000). Viral pathogens occur in wastewater from a variety of human and 

animal sources, including weeping fields from septic tanks, leaking sewer lines, landfills, and 

storage and use of animal waste fertilizer (Yates et al., 1985).  Viruses have also been shown to 

travel long distances, particularly in coarser aquifer materials and cold groundwater temperatures 

(Rehmann et al., 1999). The issue of viral contamination is more pressing in developing 

countries, where untreated wastewater is more likely to reach shallow aquifers from septic wells, 

latrines and contaminated surface water (Kulabako et al., 2004).  In Tanzania, a strong 

correlation between well distance from pit latrines and bacterial contamination has been 

demonstrated (Palamuleni, 2002).  

Few cost-effective technologies for attenuating viral pathogens from on site santiation systems 

are presently available.  BOF (basic oxygen furnace slag) has been examined in laboratory 

experiments as possible treatment material for on site passive reactive barriers for viral 

attenuation under septic systems and pit latrines (Baker et al., 1998; Smyth et al., 2002).  BOF 

slag is a residual material produced by the steel-making industry, consisting of di- and tri-calcium

silicate, ferrous oxide, and Ca-, Mg- and Mn-ferrite (Proctor et al., 2000).  Baker et al. (1998) 

demonstrated that BOF slag is an effective reactive material to remove PO4, primarily via 

adsorption and coprecipitation of PO4 on calcium silicate surfaces.  In a field application of a 

BOF slag permeable barrier, Smyth et al. (2002) demonstrated that coliform bacteria 

concentrations were reduced below detection in the effluent.  Attenuation was attributed to two 



153

principle processes, inactivation under alkaline conditions, or attachment to highly charged 

surfaces. The dissolution of calcium silicates in the BOF raised the pH of the effluent to elevated 

values (11-12).  The high percentage of iron phases present in BOF represent preferred 

attachment sites for viral attachment.  

Given the success of bacterial field trial, virus attenuation by BOF slag was examined (Chapter 

5). The transport of a viral surrogate, PRD-1, and fluorescent microspheres was compared to 

determine the relative contribution of two principle processes that control attenuation of virus 

attenuation, inactivaton and attachment/detachment.  Batch studies indicated PRD-1 was rapidly 

reduced (2.1 log removal day-1) under elevated (11.4) pH conditions, but were inactivated at 

much slower rates (< 0.01 log removal day-1) at pHs of 9.5 and 7.6. The authors constructed two 

columns of BOF slag to study transport characteristics of fluorescent microspheres and PRD-1 in 

situ.  After 300 days of saturation with artificial groundwater (AGW), the breakthrough of 

microspheres were nearly umimpeded through the columns (0.1-0.2 log removal), but PRD-1 

concentration was greatly reduced (1.5-3.0 log removal).

This paper examines an additional transport study conducted with the same columns after 60 

days of saturation with AGW, and contrasts these results with the experiment after 300 days of 

saturation with AGW presented in Chapter 5. Given that microspheres are not inactivate in 

solution, they measure attachment processes in the absence of inactivation. Since microspheres 

have more negative zeta potentials than those measured for natural biocolloids (Harvey et al., 

1989), they attach more readily to mineral surfaces and, as virus surrogates, will overestimate 

virus adsorption.  
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Several geochemical factors are important controls of colloid attachment, including solution pH, 

solution ionic strength and amphoteric surface charge of attachment sites (Gerba, 1984). Previous 

studies have indicated that iron oxyhydroxides can preferentially attenuate viruses, due to strong 

electrostatic attraction between the viruses and surfaces of iron phases (Ryan et al., 1999) and 

inactivation of the attached virus (Ryan et al 2002). Hydrophobic interactions between colloid 

surfaces and solid organic material (SOM)/dissolved organic carbon (DOC) are also important 

factors influencing colloid transport. SOM presents surface characteristics that increase virus 

attachment (Kinoshita et al., 1993), but increased concentration of DOC decreases attachment of 

viruses (Pieper et al., 1997). This paper examines possible temporal or geochemical controls that 

may explain changes in attachment efficiency of BOF slag between the two experiments. 

6.2.     Materials and methods

6.2.1.     Treatment material

Surface characteristics of BOF slags are presented in Table 5.1. Stelco and Tubarão slag mixtures 

have similar porositites, bulk densities and characteristic diameters. BET analyses indicate that 

the surface area of the Tubarao slag material is considerably higher than that of the Stelco slag. 

The chemical composition of the Tubarao slag is quite similar to Stelco, having slightly higher 

CaO values and slightly lower FeO and MnO oxide percents.

6.2.2.     Enumeration of microspheres by epifluorescence microscopy

The methodology employed for microsphere enumeration is described in Chapter 5.
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6.2.3.     Microsphere transport experiments

The experiment design of transport experiments of BOF media are described in Chapter 5. Two 

transport experiments, after 60 and 300 days of operation, were conducted at flow rates of ~15 

mL hr-1 or 1 PV day-1. During the first experiment, a stock suspension of fluorescent 

microspheres (1.4 x 109 spheres mL-1) and bromide (7 mg L-1) in AGW was applied, to 

determine the degree of colloid attachment. The suspension was injected for 2 PV (2 days), 

followed by 8 PV of tracer-free solution. A second transport experiment with microspheres 

(Stelco BOF mixture, 1.7 x 109 spheres mL-1; Tubarão BOF mixture, 1.1 x 109 spheres mL-1), 

and bromide (7 mg L-1) was conducted after 300 days of flow. PRD-1 was also present in the 

stock suspension of the second experiment (Stelco BOF mixture, 3.8 x 108; Tubarão BOF 

mixture, 1.7 x 108 pfu mL-1). This suspension was applied to the column for 12 PV, to assure that 

steady-state attenuation conditions were attained, followed by 10 PV of tracer-free suspension. 

The second experiment is described in Chapter 5.

6.3.     Results and discussion

6.3.1.     Microsphere attachment to BOF mixtures

We first discuss the change in attachment efficiency of BOF slag media over time, and then the 

geochemical and water quality factors that may govern attachment, including DOC 

concentration, Eh and pH. In the first experiment, bromide breakthrough near steady-state (C/C0

= 1) was attained in the Stelco (90% of C0) and Tubarão (85%) slags within 2 PV (Figure 6.1). 

Microsphere breakthrough reached near steady-state and indicated approximate removals of ~1.5 

and ~3 log C/C0 by Stelco and Tubarão slags respectively (Figure 6.1). After 300 days of 

operation, bromide breakthrough in both columns reached steady-state after 6-8 days of seed 
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suspension introduction. Microsphere concentrations reached approximately 95% of C0 within 6 

- 8 days, and then slowly rose to C0 at a constant rate (Figure 6.1). In the second experiment, very 

low levels of microsphere removal were observed in both Stelco (0.2 log C/C0) and Tubarão (0.1 

log C/C0), as indicated by the end of the slow-rising limb (Figure 6.1).

The zero-point-of-charge of microspheres (pHiep < 3, Yoon et al., 1996) and highly-charged Fe 

and Mn attachment sites (pHiep 6 - 8.5; Stumm and Morgan, 1981) implies that at highly alkaline 

pH, both surfaces will be negatively-charged and microsphere attachment should be minimized. 

However, attachment still occurs outside this adsorption envelope at alkaline pH, probably 

because of the deepness of a primary energy minimum near the surface of the colloid (Loveland 

et al., 1995). In previous transport studies of heterogeneous media, where two attachment sites 

are present, breakthrough curves exhibit slower attainment of maximum C/Co, which is referred 

to as a gently rising limb (Schijven et al., 2002b). This phenomena is observed for the Stelco and 

Tubarão breakthrough curves from the transport experiment after 300 days saturation with AGW 

(Figure 6.1), most likely due to the presence of Fe and Mn phases (approximately 30% of the 

bulk composition of BOF; Table 5.1) and other less-highly charged mineral surfaces on the BOF, 

gravel and sand.  

Another indicator of two-site kinetics is the observation of ‘tailing’ in breakthrough data, a very 

slow decrease in microsphere concentration over time on a semilogrithmic plot (Schijven and 

Hassanizadeh, 2000). Tailing is observed for both Stelco and Tubarão mixtures after 60 and 300 

days of saturation with AGW (Figure 6.1). This phenomenon occurs because the Fe phases have 

lower attachment rates than do less–charged surfaces. Schijven et al. (2002a) determined from 
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breakthrough curves from a field experiment that iron phases and quartz have similar attachment 

rates, but detachment rates on iron oxyhydroxides were lower than on quartz surfaces. 

The Tubarão mixture had higher percentage of Ca silicates (Table 5.1), which may have led to a 

slightly higher effluent pH in the Tubarão transport experiments. Although Tubarão has a great 

surface area, it also have a less-enriched FeO and MnO oxide composition, which may explain 

the lower attachment removal (1.5 log removal) for the Tubarão mixture compared to the Stelco 

mixture (3.0 log removal) during the second experiment.

6.3.2.     Geochemical factors controlling attachment

The differences in steady-state attachment of microspheres observed after 60 and 300 days of 

operation suggest that slag surface characteristics may have changed over time. The ionic 

strength of the influent suspension was similar during the first (I = 0.0056) and second (I = 

0.0049) experiments and likely did not contribute to the observed differences in attachment rates. 

We propose several hypotheses to explain this change in attachment efficiency of the BOF slag 

over time.  

During the first experiment after 60 days of AGW saturation, no DOC was added to influent. 

After 300 days of column saturation, DOC concentration increases between the column influent 

(Stelco, 28 mg L-1; Tubarão, 13 mg L-1) and effluent (Stelco, 68 - 107 mg L-1; Tubarão, 15 - 25 

mg L-1) (Figure 6.2). Increased virus transport has been reported in DOC-rich wastewater relative 

to uncontaminated groundwater (Pieper et al., 1997); this was attributed to hydrophobic 

interactions between colloid and mineral surfaces and decreased attachment. Given that DOC 

concentrations were generally higher in column effluents than in the stock suspensions, DOC 
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must have been generated in the column, possibly by microbial activity. Elevated DOC 

concentrations during the second experiment may have led to DOC coating of iron oxyhydroxide 

surface and may explain the decrease in attachment over time. 

The surface characteristics of the media may also have been impacted by contact with AGW 

between the two experiments. It has been reported that amorphous iron oxide phases in contact 

with water transform into more crystalline phases over time (ferryhydrite, goethite) by 

reprecipitation (Cornell and Schwertmann, 1998). The surface area of amorphous iron (HFO) is 

approximately 10 times higher (~650 m2 g-1) than that of goethite (~50 m2 g-1) (Dixit and Hering, 

2003), suggesting that there are fewer attachment sites on more crystalline Fe phases. This lower 

microsphere attachment efficiency observed during the second experiment might be due to the 

conversion of amorphous Fe phases to crystalline forms with smaller surface areas. 

The Eh of both columns remained constant (+250-280 mV; Figure 6.2) during the experiments, 

and was considerably lower than that of the stock suspension (+360-400 mV). Column effluent 

exhibited increased Fe (up to 0.09 mg L-1) and Mn (up to 0.0041 mg L-1) during the tracer 

application, but then dropped to values near the detection limits for both metals (Figures 6.2). 

The high metal concentrations in the column effluent are slightly higher than concentrations in 

the stock solution (Fe = 0.06 mg L-1, Mn = 0.0005 mg L-1), suggesting that reductive dissolution 

of Fe and Mn oxyhydroxides may have occurred due to suboxic conditions in the columns. If Fe 

and Mn oxyhydroxide surface areas were reduced between the first and second experiment, the 

adsorptive capacity of the column would have been reduced. However, Gotoh and Patrick (1974) 

found that at high pH (> 8), reductive dissolution did not occur at redox potentials above -100 

mV.
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The pH of the column effluent during the first experiment was higher (Stelco, 12.0 - 12.4; 

Tubarão, 12.1 - 12.5) than during the second experiment (Stelco, 11.4 - 10.6; Tubarão, 11.0 -

10.6) (Figure 6.2). The reduction of the pH over time is possibly due to consumption of Ca 

silicates surfaces over time. In the second experiment, after 300 days of AGW saturation, the 

concentration of Ca in both the effluent and stock suspension ranged from 32 to 61 mg L-1. 

Saturation indices indicated supersaturation with respect to calcite (+0.9 to +1.9) in the column 

effluent, due to high pH, and near saturation in the stock solution (-0.1). At this high degree of 

saturation, calcite may have precipitated onto BOF grain surfaces. Calcite has a much lower 

surface area (~0.5 m2 g-1; de Kanel and Morse, 1979) compared with iron oxyhydroxides, 

therefore relatively less microsphere attachment to calcite coatings would be expected. 

These experiments also confirmed that Stelco and Tubarão BOF slag have strong PO4
3-

adsorption capacity. Influent concentrations in the second experiment (Stelco, 22 mg PO4-P L-1; 

Tubarão, 14 PO4-P L-1) was reduced to concentrations below detection in the effluent (Figure 

6.2).

6.4.     Implications

Dramatic difference in attachment efficiency for fluorescent microspheres were observed 

between 60 days (Stelco, ~3.0 log removal; Tubarão, ~1.5 log removal) and 300 days (Stelco, 0.2 

log removal; Tubarão, 0.1 log removal) of saturation with AGW. Several geochemical controls 

have been postulated that may alter surface characteristics and reduce attachment efficiencies 

over time. DOC concentration, which are elevated in wastewater, probably play an important role 

in decreasing attachment over time, due to reduced attachment efficiency of BOF surfaces over 
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time by hydrophobic coatings of surfaces and reductive dissolution of Fe phases where preferred 

attachment is expected to occur. BOF iron oxyhydroxides will convert to more crystalline phases, 

leading to reduction in colloid attenuation in the media. Given that BOF slag is rich in calcium 

(40% CaO), wastewaters infiltrating through BOF are supersaturated with respect to calcite and 

precipitation of this phase with less surface area could also reduce observed attachment. BOF 

slag is therefore most effective in inactivating pathogens because it produces elevated pH 

effluent that rapidly inactivates virus (Chapter 5). When designing field applications of BOF slag 

permeable treatment barriers, these results indicate that the controlling factor in the efficacy of 

the system will not be the residence time of the effluent in the BOF barrier, but rather the 

residence time in the elevated pH plume emanating from the barrier. The BOF barrier can be 

located upgradient from a non-reactive zone in which pathogens remain at high pH for sufficient 

time to assure several log reductions in concentration. 
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Figure 6.1: Normalized column effluent concentrations of bromide (▼) and microspheres (○) 
conducted after 60 days of column saturation with AGW from experiments of Stelco (A, B) and 
Tubarão (E and F) BOF slag mixtures and conducted after 300 days of column saturation with 
AGW from experiments of Stelco (C, D) and Tubarão (G, H) BOF slag mixtures. Normalized 
concentrations are presented in both linear and logarithmic scales.
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Chapter 7:

Inverse parameter estimation 
of virus surrogate removal mechanisms 

in columns of saturated 
basic oxygen furnace slag mixtures

Stimson, J., Chae, G.-T., Blowes, D. W., Ptacek, C. J., and 
     Emelko, M. B., Inverse parameter estimation of virus surrogate 
     removal mechanisms in columns of saturated basic oxygen 
     furnace slag mixtures, in preparation.
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7.1.     Introduction

Groundwater contaminated with pathogens is increasingly viewed as an important health 

concern. The majority of viral outbreaks from untreated drinking water in the United States are 

attributed to groundwater sources (Reynolds et al., 2008). In developing countries, discharge of 

untreated wastewater has been linked to pathogen contamination of shallow groundwater 

(Piranha et al., 2006). Historically, groundwater has been considered largely protected from 

pathogen contamination, due to the effect of straining and attachment on attenuating biocolloids 

in the subsurface. However, recent research has demonstrated pathogens, particularly viruses, are 

not highly attenuated in groundwater settings, and can travel relatively long distances in coarser-

grained aquifers (Deborde et al. 1999, Schijven et al., 2002b).  

Septic systems represent the most common source of pathogens in groundwater (Yates et al., 

1985), and in developing countries, latrines have been shown to be important sources of 

pathogenic contamination in drinking water wells (Palamuleni, 2002). Existing technologies for 

treatment of on site treatment of wastewater effluent require significant setback distances to 

allow removal of pathogens to prevent contamination of drinking water sources. In developing 

countries, where effluent is often untreated before discharge to the subsurface, setback distances 

must be much larger to achieve sufficient dilution. However, in periurban areas, setback 

distances often cannot be met due to high population density or the lack of urban planning 

(Mzuga et al., 2001). The development of inexpensive technologies, using, for example, barriers 

of permeable reactive media, can improve existing on site sanitation systems, reducing required 

setback distances. 
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Permeable reactive barriers (PRBs) consist of porous media that, in contact with groundwater, 

create geochemical conditions to remove contaminants in the subsurface. PRBs can be easily 

installed and maintained as part of one site sanitation systems. BOF slag is a PRB media that 

consists of di- and tri-calcium silicate, portlandite [Ca(OH)2], ferrous oxide, and Ca-, Mg- and 

Mn-ferrite (Proctor et al., 2000). Calcium oxides dissolve in the presence of water to produce a 

highly alkaline effluent (pH of 11-12). Previous studies demonstrated that PO4 is adsorbed and 

coprecipitated on calcium oxide surfaces in BOF slag (Baker et al., 1997). Smyth et al. (2002) 

also showed that BOF slag is effective in attenuating coliform bacteria. Batch tests of artificial 

ground water (AGW) amended to a pH of 11.4 indicate a 2-log reduction per day in PRD-1 

concentration (Stimson et al., in preparation), indicating that alkaline effluent from BOF slag 

may be effective in treating human pathogens.

Fate of viruses in porous media is controlled primarily by inactivation in solution and on 

surfaces, and by attachment to mineral surfaces (Yates et al., 1987). The rate of virus inactivation 

is strongly related to temperature (Yahya et al., 1993) and pH. Electrostatic forces primarily 

control virus attachment to minerals surfaces. Surface characteristics of both virus and mineral 

phases are high influenced by changes in pH and ionic strength (Gerba, 1984). At elevated pH, 

amphoteric surface charge of both mineral surfaces and viral capsids are negative, leading to 

reduced attachment due to repulsive interaction. Hydrophobic interactions also effect biocolloid 

attachment. Virus attachment has been shown to increase in the presence of solid organic matter 

(SOM) (Kinoshita et al., 1993), but increased concentration of DOC decreases attachment of 

viruses (Pieper et al., 1997).
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Preferential attachment of viruses to highly-charged iron oxyhydroxides surfaces has been 

proposed as an important mechanism contributing to their attenuation in the subsurface (Ryan et 

al., 1999; Ryan et al, 2002; Schijven et al., 2002a). Several researchers have demonstrated that 

virus attachment to mineral surfaces is kinetically-limited and reversible (Bales et al., 1991; 

Johnson et al., 1995; Schijven et al., 1999). Breakthrough curves of viruses on semilog plots 

exhibit a slower rising limb and a smooth transition of the declining limb to tailing, which can be 

best described by the presence of strongly- and weakly-binding sites (Schijven et al., 2002b), 

with independent attachment and detachment rate coefficients. Two-site kinetic 

attachment/detachment models have been used by in several recent studies to examine virus 

transport through native aquifer materials where iron oxyhydroxides are present as preferred 

attachment sites (Schijven and Hassanizadeh, 2000). This modeling approach may be appropriate 

for BOF slag, which has a high percentage of iron oxyhydroxide coatings (~10-15% by weight 

percent).

The present paper estimates transport parameter values from colloid tracer tests measured for 

column studies containing BOF slag mixtures. These laboratory experiments, which examine 

bromide, fluorescent microsphere and PRD-1 transport, were previously reported in Stimson et 

al. (in preparation). PRD-1 is a bacteriophage used as a viral surrogate in many environmental 

fate studies (Schijven and Hassanizadeh, 2000), because it has similar transport characteristics to 

human pathogens. Values of dispersivity, inactivation rates, and attachment/detachment rates, 

were estimated by model inversion using Hydrus-1D, a one-dimensional analytical model. The 

role of two-site kinetic attachment/detachment and the presence of DOC were examined to assess 

their influence on transport of the virus surrogates. The experimental system examined viral 

attenuation under highly alkaline conditions (> 11), for which little experimental data exists. This 
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study evaluated the application of using transport models to examine the complex interplay of 

several attenuation phenomena.

7.2.     Materials and methods

7.2.1.     PRB treatment media

The selection and characterization of the BOF slag media is described in Chapter 5.

7.2.2.     Virus selection, assay and propagation

The selection of the bacteriophage tracer, and the PRD-1 assaying and propagation methods are 

describe in Chapter 5. The virus assay has a precision of ± 20% (ASTM, 1991), which agreed 

with mean relative standard deviations of repeated assay in both transport experiments (Stelco, 

average RSD = 14.5%, 84 assays; Tubarão, average RSD = 13.0%, 92 assays).  

7.2.3.     Enumeration of microspheres by epifluorescence microscopy

The selection and enumeration of fluorescent microspheres is described in Chapter 3 and a 

statistical analysis of optimal counting method for microsphere enumerations is examined in 

Chae et al. (2008). 

7.2.4.     Virus surrogate transport experiments

The experimental design is described in Chapter 5.
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7.3.     Numerical modeling theory and method

7.3.1.     Conceptual model of virus transport

The mass balance equation describing virus transport in one dimension in the liquid phase is 

decribed by a modified form of the advection-dispersion equation:
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where C is the concentration of free colloids [particles m-3], S1 and S2 are the concentrations of 

attached colloids [particles kg-1] to strongly- and weakly-bound sites respectively, θ is the water 

content [m3 m-3], D is the dispersion coefficient matrix [m], q is the average interstitial water 

velocity [m min-1], ρb is the dry bulk density [kg m-3], and μL and μS are inactivation rate 

coefficients of unattached and attached colloids [min-1]. The column experiments were conducted 

under completely saturated conditions in which case the water content is equal to the porosity. 

The mass balance of colloids for weakly- and strongly-binding attachment sites are described by:
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where katt1 and kdet2 are attachment and detachment rate coefficients [min-1] for strongly-binding 

sites and katt2 and kdet2 are the rate coefficients for weakly-binding sites.
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7.3.2.     Numerical and analytical transport models

7.3.2.1.     Hydrus-1D

A one-dimensional transport model, Hydrus-1D (Šimůnek et al., 2005) was utilized to estimate 

transport parameters (q, αL, μL, μS, katt1, kdet2, katt2, kdet2) from virus breakthrough curves measured 

in the column studies of BOF slag mixtures. Estimates of θ, ρb, and pulse duration, determined 

from experimental data, are set during the model runs. The numerical model solves the Richards' 

equation for variably-saturated water flow and the Fickian convection-dispersion equation for 

solute transport. The governing flow and transport equations are solved numerically using 

Galerkin-type linear finite element schemes for spatial derivatives and finite differences for time 

derivatives (Šimůnek et al., 2005). 

Hydrus-1D has the capability to determine optimized parameter values by numerical inversion. 

The model utilizes a least-squares optimization routine based on the Levenberg-Marquardt 

algorithm (Marquardt, 1963), which combines the Newton and steepest descend methods. The 

model inversely solves the flow and solute/colloid transport equations (Šimůnek and Hopmans, 

2002), using constant head inflow and outflow boundary conditions, which simulate saturated 

conditions in the column experiments. Conservative tracer breakthrough is estimated using linear 

concentrations, but colloid data is analyzed as log-transformed concentrations, because the 

variance of discrete particle counts are Poisson-distributed. Particle counts (from viral assays or 

epiflurescent microscopy) are then multiplied by a dilution factor, so that errors associated with 

observed concentration estimates are only constant when calculated concentrations are log-

transformed (Schijven et al, 2002b).
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The sum of squares of the weighted deviations between observed and calculated time versus 

concentration values, SSQ, is minimized during the parameter estimation procedure. SSQ is 

defined as:
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where nj is the number of measurements, qj
*(x, ti) represents observed measurements at time ti for 

the jth measurement set at location x, qj(x, ti, b) are the corresponding vector of optimized 

parameters, b, that the model predicts, and vj and wi,j are weights associated with a particular 

measurement set or point (Šimůnek et al., 2005). Another measurement of curve fitting, the 

coefficient of determination, r2 (Toride et al., 1995), was calculated from N time-concentration 

observations, Ci, and model-predicted fitted time-concentration values, Fi:
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The value of r2 measures the relative magnitude of the total sum of squares. Values near 1 

suggest a near perfect correlation between observed and calculated time-concentration values 

from the breakthrough curve. Hydrus-1D calculates a correlation matrix, indicating the degree of 

correlation or non-orthogonality between fitted parameters. Correlations near ±1 indicate a near 
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perfect linear correlation, which indicates that the two parameters can be changed in value by a 

similar magnitude and the model run will produce results with similar measures of goodness-of-

fit (Šimůnek et al., 2005).  

Because of parameter non-uniqueness, multiple equifinal solutions may be obtained for different 

sets of initial parameter guesses during inverse modeling, especially when a large number of 

parameters are fitted (Šimůnek and van Genuchten, 1996). To obtain a best fit, a series of model 

runs were conducted using initial parameter estimates covering the range of possible values for 

each parameter (Šimůnek et al., 2005). An optimal solution was selected based on several 

criteria. The solution should produce calculated parameters values within the range of expected 

values based on previous experimental data, exhibit a low value of SSQ and a value of r2 near 1, 

and have minimal correlation between parameters values (Hopmans and Šimůnek, 1999; Köhne 

et al., 2004). However, in many cases, experimental data is insufficient to determine appropriate 

parameter value ranges for some transport parameters.

7.3.2.2.     CXTFIT2

CXTFIT2, a one-dimensional, analytical transport model (Toride et al., 1995) that solves the 

advective-dispersion equation for saturated flow to estimate linear porewater velocity, ν, and 

dispersion, D. Parameter optimization is achieved by a non-linear least-squares parameter 

optimization to minimize the value of SSQ:   
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where N is the number of data points, c(xi) is the observed concentration at time i, and f(ti) is the 

fitted concentration at time i. The model estimates another measure of goodness-of-fit, the 

coefficient of determination:
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where c is the mean of the data points.

The model was used to examine conservative tracer breakthrough data to determine if non-

equilibrium conditions contributed significantly to solute transport in the columns. Water flow in 

porous media with sufficiently large pore size heterogeneity may exhibit a non-equilibrium 

behaviour for water retention (Parlange and Hopmans, 1999). Physical non-equilibrium is 

accounted for by a two-region, dual porosity formulation which partitions the liquid phase into 

mobile (flowing) and immobile (stagnant) liquid pore regions (van Genuchten and Wierenga, 

1976). The degree of interaction between the mobile and immobile regions is controlled by a first 

order diffusional exchange coefficient (van Genuchten and Wagenet, 1989). Two dimensionless 

parameters describe physical equilibrium: β relates the fraction of mobile regions to the total 

water content of the column, and ω incorporates the first-order kinetic rate coefficient α. As β

approaches a value of 1 and ω a value of 0, the mobile regions predominate in the porous media. 

Two-region physical non-equilibrium is mathematically equivalent to the case of kinetically-

limited surface reactions (Parlange and Hopmans, 1999). Increasing the percentage of immobile 

region in a media, or the percentage of kinetic sites results in similar shifts in breakthrough curve 

shape. If physical non-equilibrium is demonstrated to be absent in conservative tracer 
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breakthrough data, this suggests that colloid breakthrough behaviour is due to kinetically-limited 

attachment and not to physical non-equilibrium (Schijven et al., 2002b).

7.4.     Results and discussion

7.4.1.     Inverse modeling of bromide breakthrough

During short-pulse experiments (~2,900 min = 2 days), maximum C/Co for breakthrough curves 

in Stelco and Tuabarão media after 60 days of column saturation did not reach the influent 

concentration (Figure 7.1). In the long-pulse experiment (12-15 days), suspensions containing 

PRD-1 and microspheres were applied to both columns. The maximum C/Co reached the influent 

concentration, forming a plateau in the breakthrough curve (Figure 7.1). Symmetric rising and 

declining limbs suggest that physical non-equilibrium did not contribute substantially to the 

transport processes.

Breakthrough curves were fitted using CXTFIT2 and Hydrus-1D to determine values of physical 

flow parameters (Darcy’s flux, q, and dispersivity, αL), while setting well-characterized 

estimations of ρb, θ, and pulse duration. All fits exhibited high values of r2 (> 0.98) and low 

values for SSQ (Table 7.1). Fitted values of q matched flow rates measured in the laboratory 

within 10%. Values of αL and q are similar for the short- and long-pulse experiments, suggesting 

that the physical flow characteristics of the Stelco and Tubarão BOF mixture columns did not 

vary over time (Table 7.1).

During the long-pulse experiment, in which C/Co reaches the influent concentration and the 

rising and declining limbs of the breakthrough are fully expressed, the fits are quite consistent 

between CXTFIT2 and Hydrus-1D (Table 7.1). In the short-pulse experiment, the fitted value of 
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q and αL calculated with Hydrus-1D and CXTFIT2 are similar for the Stelco BOF mixture. 

However, a higher value of q and lower value of αL were obtained using CXTFIT2 than obtained 

using Hydrus-1D for the Tubarão experiment. A value of q (1.0 x 10-2 cm min-1), estimated using 

CXTFIT2, was similar to that measured in the laboratory (1.1 x 10-2 cm min-1), but lower than 

that calculated by Hydrus-1D underestimated this value (4.4 x 10-3 cm min-1). Values of r2 and 

SSQ were similar for the two codes. Parameter correlation between q and αL was highly negative 

(-0.997) in Hydrus-1D, which suggests that equifinality was not ensured for this run. Poorer fits 

were expected for the short-pulse experiment because the maximum breakthrough concentration 

did not reach the influent concentration, and the data set for the breakthrough curve most likely 

did not contain sufficient information to obtain a unique fit.

To ensure that physical non-equilibrium is not important in colloid transport in saturated BOF 

mixtures, model runs fitting ω and β were conducted for all experiments. During the second 

experiment, where breakthrough reached C/Co = 1, both Stelco and Tubarão BOF mixtures 

exhibited low values of ω (Stelco, ω = 1.0 x 10-4; Tubarão, ω = 1.8 x 10-3) and high values of β, 

(Stelco, β = 1.00; Tubarão, β = 0.87) suggesting that dual porosity was not an important transport 

process. Parameter estimation for the short-pulse experiment exhibited low values of ω (Stelco, 

ω = 1.7 x 10-3; Tubarão, ω = 1.2 x 10-3), but values of β were significantly lower than unity 

(Stelco, β = 0.58; Tubarão, β = 0.24), which would suggest dual porosity effects. However, given 

the short duration of the pulse and the lack of a complete rising and declining limb on the 

breakthrough curve, the short-pulse experiments gave less reliable evidence of the presence or 

absence of dual porosity in the media. The absence of dual porosity phenomena in the 

breakthrough data suggests that the tailing and slowly-rising limb observed in the breakthrough 
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curve can be entirely attributed to the effect of non-equilibrium two-site kinetics (Schijven et al., 

2002b).

7.4.2.     Inverse modeling of microsphere breakthrough

Microsphere suspensions were applied at similar concentrations in both sets of experiments (~109

microspheres mL-1). DOC was introduced into the long-pulse experiment, to better mimic 

wastewater conditions. In the short-pulse experiment, the maximum breakthrough concentration 

was much lower than the influent concentration (Stelco, 3.5 log C/Co removal; Tubarão, 2 log 

C/Co removal; Figure 7.2). Due to the short duration of the pulse, the breakthrough curve did not 

achieve a stable plateau, suggesting the microsphere effluent concentration would have reached 

higher concentrations if the pulse had been longer. In the long-pulse experiment, the 

breakthrough concentration reached values approaching the input concentration (Stelco, 0.2 log 

C/Co removal; Tubarão, 0.1 log C/Co removal; Figure 7.2). 

Initial microsphere breakthrough occurred in the long-pulse experiments with both BOF media 

prior to any appreciable bromide breakthrough. This may be due to pore size exclusion of 

microspheres (Harvey et al., 1989), but their early detection may also be attributable to the lower 

detection limit for microspheres compared to the conservative tracer (Zhang et al., 2001). For 

both BOF mixtures, the breakthrough curve plateau that occurred after the end of the rising limb 

exhibited a slight slope (Figure 7.2). This behaviour suggests that some mechanism did not allow 

the system to reach a constant C/Co. Stimson et al. (in preparation) attributed this behaviour to 

media blocking. Previously attached microspheres alter mineral surface charge and attachment 

decreases over time. After the termination of the microsphere suspension pulse, both 
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breakthrough curves exhibit a declining limb that transitions into tailing. Tailing is due to the 

relatively slow detachment of microspheres from surfaces. 

Hydrus-1D was used to estimate kinetic attachment and detachment rate coefficients from the 

breakthrough data. Both one- and two-site kinetic attachment/detachment was examined. BOF 

slag has both strongly- and weakly-binding sites. The slag consists primarily of hydrated di and 

tri-calcium oxides (~40% CaO by weight; Table 5.1), with low surface areas (5 - 90 m2 g-1; 

Odler, 2003). Smaller amounts of highly-charged amorphous FeO surfaces (Stelco, 13% FeO by 

weight; Tubarão, 31% by weight; Table 5.1) have a higher surface charge (650 m2 g-1, Dixit and 

Hering, 2003). The contribution of FeO to surface area for BOF slag may contribute to the higher 

surface areas measured for Tubarão BOF, which also has a much higher FeO weight percent 

(Table 5.1). This observation indicates that BOF media may be best described by two kinetic 

sites.

Colloids are excluded from lower-velocity streamlines and smaller pores in porous media (Auset 

et al., 2004). Colloid dispersion is therefore lower than solute dispersion for the same media and 

tends to decrease with an increase colloid size. Hornberger et al. (1992) found that using 

dispersion values from conservative tracer tests overestimated observed colloid dispersion. In 

this study, dispersivity was fitted using inverse modeling runs, using dispersivity estimates from 

bromide tests as initial guesses. 

The values of r2 and SSQ indicated an equal or better fit for two-site kinetics than one-site 

kinetics (Table 7.2). Inverse modeling with one-site kinetics during the short-pulse experiments 

estimated a high attachment rate coefficient (~10-2 min-1) and a low detachment rate coefficient 
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(~10-7 min-1), but in the long-pulse experiment, the one-site kinetic attachment/detachment 

coefficients were similar (~10-4 min-1). A slower detachment rate likely resulted in slow release 

of microspheres and the observed presence of tailing in the breakthrough curve. The fitted 

breakthrough curve with the one-site model reasonably matches the tailing phenomena in all 

experiments, due to the estimated low detachment rate, but the rising limb for the fitted data 

ascends more rapidly than that of the measured concentrations (Figure 7.2).

In the short-pulse experiment, inverse modeling of two-site kinetic attachment/detachment 

estimated high attachment rate coefficients (~10-2 min-1) and low detachment rate coefficients 

(10-5 to 10-7 min-1) for one site, and lower attachment and detachment rates (10-5 to 10-7 min-1) for 

the second site. Typically, strongly-binding, higher-energy sites exhibit rapid attachment and 

slow detachment, which is consistent with high attachment and low detachment rate coefficients 

(Schijven and Hassanizadeh, 2000). The attachment and detachment rate coefficients were 

closest for weakly-binding site and lower than the strongly-binding site attachment rates. The 

calculated rate coefficients for the long-pulse experiment did not, however, follow this pattern, 

because the site with the highest attachment rate coefficient also had a similarily high detachment 

rate coefficient (Table 7.2). The DOC content or the elevated pH of the long-pulse experiment 

suspension may have altered surface characteristics. A further confounding factor in comparing 

the results between the two sets of experiments is that the short-pulse experiment, in which 

breakthrough C/Co did not reach a plateau, is a less reliable data set for modeling parameter 

estimations. The fact that the short-pulse experiment generally has superior goodness-of-fit, 

suggests that r2 and SSQ cannot be used alone to determine the best model fit.
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The two-site model produces a breakthrough curve that more closely matched the slowly rising 

limb than the one-site model, according to values of r2 and SSQ (Figure 7.2). This improved fit 

has been observed in previous comparisons between one- and two-site kinetic modeling of phage 

(Schijven et al., 2002b). The results suggest that BOF slag surfaces are best described by the 

presence of both strongly- and weakly-binding sites. Dispersivity values for microsphere 

breakthrough (Table 7.2) were similar to those measured for bromide transport (Stelco, αL = 2.8; 

Tubarão, αL = 2.3). This suggests that microsphere dispersion does not differ significantly from 

bromide dispersion.

7.4.3.     Inverse modeling of PRD-1 breakthrough

PRD-1 transport was examined in the long-pulse experiment. The virus broke through before the 

conservative tracer (Figure 7.3), as was observed with microspheres, due either to the effect of 

pore size exclusion or the low detection limit for virus assays. The rising limb almost reached a 

plateau of steady C/Co for both breakthrough curves. More time was required for to reach a 

steady value of C/Co during the experiments than required for microsphere breakthrough. During 

the tracer-free application, phage concentration dropped off quickly and then transitioned into 

tailing (Figure 7.3).

Hydrus-1D was used to fit transport parameters for dispersion (αL), surface inactivation (μS) and 

attachment/detachment (katt1, kdet2, katt2, kdet2) from PRD-1 breakthrough curves. Given the large 

number of parameters, it is desirable to limit the number of fitted parameters by setting those for 

which a reasonable estimate can be attained. The liquid inactivation rate (μL = 3.3 x 10-3 min-1) 

was estimated from batch experiments of AGW amended to pH 11.4 by adding NaOH (Stimson 

et al., in preparation). PRD-1 inactivation (μL = 3.8 x 10-4 min-1; Table 7.4) in less alkaline water 
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(pH = 11) has been reported by Ryan et al. (2002), which is an order of magnitude lower than our 

estimate. Our liquid inactivation rate estimate is two orders of magnitude higher than those 

measured for PRD-1 in neutral groundwaters (μL = 3 x 10-5 min-1; Schijven et al 2002a; Table 

7.4), which agrees with the rate (μL = 1.8 x 10-5 min-1) measured in batch experiments conducted 

in AGW at pH 7.6 by Stimson et al. (in preparation). In contaminated groundwater (DOC = 2 - 4 

mg L-1), Ryan et al. (2002) found a similarly low inactivation rate (2 x 10-5 min-1, Table 7.4).

Surface inactivation rates for viruses in neutral water usually exceed liquid inactivation rates by a 

factor of two to three (Schijven and Hassanizadeh, 2000, Ryan et al., 2002). Tailing phenomena 

is principally controlled by two parameters, kdet, the detachment rate coefficient for strongly-

binding sites, which mainly controls the tailing intercept, and μS, which controls the slope of the 

tailing (Schijven et al., 1999). If we assume that the observed slope of tailing during the 

experiments is due to surface inactivation, a value of μS can be graphically determined (Stelco, 7 

x 10-5 min-1; r2 = 0.78; Tubarão, 1 x 10-4 min-1, r2 = 0.88). Initial estimates for katt and kdet for 

one-site and two-site kinetic modeling was based on previous PRD-1 modeling studies, 

summarized in Table 7.4. In general, the strongly-binding site with the highest katt is observed to 

have a value of kdet that is lower by several orders of magnitude. However, all previous 

experiments were conducted at neutral pH on native aquifer materials.

Inverse modeling was conducted by setting μL to 3.3 x 10-3 min-1 and fitting αL, μS, katt1, and kdet2

for one-site kinetic modeling (katt2 and kdet2 were set to a value of 0). For two-site kinetic 

modeling, μL was set and αL, μS, katt1, kdet1, katt2, and kdet2 were fitted. One- and two-site kinetic 

model runs fitting both μL and μS produced solutions with similar r2 and SSQ, but the number of 

equifinal solutions and the number of parameters that were correlated significantly (> 90%) 
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increased sharply. Many of these solutions estimated unrealistic attachment and detachment rate 

coefficients. 

One-site modeling yielded similar values for attachment and detachment rate coefficients (Table 

7.3). Two-site kinetic modeling estimated strong attachment (katt1) and weak detachment (kdet1) 

rates for the strongly-binding site and relatively strong attachment/detachment (katt2 and kdet2) 

rates for the weakly-binding site (Table 7.3), similar to the findings of Schijven and Simunek 

(2002) and Schijven et al. (2002b) (Table 7.4). However, in the case of the Tubarão BOF 

mixture, the highest attachment rate coefficient was associated with a high detachment rate 

coefficient. 

The two-site model produced values of μS (Stelco, 1.7 x 10-4 min-1; Tubarão, 1.3 x 10-4 min-1) 

that more closely matched those estimated graphically (Stelco, 7 x 10-5 min-1; Tubarão, 1 x 10-4

min-1) that did the one-site model (Stelco, 3.8 x 10-4 min-1; Tubarão, 2.9 x 10-4 min-1) (Table 7.3). 

These values are more than an order of magnitude lower than μL, suggesting that under highly 

alkaline conditions, attached phage may be more protected from hydronium attack than free 

phage. In general, αL was slightly lower for PRD-1 transport than that observed for bromide 

transport (Table 7.3). This difference may occur because colloids are restricted to larger pores 

and faster streamlines (Auset et al., 2004). Values of r2 and SSQ improved significantly between 

one-site and two-site modeling results. The two-site modeling matched the tailing phenomena 

closely, but no model run matched the observed breakthrough peak (Figure 7.4).

At neutral pH, microspheres have a greater proportion of negatively-charged surface than do 

bacteriophage and tend to attach more readily to positively-charged surfaces (Harvey et al., 
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1989). Microsphere attachment rate coefficients (Stelco, katt1 = 3.7 x 10-2 min-1; Tubarão, katt1 = 

3.9 x 10-2 min-1, Table 7.2) are only marginally higher than those for PRD-1 (Stelco, katt1 = 3.7 x 

10-2 min-1; Tubarão, katt1 = 3.9 x 10-2 min-1; Table 7.3) in the long-pulse experiment. The effect of 

DOC and surface biofilms on the relative degree of microsphere and bacteriophage attachment 

has not been examined in previous studies. The presence of DOC may decrease microsphere 

attachment more significantly than attachment of PRD-1, so that the attachment rates are similar 

in the long-pulse experiment.

7.4.4.     Forward modeling of PRD-1 breakthrough curves

Fitting a large number of parameters by inverse modeling leads to overparameterization, multiple 

significant correlations among parameters and nonunique solutions with similar measures of 

goodness-of-fit. Even if numerous combinations of initial guesses are run, it is difficult to 

determine if additional initial guesses might not obtain a solutions that have better goodness-of-

fit with realistic parameter values. Because inverse modeling of PRD-1 breakthrough data does 

not closely match the shape of the PRD-1 breakthrough curve, examination of breakthrough data 

by forward modeling of each parameter individually can be conducted to determine their 

influence on the breakthrough curve. This exercise can also provide an indication as to what 

parameters might be altered to improve the fit of the model to the breakthrough curve.

Using the two-site kinetic solution for PRD-1 for the Tubarão BOF mixture (Table 7.3), a series 

of forward runs were conducted over a range of values for each parameter (Figure 7.4). The other 

parameters were maintained at their orginal fitted value. Increasing the value of αL increases the 

maximum C/Co of breakthrough data and moves the plateau in the breakthrough data towards 
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earlier time. As μL increases, C/Co decreases over the entire length of the breakthrough curve, 

because phage are inactivated during transport at a higher rate. 

If μS is increased, approaching the value of μL, the maximum value of C/Co for the breakthrough 

curve decreases and the slope of tailing increases (Figure 7.4). At lower values of μS, the 

maximum value of C/Co is not affected, as μL is the dominant inactivation process effecting 

phage attenuation, and the slope of tailing decreases. The effect on the slope of tailing has been 

attributed to higher rate inactivation for attached phage. Decreased attached phage concentration 

leads to decreased concentration of released phage during tailing. No other parameter value 

effects the tailing slope, which justifies determining the value of μS by linear regression of the 

tailing data.

The effect of katt1 and kdet1 are often negatively correlated for this set of parameter values, where 

values of katt2 and kdet2 are more than an order of magnitude lower than values of katt1 and kdet1. 

An increase in katt1 or a decrease of kdet1 creates very similar changes in the breakthrough curve. 

The plateau in the breakthrough curve moves toward later time, and the limbs of the curve are 

softened (Figure 7.4). If katt1 is decreased or kdet1 is increased, the plateau remains at a similar 

value of C/Co but moves toward earlier time. The plateau cannot move to higher C/Co because μL

has a dominant control over the value of maximum C/Co in colloid breakthrough.

Increasing the value of katt2 results in a lower maximum C/Co, as occurred with changes in katt1

(Figure 7.4). The value of kdet2, which is several orders of magnitude less that the values of the 

other attachment and detachment coefficients, has no effect on the position of the plateau in the 

breakthrough curve, but influences the intercept to the tailing, as noted by Schijven et al. (1999). 
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However, the intercept is also affected by the values of αL, μL, and katt2. In general, changes in 

several parameter values lead to similar changes in the shape of the breakthrough curve, which 

explains why fitting multiple parameter values leads to many interparameter correlations and 

multiple equifinal solutions.

7.4.5.     Validity of the assumption of steady-state conditions

Based on the forward modeling results, it is evident that the observed PRD-1 breakthrough 

cannot be matched by altering individual parameter values. Altering μL, katt1 and kdet2 shifts the 

plateau of maximum C/Co to either lower concentration at later time, or higher concentration at 

earlier time. However, compared to best model fits, the observed breakthrough occurs at higher 

concentration at later time and does not reach a plateau (Figure 7.4). No parameter alteration 

achieved this shift toward less attachment at later time. Altering combinations of two parameters 

(μL, katt1, kdet2) was also investigated but did not permit fitting of the observed PRD-1 

breakthrough curve. This lack of fit suggests that other processes may be influencing the 

transport of PRD-1.

One of the principal assumptions of the modeling is that the observed breakthrough is conducted 

under steady-state conditions. A single set of parameter estimates are calculated for the entire 

duration of the column experiment. However, Stimson et al. (in preparation) demonstrated that 

effluent DOC concentrations were not constant during the duration of the experiments.  

The coating of virus with DOC would lead to decreased attachment during the experiment. This 

may explain the very slowly rising limb in the breakthrough data that did not reach a steady-state 

plateau during the application of the phage suspension. DOC concentration increases between the 
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column influent (13-28 mg L-1) and effluent (15-107 mg L-1) (Stimson et al., in preparation,b), 

indicating that DOC is produced in the column and suggesting the development of bioifilm on 

solid surfaces. Virus transport is enhanced in the presence of DOC-rich water (Pieper et al., 

1997), due to hydrophobic interactions between DOC-coated mineral and colloid surfaces, which 

leads to decreased attachment. If the attachment rate coefficients increased over the duration of 

the experiment, the curve would slowly approach a steady value of C/Co. 

Biofilms consist of bacteria interspersed with a secreted gel (glycocalyx), predominately 

composed of microbially-produced exopolysaccharide. This material has been shown to 

preferentially attach viruses (Skraber et al., 2005). Glycocalyx formation on BOF mixture 

surfaces would create surface conditions for increased attachment over time. However, biofilm 

formation will be inhibited at the elevated pH of the effluent.

7.5.     Implications

Inverse modeling with two-site kinetics generally produced improved fits for both microspheres 

and PRD-1, suggesting that preferred attachment sites occur in the media, most likely represented 

by iron oxyhydroxides phases, which are present in BOF media. The effect of kinetic attachment 

on breakthrough is not attributable to physical non-equilibrium, given that the conservative tracer 

did not exhibit significant dual porosity. Estimates of solid inactivation (μL = ~3 x 10-4 min-1) is 

an order of magnitude lower than that of liquid inactivation (μL = 3 x 10-3 min-1), observed at a 

similar pH This indicates that attached phage are less susceptible to inactivation than free phage 

in suspension.
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The relative contributions of attachment and liquid inactivation of viral surrogates on BOF media 

can be estimated from comparison of coefficients, which have equivalent units in Equations 1, 2 

and 3. If attachment to weakly-binding sites and surface inactivation are ignored, average values 

of PRD-1 attachment (katt1 = 3 x 10-2 min-1) and liquid inactivation (μL = 3 x 10-3 min-1) 

coefficients indicate that removal of phage from the influent suspension is achieved primarily by 

attachment (~90%) rather than liquid inactivation (~10%). However, changing geochemical 

conditions suggest that the attachment rate coefficient may have decreased during the 

experiment, and that fitted attachment rates are only a crude estimate of the average attachment 

rate.

Fitting dispersivity values in model runs allows a independent assessment of colloid dispersion. 

Colloid dispersion is expected to be lower for colloids than for the conservative tracer, because 

colloids are excluded from finer pores and slower pathways. The value of αL for microspheres 

was similar to that measured for bromide, suggesting that microsphere dispersion did not differ 

significantly from solute dispersion. However, PRD-1 dispersion was lower in most model runs. 

Both the viral surrogate (0.06 μm) and microspheres (0.2 μm) are similar in size, and PRD-1 is 

less highly-charged than are microspheres, which would suggest that microspheres should exhibit 

lower dispersion due to being excluded from more pathways in the porous media than the virus 

surrogate.

Because some parameters are poorly characterized in previous studies resulted in model runs 

where several parameters are fitted at the same time. Multiple interparameter correlations suggest 

that selected solutions may not be not unique, although care was taken to run the model with a 

range of initial parameter guesses. It is difficult to ensure that a better fit could not be achieved if 
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a greater number of initial guesses were made. The use of goodness-of-fit measures, r2 and SSQ, 

must be used with caution. Solutions must also have parameter values that are realistic, based on 

the findings of previous studies. If experimental data for similar media and suspension conditions 

exists, the range of expected values for parameters can be narrowed, so that some equifinal 

solutions with unrealistic parameter values can be eliminated. When working with a novel media 

and suspension, such as BOF slag and alkaline water, it is more difficult to discern which 

solution is the best fit based solely on r2 and SSQ, because there is little information to determine 

what are realistic values for fitted parameters. Forward modeling of the best model fit for PRD-1 

transport through Tubarão media suggest that changes in some parameters, such as dispersion, 

attachment and detachment rate coefficients, have similar effects on the shape of the 

breakthrough curve, and therefore are very strongly correlated when inversely modeled with 

Hydrus-1D.

The observed changes in geochemical conditions during the experiment suggest that the 

assumption of stead-state transport conditions may be erroneous. This may be the reason that the 

inverse modeling cannot reproduce the observed PRD-1 breakthrough curve. Forward modeling 

also cannot approximate the shape of the observed peaked breakthrough curve. The observed 

data can be explained by decreasing rates of virus attachment during the experiment, which 

would result in increasing C/Co over time that would not reach a steady-state plateau in the 

breakthrough data. Microsphere breakthrough does not exhibit the same lack-of-fit with respect 

to attachment and detachment of PRD-1. Breakthrough curves were matched closely, during both 

the short- and long-pulse experiments, suggesting that attachment rate coefficients remain 

relatively constant during the experiment. 
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In studies where biocolloids are used as tracers in media that cannot be entirely sanitized, 

because surface characteristics would be altered, biofilm formation and DOC production is 

inevitable and may represent a confounding phenomena in interpreting data. To ensure steady-

state conditions in future experiments with DOC-rich suspensions, columns should be 

conditioned with colloid-free suspension, until effluent DOC concentrations stabilizes, before 

commencing tracer tests. 
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Figure 7.1: Measured bromide concentration (●) and model fits for Hydrus-1D and CXTFIT2 
for the short-pulse (after 60 days of column saturation) for Stelco (A) and Tubarão (B) BOF 
mixtures, and the long-pulse experiment (after 300 days of column saturation) for Stelco (C) and 
Tubarão (D) BOF mixtures. All model fits are the same, represented by solid lines.
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Figure 7.2: Measured fluorescent microsphere concentration (●) and model fits for Hydrus-1D 
for the short-pulse (after 60 days of column saturation) for Stelco (A) and Tubarão (B) BOF 
media mixtures and in the long-pulse experiment (after 60 days of column saturation) for Stelco 
(C) and Tubarão (D) BOF media mixtures. Solid lines represent model runs with one-site kinetic 
attachment/detachment and dashed lines represent model runs for two-site kinetic 
attachment/detachment.
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Figure 7.3: Measure PRD-1 concentration (●) and model fits for Hydrus-1D for the long-pulse experiment (after 300 days of column 
saturation) in Stelco (A) and Tubarão (B) BOF media mixtures. Solid lines represent model runs with one-site kinetic 
attachment/detachment and dashed lines repreeent model runs for two-site kinetic attachment/detachment.
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Figure 7.4: Forward modeling simulations of the closest model fit for PRD-1 breakthrough data 
from the long-pulse (after 300 days of column saturation) in the Tubarão BOF mixture.
Simulations for a range of parameter values for dispersion (A), liquid inactivation (B), surface 
inactivation (C), attachment coefficient for strongly-binding sites (D), detachment coefficient for 
strongly-binding sites (E), attachment coefficient for weakly-binding sites (F), and detachment 
coefficient for weakly-binding sites (G) are presented. 
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Table 7.1: Observed and fitted parameters values (q and αL) determined by inverse modeling of Br breakthrough curves from column 
studies of Stelco and Tubarão BOF media mixtures

Run Stelco BOF mixture Tubarão BOF mixture

q αL 
b q αL

(cm min-1) (cm) ω β r2 SSQ (cm min-1) (cm) ω β r2 SSQ
After 60 days of column saturation

Fit q and αL (Hydrus-1D) 9.6E-03 2.6E+00 ― ― 0.991 1.4E-02 4.4E-03 3.3E+01 ― ― 0.987 1.5E-02

  without dual porosity formulation

Fit v and DL (CXTFIT2) a 1.0E-02 2.5E+00 ― ― 0.987 1.1E-01 1.0E-02 1.3E+01 ― ― 0.986 9.7E-02
  without dual porosity formulation

Fit v, DL, ω, β (CXTFIT2) a 6.1E-03 2.0E+00 1.7E-03 5.8E-01 0.992 6.4E-02 2.5E-03 1.1E+01 1.2E-03 2.4E-01 0.988 8.4E-02
  using dual porosity formulation

After 300 days of column saturation

Fit q and αL (Hydrus-1D) 1.0E-02 2.8E+00 ― ― 0.995 5.33E-03 8.6E-03 2.3E+00 ― ― 0.990 1.1E-02

  without dual porosity formulation

Fit v and DL (CXTFIT2) a 1.1E-02 2.7E+00 ― ― 0.994 1.26E-01 9.1E-03 2.2E+00 ― ― 0.989 2.2E-01

  without dual porosity formulation

Fit v, DL, ω, β (CXTFIT2) a 1.1E-02 2.7E+00 1.0E-04 1.0E+00 0.994 1.26E-01 8.3E-03 1.6E+00 1.8E-03 8.7E-01 0.991 9.9E-01
  using dual porosity formulation

a CXTFIT2 calculates q, Darcy's flux and DL, dispersion coefficient, but is calculated and reported as v, porewater velocity, and αL, dispersivity.
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Table 7.2: Observed and fitted parameters values (αL, katt2, kdet2, katt1 and kdet1) determined by inverse modeling of microsphere 
breakthrough curves from column studies of Stelco and Tubarão BOF media mixtures

Run Stelco BOF mixture Tubarão BOF mixture

αL katt1 kdet1 katt2 kdet2 αL katt1 kdet1 katt2 kdet2

(cm) (min-1) (min-1) (min-1) (min-1) r2 SSQ (cm) (min-1) (min-1) (min-1) (min-1) r2 SSQ

After 60 days of column saturation

Fit αL, katt1 and kdet1 2.6E+00 1.0E-02 4.4E-07 ― ― 0.900 1.0E-01 2.0E+01 7.5E-03 4.2E-07 ― ― 0.919 9.8E-02
   one-site kinetic modeling

Fit αL, katt1, kdet1, katt2 and kdet2 2.6E+00 1.0E-02 1.4E-07 7.1E-05 4.3E-04 0.936 6.4E-02 2.0E+01 7.5E-03 4.2E-07 5.7E-05 7.6E-07 0.919 9.8E-02

   two-site kinetic modeling

After 300 days of column saturation

Fit αL, katt1 and kdet1 2.2E+00 3.1E-05 1.4E-04 ― ― 0.846 3.0E-01 4.8E+00 4.0E-05 1.7E-04 ― ― 0.613 7.0E-01
   one-site kinetic modeling

Fit αL, katt1 , kdet1, katt2 and kdet2 6.1E+00 3.7E-02 2.2E-02 2.8E-05 7.2E-06 0.931 1.2E-01 1.3E+01 3.9E-02 9.6E-03 9.9E-04 3.2E-07 0.737 3.8E-01
   two-site kinetic modeling
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Table 7.3: Observed and fitted parameters values (αL, μS, katt2, kdet2, katt1 and kdet1) determined by inverse modeling of PRD-1 
breakthrough curves from column studies of Stelco and Tubarão BOF media mixtures

αL katt1 kdet1 katt2 kdet2 μs 

Run (cm) (min-1) (min-1) (min-1) (min-1) (min-1) r2 SSQ

After 300 days of column saturation Stelco BOF mixture

Fit αL, katt1 and kdet1 4.9E+00 1.0E-01 8.8E-03 ― ― 3.8E-04 0.659 3.5E-01

   one-site kinetic modeling

Fit αL, katt1, kdet1, katt2 and kdet2 4.7E-01 3.0E-02 1.3E-02 1.3E-02 1.0E-05 1.7E-04 0.816 2.0E-01

   two-site kinetic modeling

Tubarão BOF mixture

Fit αL, katt1 and kdet1 2.3E-01 9.4E-04 2.3E-03 ― ― 2.9E-04 0.731 2.2E+00
   one-site kinetic modeling

Fit αL, katt1 , kdet1, katt2 and kdet2 1.3E+00 3.0E-02 1.6E-02 9.3E-04 4.0E-07 1.3E-04 0.815 1.9E-01
   two-site kinetic modeling
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Table 7.4: Transport parameter estimations for attachment/detachment (katt1, kdet1, katt2, kdet2) and inactivation (μS and μL) from PRD-1 
transport studies

site 1 site 2
Type of Numerical katt1 kdet1 katt2 kdet2 μs μl 

Study study Media Suspension Model a Experiment (min-1) (min-1) (min-1) (min-1) (min-1) (min-1)

This study Column BOF slag mixture CaCO3-saturated Hydrus-1D b
Stelco BOF slag mixture

  50% BOF slag, 30%   artificial groundwater     One-site kinetic modeling 1E-01 9E-03 ― ― 4E-04 ―
  pea gravel, 20% Ottawa    T = 7oC     Two-site kinetic modeling 3E-02 1E-02 1E-02 1E-05 2E-04 ―
  sand    pH = 7.5 - 8

   DOC = 14 - 22 mg L-1 Tubarao BOF slag mixture
    One-site kinetic modeling 9E-04 2E-03 ― ― 3E-04 ―

Porewater velocity =     Two-site kinetic modeling 3E-02 2E-02 9E-04 4E-07 1E-04 ―
   0.4 m d-1

Schijven and Field Dune sand with Native groundwater Hydrus-1D b One-site kinetic modeling d ― ― ― ―
  Šimůnek, 2002   oxyhydroxide coatings    (from canal)     Observation well 1.4 m from source 3E-03 2E-06 ― ― ― ―

   foc = 0.09 - 2.7%    T = 5oC     Observation well 2.6 m from source 2E-04 7E-10 ― ― ― ―

   Fe-oxalate =    EC = 890 μS cm-1     Observation well 5.3 m from source 1E-03 2E-05 ― ― ― ―
      0.6 - 1.7 (g kg-1)    pH = 7.5 - 8

      (dry weight) Two-site kinetic modeling d ― ―
Porewater velocity =     Observation well 1.4 m from source 3E-03 8E-07 6E-04 4E-04 ― ―

   1.5 m d-1     Observation well 2.6 m from source 4E-04 4E-06 1E-03 1E-03 ― ―
    Observation well 5.3 m from source 7E-04 5E-06 3E-04 9E-04 ― ―

Schijven et al., Column Dune sand with Native groundwater EQ2KIN c Batch experiment ― ― ― ― ― 3E-05
  2002b;   oxyhydroxide coatings    (from canal)

 Schijven et al.,    foc = 0.09 - 2.7%    T = 5oC One-site kinetic modeling

  2002a    Fe-oxalate =    EC = 890 μS cm-1      Column with flow rate of 1.5 m d-1 1E-03 6E-05 ― ― 3E-04 ―

      0.6 - 1.7 (g kg-1)    pH = 7.5 - 8      Column with flow rate of ~3 m d-1 2E-03 6E-05 ― ― 3E-04 ―
      (dry weight)

Porewater velocity = Two-site kinetic modeling

   1.5 m d-1      Column with flow rate of 1.5 m d-1 1E-03 3E-06 3E-04 8E-04 4E-05 ―

     Column with flow rate of ~3 m d-1 2E-03 1E-05 3E-04 1E-03 5E-05 ―

a numerical models use to estimate attachment and detachment coefficients. 
b  Schijven et al., 2005. 
c    by authors.
d excluding one observation well with anomalous fitted values.
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Table 7.4 (continued): Transport parameter estimations for attachment/detachment (katt1, kdet1, katt2, kdet2) and inactivation (μS and μL) 
from PRD-1 transport studies

site 1 site 2
Type of Numerical katt1 kdet1 katt2 kdet2 μs μl 

Study study Media Suspension Model a Experiment (min-1) (min-1) (min-1) (min-1) (min-1) (min-1)

Ryan et al., 2002 Batch and Glacial outwash sand, Contaminated None Solution inactivation batch tests
 column   medium to coarse groundwater     Contaminated groundwater (CGW) ― ― ― ― ― 2E-05

     grained,    EC = 410 μS cm-1     CGW + 25 mg L-1 LAS surfactant ― ― ― ― ― 3E-06
  3-4% coated with    pH = 6-7 pH     CGW + 25 mg L-1 DBS surfactant ― ― ― ― ― 3E-05

     Fe(III) and Al    DOC = 2-4 mg L-1)     CGW amended with NaOH to pH 11 ― ― ― ― ― 4E-04

     oxyhydroxide coatings    T = 5oC
Surface inactivation column experiments

Flow rate not given     CGW amended with NaOH to pH 11 ― ― ― ― 6E-04 ―
    CGW + 25 mg L-1 DBS surfactant ― ― ― ― 9E-04 ―

Schijven et al., Field Dune sand with Native groundwater CXTFIT b One-site kinetic modeling d 1E-03 1E-06 ― ― 5E-05
  '1999   oxyhydroxide coatings    (from canal)

   foc = 0.09 - 2.7%    T = 5oC Batch experiment 3E-03 5E-07 ― ― ― ―

   Fe-oxalate =    EC = 890 μS cm-1 2E-03 8E-07 ― ― ― ―
      0.6 - 1.7 (g kg-1)    pH = 7.5 - 8 2E-03 1E-06 ― ― ― ―
      (dry weight) 1E-03 2E-06 ― ― ― ―

Porewater velocity = 9E-04 1E-06 ― ― ― ―

   1.5 m d-1 5E-04 2E-06 ― ― ― ―

Bales et al., 1991 Column Silica beads Linear least One-site kinetic modeling e 3E-02 2E-04 ― ― ― ―

   T = 4oC square curve

fitting routine c

Flow rate not given

a numerical models use to estimate attachment and detachment coefficients. 
b  Toride et al., 1995.
c  van Genuchten, 1981.
d   average of attachment/detachment parameter estimates from seven observation wells, average of surface inactivation rates estimates from four parameter estimates from four wells.
e equilibrium and kinetic sites modeled; equilibrium site contribution to attahcment/detachment negligible.
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incorporating basic oxygen furnace slag 
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for pathogen removal
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8.1.     Introduction 

Pathogen contamination of shallow groundwater used for drinking water supply has been 

identified as a significant cause of waterbourne disease (Cairncross, 2003). In developed 

countries, septic systems are the primary source of microbiological contamination in 

groundwater (Yates et al., 1985). Pathogen contamination of drinking water supplies has been far 

less studied in developing countries. Latrines have been identified as the most frequent source of 

groundwater faecal contamination in the developing world (Mzuga et al., 2001; Chaggu et al., 

2002; Palamuleni, 2002; Piranha et al., 2006; Kulabako et al., 2007). The presence of animal 

husbandry wastes (Godfrey et al., 2006) and the quality of sanitary seals on wells (Gelinas et al., 

1996) have also been identified as important factors in the degree of well water contamination.

In densely-populated peri-urban communities, latrines and water wells are usually installed in 

close proximity. Wastewater effluent discharged from pit latrines creates groundwater mounds in 

the local water table (Dzwairo et al., 2006). Specific discharge rates from latrines (100 m yr-1) 

are higher than weeping fields of septic systems (30-50 m yr-1), which discharge over a larger 

area (Pedley and Howard, 1997). Pit latrines can be relatively deep (> 3 m), and wastewater 

effluent bypasses the soil zone, the most active zone for pathogen attenuation. Groundwater 

extraction in nearby wells can lead to high hydraulic gradients that induce rapid transport of 

effluent to drinking water sources.

Appropriate setback distances for pit latrines have not been investigated in great detail. 

Development agency guidelines specify that latrine pits should be placed at least 2 m above the 

water table and 15 m from the nearest well, to avoid microbiological agents from entering the 
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drinking water supply (Davis and Lambert, 1995). In a peri-urban area near Dakar, Senegal, 

Tandia et al. (1999) suggest, based on latrine-well distances and the level of pathogen 

contamination, that a minimum setback distance of 50 m is necessary to achieve drinking water 

limits for pathogen indicators. However, these setback distances cannot be achieved in densely-

populated communities, especially in areas of shallow water table.

This study presents the design and initial testing of a cost-effective permeable reactive barrier 

(PRB) technology for attenuating waterbourne pathogens emanating from pit latrines, which 

could potentially reduce setback distances substantially. Basic oxygen furnace (BOF) slag is a 

reactive material produced by the steel-making industry, which is composed primarily of 

portlandite [Ca(OH)2], di- and tri-calcium silicate, ferrous oxide, and Ca-, Mg- and Mn-ferrite 

(Proctor et al., 2000, Mikhail et al., 1994). Effluent in contact with portlandite rapidly reaches 

elevated pH (11-12). BOF slag also has a high content of ferric (oxy)hydroxide surfaces, which 

represent preferred attachment sites for biocolloids (Ryan et al., 2002).

A previous field trial for a BOF slag PRB, that was emplaced downgradient from an anaerobic 

tank in a septic system, reduced coliform bacteria concentration by ~4 log during 1 day of 

residence in the media (Smyth et al., 2002). Column experiments were conducted to determine 

the efficacy of BOF slag to attenuate a bacteriophage, PRD-1, a conservative surrogate for viral 

pathogen transport studies (Chapter 3 and 4). The media reduced PRD-1 concentration by 

approximately 1.5 log concentration units during one day residence time. In batch tests of PRD-1 

suspended in alkaline (11.4) artifical groundwater, in the absence of BOF slag surfaces, higher 

removal rates (2.1 log concentration units day-1) were achieved. The lower removal rate in the 
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presence of BOF surfaces is possibly due to a lower inactivation rate for attached phage. 

Previous column and field studies also indicated that BOF slag effectively removes PO4 (Baker 

et al., 1997).

This investigation discusses the technical criteria of an alternative latrine design, which employs 

a BOF slag PRB to treat pathogens, and a woodchip PRB (Robertson and Cherry, 1995) that 

creates denitrifying conditions to remove nitrate from wastewater. The design of the woodchip 

PRB and nitrate removal efficiency of the alternative latrine design will be the topic of a future 

publication. A field application of the design was constructed in Jardim Santo Antônio, a low-

income, peripheral community of São Paulo, Brazil. Flush toilets are the most culturally-

acceptable option for on site sanitation, because most peri-urban communities in São Paulo have 

access to water supply. This design is based on wastewater discharge from flush toilets to a 

latrine pit. This type of on site sanitation is also referred to as a cesspool or septic well. The 

woodchip PRB can be emplaced in a geotextile liner in the unsaturated zone or in the saturated 

portion of the aquifer, in areas of shallow water table. In order to make the design more modular 

for varying water table conditions, the demonstration latrine was constructed entirely within the 

unsaturated zone. A latrine with the same dimensions and hydraulic characteristics, but without 

PRB media, was constructed to compare pathogen removal between transport in reactive and 

natural geological media. A two-dimentional array of lysimeters and piezometers was installed in 

the two latrines, which were monitored to evaluate the efficiency of the design to remove 

pathogen indicators. 
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8.2.     Materials and Methods

8.2.1     Sampling devices

Unsaturated sampling devices were installed in the latrine design to permit monitoring of 

wastewater effluent. Pan lysimeters were constructed of inverted polyethylene (PE) traffic cones. 

An interior PVC (polyvinyl chloride) sampling screen, wrapped in 0.1 mm Nylon mesh, attached 

to a PVC ¼” sampling tube, was glued to the bottom of the cone with silicon glue. Microbes 

have relatively low affinities for attachment to PVC and PE (Wingender and Flemming, 2004). 

Glued areas were minimized within the device to avoid contact between glue and sampled water. 

The pan lysimeter was filled with material of a finer grain size than the media in which they were 

installed, to ensure hydraulic connection between the lysimeter and the unsaturated zone. The 

devices had a porosity of 30-40%, and when saturated produced a volume of 1 L.

Stainless-steel porous cup lysimeters (Soil Systems Measurement Inc., Tucson, Arizona), that 

collects sample in a PVC receptacle, were installed next to pan lysimeters in most locations. The 

2 μm pore size of the porous cup is considerably larger than the diameter of coliphage ( < 0.01 

μm in diameter). The stainless steel pores have low affinity for microbial attachment (Pederson, 

1990). The device was emplaced in a 30-cm packing of fine silica sand to ensure hydraulic 

connection with the coarser materials of the design. However, small sample volumes (< 50 mL) 

were obtained, which were only sufficient for field determinations of pH, Eh, and electrical 

conductivity, and sampling for coliphage analysis.

Multilevel piezometers were constructed from 1-inch PVC tubing, and standpipe piezometers 

from 3-inch PVC casing. The tip of the piezometers were slotted along a 5-cm section and 



208

wrapped with 0.1 mm nylon mesh. An array of lysimeters were placed in several elevations in 

both designs (Figure 8.1). Lysimeters were placed in a row in three equally-spaced horizontal 

positions, one 0.25 m from the east wall of the excavation, one in a centre position, and one 0.25 

m from the west wall. In most positions, pan lysimeters and stainless steel porous cup lysimeters 

were positioned side by side to sample similar wastewater effluent conditions. Within the 

woodchip PRB, multilevel lysimeters were placed in the same positions. Each multilevel 

piezometer had five levels, vertically spaced 8 cm apart. All sampling tubing from lysimeters and 

multilevel piezometers was directed horizontally to the sidewall of the excavation and up to the 

surface, to avoid forming preferential transport pathways along vertical sample tubing within the 

design. Standpipe piezometers were placed at 5 cm and 45 cm above the base of the geotextile, 

to measure saturation of the woodchip PRB.

Aquadis+ volumetric hydrometers (Actaris Ltd., Luxembourg, Luxembourg) were installed in 

the wastewater discharge pipe of toilets, to measure effluent discharge to the latrines.Particle size 

distributions were determined from oven-dried samples of BOF slag mixtures by sieve analysis, 

to estimate characteristic grain diameters for the media.

8.2.2.     Geochemical and microbiological sampling and analyses

Wastewater samples were collected with a Geopump Geotech Series 1 peristaltic pump 

(Fondriest Environmental Monitoring Products, Alpha, OH, USA). Pump tubing was rinsed with 

distilled water before each sampling. Field parameters measured in the field included 

temperature, pH, Eh, electrical conductivity (EC), alkalinity and dissolved O2. Field blanks were 
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prepared by passing distilled water through the rinsed pump tubing. Pan lysimeters were bailed 

dry and sampled 4-6 days after recovery was achieved. 

Electrical conductivity measurements were made in the field with an TetraCon electric 

condutivity meter (WTW, Weilheim, Germany), corrected for temperature. Measurements of Eh 

and pH were made in a sealed test tube. The pH was measured using a SenTix 41 pH electrode 

(WTW, Weilheim, Germany), calibrated with standard buffer solutions at pH 7, 4, and 10. The 

Eh was measured using a SenTix Orp redox electrode (WTW, Weilheim, Germany), checked 

against Zobell’s and Light’s solution. Eh and pH probes were checked every 2 hours during 

sampling. Dissolved oxygen analyses were performed using a CellOx O2 meter (WTW, 

Weilheim, Germany). A Hach digital titrator (Hach Company, Loveland, CO, USA) was used to 

determine alkalinity concentration by titration with bromcresol green/methyl red indicator and 

0.16 N H2SO4. 

Dissolved organic carbon (DOC) samples were collected in amber bottles to avoid 

photodegradation of DOC. Samples for nitrogen species analysis were acidified with HCl to a 

pH of less than 2. DOC was analyzed by CO2 conversion and infrared detection at the 

Engineering School Sanitation Laboratory at the University of São Paulo (USP). Nitrate and 

ammonia were analyzed at the CEIMIC Environmental Laboratory in São Paulo by colorimetric 

methods. 

Microbiological assays were conducted at the Environmental Microbiology Laboratory at USP. 

Heterotrophic bacteria (HB) assays were analysed by propagation on R2A agar, incubated 24 to 
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48 hours at 35oC, and enumerated by direct count (Method #9215 – A, APHA et al., 2006). Total 

coliform (TC) analyses were determined by membrane filtration and incubation on mEndo agar 

for 22-24 hours at 35oC, and counted directly (#Method 9222-B, APHA et al., 2006). 

Thermotolerant coliform (TTC) counts were completed by membrane filtration, incubation on 

mFC agar for 22-26 hours at 44.5oC, and enumeration by direct counting using Method 9222-D 

(APHA et al., 2006). The IMVC procedure was used to enumerate E. coli concentration by the 

most probable number method (Method # 9222-E, APHA et al., 2006). Sulfite-reducing 

clostridia (SRC) assays were determined by propagation on TSC (Tryptose sulfite cycloserine) 

agar, incubation for 24 hours at 35 oC and enumeration by direct counting. Assays of Clostridium 

perfringens were determined by testing for nitrate reduction, gelative liquefaction and lactose 

fermentation, using the most probable number method (APHA et al., 1992). Somatic coliphage 

(SC) were enumerated by direct counting of plaques after inoculating an E. coli host for 4-6 

hours at 35 oC (APHA et al., 1992). Results are expressed in colony-forming units (cfu) mL-1 for 

bacteria indicators and plaque-forming units (pfu) mL-1 for virus indicators. All samples were 

stored at ~4 oC and were analyzed within appropriate holding times. The average relative 

standard deviation for replicates of HB, TC, TTC and SRC were 37 (n = 18), 28 (n = 13), 39 (n = 

10) and 64% (n = 6). Quadruplicates of SC had an average relative standard deviation of 65% (n

= 10).
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8.3.     Results and discussion

8.3.1.     Design and construction of alternative and control latrines

8.3.1.1.     Selection and characterization of field site

Jardim Santo Antônio is a poor, informal settlement located on the southern periphery of São 

Paulo (Figure 8.2). In the study area, Precambrian schists, phyllites, gneisses and migmatites are 

overlain by 6-10 m of Quarternary colluvium and alluvium (Viera, 1996; Riccomini et al., 1992). 

The water table is situated in Quarternary deposits at approximately10 m depth, measured in 

several drinking water wells in the vicinity. Two localities for the alternative and control latrines 

were selected within close proximity (200 m). In June 2007, a cylindrical pit, 4.5-m deep and 2 

m in diameter, was excavated for the alternative latrine (Figure 8.3A), and another pit, 5 m in 

depth and 1.5 m in diameter, was created for the control latrine. The unsaturated zone in both 

excavations consisted of red clayey sand, which became finer with depth (Figure 8.4). Evidence 

of an older garbage pit was exposed in the sidewall of the alternative latrine excavation. 

However, the pit did not exhibit evidence of having received wastewater, such as organic 

residue. Hematite staining of the clay and the presence of highly-weathered clasts of gneiss and 

schist in the profile indicate that the alluvial material was produced from the weathering of the 

metamorphic basement (Figure 8.3A).

The alternative latrine serviced a larger family group (4 adults and 5 children) than did the 

control latrine (4 adults). Wastewater hydrometer measurements over 82 days of monitoring 

indicate a wastewater discharge rate for the alternative latrine (0.134 m3 day-1 or 134 L day-1) that 

is nearly twice that of the control latrine (0.083 m3 day-1) (Figure 8.5). These effluent discharge 
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rates are similar to average household discharge rates (0.1 m3 day-1) observed in these 

communities. Rates varied considerably in both households over time, indicating that the 

alternative latrine design will have to function with variable effluent discharge rates.

8.3.1.2.     Design of alternative latrine

An infiltration gallery of gravel, 1 m in depth, was located at the bottom of the excavation 

(Figure 8.1). A 0.5-m thick woodchip PRB was formed with coarse-chipped hardwood (~0.5 - 2 

cm in diameter) within a 2-mm PVC geotextile which lined the interior of a cement ring (Figure 

8.3B). A drainage pipe was placed in the bottom of the woodchip PRB, such that overflow 

occurs when the PRB is fully saturated and drains into the infiltration gallery below. Saturated 

conditions are necessary in this bottom layer to reduce O2 diffusion into the media, ensuring 

reducing conditions are present to encourage the growth of denitrifying bacteria.

Overlying the woodchip layer, a 1-m thick layer of coarse sand was emplaced (Figure 8.1). The 

alkaline effluent emanating from the BOF slag PRB can adversely affect the activity of 

denitrifying bacteria in the woodchip. At a pH of 9-10, many bacteria are inactivated (Allievi et 

al., 1994). However, degradation of organic material in the woodchip produces CO2 and acidity, 

which should migrate upwards into the coarse sand layer. The inclusion of an intermediate layer 

between the PRBs may allow highly alkaline effluent to be partially neutralized by CO2.

The 1-m thick BOF slag PRB consists of a 50:30:20 mixture of medium gravel, coarse sand and 

BOF slag, by weight (Figure 8.3C). The BOF slag was collected from a steel-making industry 

(Companhia Siderúrgica de Tubarão, Serra, Brazil) and seived to select the 3-18 mm fraction. 
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The median grain diameter, d50, of the mixture was 6.8 mm, and the characteristic diameter, 

d60/d10, for the media was 10.5 (Chapter 3, Table 1). Measured hydraulic conductivity of the 

BOF slag mixture was 1.3 x 10-2 m s-1, determined by Hazen’s approximation, using measured 

value of d10 (Chapter 3, Table 1). This mixture has been shown to remove bacteriophage PRD-1 

at a rate of ~1.5 log concentration units day-1 in column studies (Chapter 3). 

The BOF slag PRB was overlain by a series of coarse sand to medium gravel layers, which 

coarsened upwards (Figure 8.1). An annular ring of medium gravel, which was emplaced from 

the woodchip barrier to the surface, which enclosed the inner layers of the design (Figure 8.3D). 

The filters and annular ring permit a zone of oxygenation and biofilm development, which is 

necessary to degrade organic material more efficiently (Potts et al., 1994: Beal et al., 2005), and 

to encourage the growth of bacteriovorous organisms (Amador et al., 1996). If organic material 

clogs the filters, the latrine will fail quickly and the wastewater tank will flood. Complete 

oxidation of organic nitrogen and ammonium must occur in the upper portion of the alternative 

latrine, because the saturated woodchip does not treat reduced forms of nitrogen (Robertson and 

Cherry, 1995).

A 0.5-m cement ring was placed at the top of the latrine design to form a wastewater tank. The 

finest filter material, coarse sand, was emplaced in a 30-cm-thick packing around the edge of the 

inner filters and wastewater tank. This sand reduces hydraulic connection between the 

wastewater tank and the annular gravel ring (Figure 8.3D and 8.5). A cement lid was installed 

with a 10-cm PVC vertical pipe to allow gases to escape. A 10-cm PVC pipe drained effluent 

from the toilet to the wastewater tank by gravity.
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Four water level measurements of standpipe piezometers over 82 days indicate that the woodchip 

PRB remained saturated. The water level in the wastewater tank of the alternative latrine was

examined after 82 days (~ 3 months) of wastewater application. A shallow water level (< 2 cm) 

occurred above the coarse gravel filter. Biofilm formation was visible in the central portion of 

the tank, but the outer 30 cm of the wastewater tank surface was still not discoloured by bacteria 

growth (Figure 8.3F). This observation suggests that biosolids in the wastewater had degraded 

rapidly.

8.3.1.3.     Variably-saturated numerical modeling of the alternative latrine design

A three-dimension, variably-satured, finite-element numerical model, HydroGeoSphere 

(Therrien et al., 2005), was used to represent the unsaturated flow conditions in and around the 

latrine design. The numerical model was simplified to represent a two-dimensional, vertical 

cross-section of the design. The model domain was divided into a grid of 344 by 54 elements, 

which was highly-refined in the region of the latrine design. The third dimension of the model 

domain was represented by a double row of elements. Constant discharge boundaries were 

placed along the top of the model domain to represent rainfall infiltration in the study area (1500 

mm yr-1) and latrine discharge (132 L day-1) (Figure 8.6). Lateral boundaries were located at 

distance from the latrine design, where flow in the unsaturated zone is vertical, permitting the 

use of no flow boundaries. The water table in the model is represented by a constant head 

boundary, placed at 15 m depth, which is sufficiently distant from the latrine design to ensure 

that mounding of groundwater will not be affect the simulation of unsaturated flow in the 

alternative design. Hydraulic conductivities and van Genuchten unsaturated parameters for the 

aquifer and the PRB materials were estimated from previous studies and tabulated values (Table 
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8.1). Residual water content values for fine-grained materials are underestimated to ensure 

convergence of the model. The model was run under transient conditions for 1000 days to 

achieve steady-state flow conditions.

The results of the modeling indicated that the alternative latrine design would function properly 

under a flow rate of 132 L day-1, the measured effluent discharge rate measured at the alternative 

latrine. Simulated saturation indices indicate that the latrine remains unsaturated (10-30%), 

except for the woodchip PRB, which becomes fully saturated (Figure 8.7). The design is 

sufficiently permeable to allow most effluent to infiltrate into the design. The simulation 

suggests the wastewater tank did not fill with effluent over the first 82 days of operation. The 

calculated vertical linear groundwater velocity within the BOF slag PRB is approximately 0.4 m 

day-1 (Figure 8.8), indicating that wastewater will remain in contact with the reactive material for 

approximately 2.5 days. Negative pressures remain sufficiently low (< -0.15 m H20; Figure 8.9) 

to permit sampling of stainless steel suction lysimeters.

8.3.1.4.     Design of control latrine

The control latrine was constructed with layers of the same dimension and hydraulic properties, 

but consisting of unreactive materials (Figure 8.3E and 8.1). The outer annular gravel ring was 

not included in the control latrine. The geochemical evolution of effluent in the alternative latrine 

can be compared to changes in geochemistry that occur under natural conditions in the control 

latrine. The removal efficiency of the alternative latrine can be assessed by examining the 

difference in removal of pathogenic indicators in the two latrines. A larger wastewater tank (1.5-

m depth) was installed in the control design. Lower oxygen diffusion into the unimproved 
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design, which lacks a annular gravel ring, may degrade organic material less efficiently. Because 

the wastewater tank may fill quickly with biosolids, shortening the lifetime of the latrine (Figure 

8.1), a greater volume of wastewater can be accommodate in the larger tank.

8.3.2.     Monitoring of geochemistry and pathogen indicators

8.3.2.1.     Monitoring alternative latrine prior to wastewater application

The two latrines were monitored prior to wastewater application to determine the contribution of 

the construction materials to observed geochemistry and pathogenic indicator concentration in 

the absence of wastewater. Before commissioning the latrines, water was pumped from 

household wells into the wastewater tanks of the alternative and control latrines. Water was 

applied at a rate of 200 L d-1 for 7 days, to ensure that all sampling devices were saturated.  

In the upper portions of both latrines, electrical conductivity (EC) of infiltrating water was less 

than 500 µS cm-1 (Appendix B). In the alternative latrine, EC reached values above 6,000 μS cm-

1 in and below the BOF layer. Calcium oxides dissolve rapidly in contact with neutral water 

resulting in elevated electrical conductivity measurements. The pH of the unsaturated zone in the 

control latrine was near neutral pH (Appendix B), suggesting that construction materials do not 

alter the neutral pH of well water introduced into the well. Water sampled from the uppor portion 

of the alternative latrine was also neutral. Dissolution of calcium oxides resulted in increased pH 

to values greater than 12 in and below the BOF slag PRB. Water infiltrating into the alternative 

and control latrines exhibited oxidizing conditions (+200 mV; Appendix B). Eh values decreased 

with depth in both latrines, but reached lower values (< -200 mV) in the woochip PRB of the 

alternative latrine. Reducing conditions in the woodchip PRB are expected given the low rates of 
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O2 diffusion in the saturated layer, because degradation of organic matter in the woodchip 

consumes O2.  

Low concentrations of pathogenic indicators in samples of the two latrines were expected near 

the wastewater tank. Detectable concentration of total caliform (TC) and thermotolerant (TTC) 

bacteria were observed in 91 and 57% of water wells during a water quality survey conducted in 

the community. In the control latrine, heterotrophic bacteria (HB) concentration (> 104 cfu mL-1) 

did not decrease with depth, but concentrations of TC and TTC bacteria decreased from > 102 to 

<10-1 pfu mL-1, a 2-3 log concentration decrease in three meters of transport through the latrine 

(Appendix B). Similar concentrations were measured for these pathogenic indicators in the upper 

portion of the alternative latrine. In the BOF slag layer, HB concentrations decreased from > 103

to < 101 cfu mL-1, all other bacteria indicator concentrations decreased from > 103 to < 10-2 cfu 

mL-1 and SC concentration decreased from > 101 to < 10-2 cfu mL-1 , probably due to the 

elevated pH generated in effluent passing through the slag (Appendix B). Detectable 

concentrations of these indicators were measured in sampling devices below the woodchip PRB. 

Samples from the lowest level of lysimeters below the woodchip layer had elevated HB, TC and 

TTC concentrations. These concentrations are anomalous considering that they are several orders 

of magnitude higher than concentrations measured below the wastewater tank.

8.3.2.2.     Natural attenuation of biocolloids under the control latrine

The control and alternative latrines were monitored for geochemical parameters and pathogen 

indicator concentration after 42 days (July 2007) and 82 days (September 2007) of 

commissioning the latrines (Appendix A). In both sampling events, EC readings varied between 
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500 and 2000 μS cm-1 (Figure 8.10) in the control latrine. This observation indicates some 

variability in wastewater composition and transport of effluent through the latrine, possibly in 

part due to preferred transport pathways in the inert media. The pH decreased from values 

between 7 and 8, typical of raw sewage (Wilhelm et al., 1994), to values below 6 (Figure 8.11). 

Eh readings indicated an increasingly-oxidizing environment with depth (from > +200 mV to 

values below –100 mV; Figure 8.12). Oxygen concentrations decreased from 4 mg L-1 to values 

near 1 mg L-1 (Figure 8.13), which suggests the presence of more reducing conditions with 

depth. O2 diffusion through the fine-grained aquifer and the wastewater tank may be limiting O2

ingress into the lower portion of the control latrine.

Alkalinity concentrations varied considerably, but a general trend of increasing alkalinity in the 

first meter of the alternative latrine was observed (Figure 8.14). DOC concentration also 

decreased with depth, from 200-300 mg L-1 near the wastewater tank to approximately 100 mg L-

1 (Figure 8.15) in the BOF layer. The oxidation of DOC (represented as CH2O) produces CO2, 

which hydrolizes to HCO3
- near neutral pH, contributes to a decrease in pH, and an increase in 

alkalinity following (Wilhelm et al., 1994):

)1(2 2322 OHHHCOOOCH  

This reaction is likely influencing the water chemistry in the first meter of the latrine, where 

alkalinity concentrations increased and DOC concentrations sharply decreased.
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Ammonium concentrations decreased from > 200 to < 50 mg NH4-N L-1 and NO3
- concentration 

increase from <5 to >20 mg NO3-N L-1 at depth (Appendix A). Incomplete nitrification of 

ammonium may occur because of limited O2 diffusion into the bottom portion of the control 

latrine. The decrease in NH4
+ concentration may result from NH3 degassing from effluent. In 

slightly-alkaline wastewater (pH = 8) in the top portion of the latrine, NH3 is an appreciable form 

of reduced inorganic N (Jacks et al., 1999):

)2(2.943   pKNHHNH

Ammonium loss may also be due to NH4
+ oxidation, which depresses pH and produces nitrate 

(Wilhelm et al., 1994):

)3(22 3242
  HNOOHNHO

However, variable concentrations of geochemical indicators in both latrines, as indicated by the 

heterogeneous distribution of EC, make geochemical trends difficult to recognize.

The concentration of HB decreased from 104 – 105 cfu mL-1 to values around 102 – 104 cfu mL-1

in both wastewater samplings (Figure 8.16), a reduction of one to two orders of magnitude in 

concentration. TC, TTC and E. coli concentrations in the upper portion of the control latrine (103

to 105 cfu mL-1; Figure 8.17, 8.18 and 8.19) are a few orders of magnitude lower than 

concentrations typically measured in human faeces (106 - 109 cfu mL-1) for these pathogen 

indicators (Gleeson and Gray, 1997). TC, TTC and E. coli concentration decrease to values 

below detection at the bottom of the control latrine.
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This decrease represents a reduction in concentration of at least five to seven orders of 

magnitude in three meters of vertical transport in the control latrine. If pathogenic indicator 

concentrations were higher, their removal might be greater, because the concentration of these 

indicators were all decreased to below detection in effluent considerably above the bottom of the 

control latrine. HB may be removed less efficiently than coliform bacteria, because it is a more 

heterogeneous group of bacteria which include some more resistant strains that withstand 

elevated pH. E. coli has been shown to be more exclusively associated with faeces than TC and 

TTC (LeClerc et al., 2001; Tallon et al., 2005), although other studies have suggested that in 

tropical climates, E. coli can also replicate in the environment (Roll and Fujioka, 1997).

Sulfite-reducing Clostridia (SRC) concentration varies from 104 cfu mL-1 near the top of the 

control latrine to concentrations below detection (< 10-2 cfu mL-1) at a depth of 3 m (Figure 

8.20), a reduction of 4 orders of magnitude within in 3 m of vertical transport. Clostridium 

perfringens (CP), a species of SRC, is much more limited in distribution. CP was only detected 

after 82 days of wastewater application, and only at a few sampling locations (Figure 8.21). SRC 

and CP concentrations in the latrine are lower than those observed in typical wastewater (103 –

106 cfu mL-1) (Cronin et al., 2006). SRC form endospores, which are more resistant to 

inactivation than unencapsulated bacteria, which may make this class of bacteria a more 

appropriate indicator of distal faecal contamination (Payment and Franco, 1993). Unlike 

coliform bacteria, SRC are obligate anaerobes which cannot replicate in the aerobic environment 

(Tallon et al., 2005).
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The presence of coliform bacteria not always correlated with the presence of bacterial pathogens 

in wastewater (Payment and Franco, 1993). The presence of CP in wastewater has been the only 

indicator which correlates well with the presence of parazoan oocysts and enteric viruses 

(Payment and Franco, 1993; Harwood et al., 2005). CP is considered by many researchers to be a 

more appropriate indicator of human faecal contamination than coliform bacteria (Huysman et 

al., 1993; Roll and Fujioka, 1997). Research on SRC subsurface transport is very limited in the 

literature, but is also expected to be persistent due to the ability to form endospores. 

Somatic coliphage (SC) concentration varies from 101 pfu mL-1 in the filter layers to values 

below detection (< 0.01 pfu mL-1) in the lower two tiers of lysimeters in the control latrine 

(Figure 8.22). Somatic coliphage are present at lower concentrations than its host, E. coli. 

Elevated ammonia concentrations have been shown to have a preferential viricidal effect on 

coliphage (Ward, 1978). A log concentration decrease in the the virus surrogate, f2, in a solution 

with NH4
+ concentration of 100 mg L-1 was observed in 92 hours at 30oC (Burge et al., 1983).

8.3.2.3.     Efficacy of BOF slag into remove pathogen indicators

This section examines changes in geochemical parameters and pathogen indicators between the 

wastewater tank and the woodchip PRB. Electric conductivity measurements increased from 

1,000 to 2,000 μS cm-1 in the wastewater tank to values in excess of 8,000 μS cm-1 in the BOF 

slag PRB (Figure 8.10). The EC measurements in the BOF slag were approximately 2,000 μS 

cm-1 higher than those measured in the PRB before wastewater application. The pH measured in 

lysimeters in the BOF slag PRB in the alternative design reaches values above 12.5 after 42 days 

of wastewater application, and 12 after 82 days of wastewater application (Figure 8.11). 
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HydroGeoSphere modeling results suggested that vertical porewater velocities were much higher 

in the centre section of the PRB (Figure 8.7). However, the horizontal distributions of these 

parameters were relatviely homogenous in the PRB, suggesting that sufficient mixing occurs in 

this zone to ensure pH augmentation throughout the barrier. 

Eh readings suggested a mildly-reducing environment (-200 to 0 mV) occurred throughout the 

alternative latrine in both wastewater samplings (Figure 8.12). DOC concentration decreased 

from > 200 mg L-1 to < 10 mg L-1 near the woodchip PRB (Figure 8.15), probably due to organic 

matter degradation, as was observed in the control latrine. Alkalinity concentration increased 

from 100 mg CaCO3 L-1 near the top of the alternative latrine, to concentrations above 300 mg 

CaCO3 L-1 in the BOF slag layer (Figure 8.14). Oxygen concentrations increased from 1-2 mg L-

1 to values above 5 mg L-1 in the sand filter between the two PRBs (Figure 8.13). Organic matter 

(DOC) degradation produces CO2 and consumes O2:  

)4(22 2
2

322 OHHCOOOCH  

Carbon dioxide hydrolyzes to become CO3
- at elevated pH, contributing to increasing alkalinity 

concentration. The pH was not lowered because the predominate control of pH in the system is 

the dissolution of calcium oxides. Below the BOF PRB, once DOC concentrations reached low 

levels, O2 concentrations increased, possibly due to decreased O2 consumption from DOC 

reduction. The gravel annular ring may permit greater O2 diffusion to occur into the layers above 

the woodchip PRB, permitting more efficient DOC degradation in these zones. By comparison, 

in the control latrine, in which the annular ring is absent, O2 decreased significantly with depth 
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(Figure 8.13).  However, Eh values (< 0 mV) are low in sampling points (Figure 8.12) that have 

elevated O2 concentrations (> 5 mg L-1), which are not geochemically consistent.  Because the 

O2 meter was calibrated frequently, this may suggest that Eh measurements are in error, possibly 

due to insufficient equilibration of the probe in the solution.

Elevated pH occurs in the BOF slag layer due to the hydrolysis of calcium oxide surfaces , 

producing hydroxide and elevating pH:

)5(2)()( 2
2

  OHCasOHCa

The pH decrease between the two monitorings, from 12.5 to 12, indicates a three-fold decrease in 

hydroxide concentration. This decrease suggests that the BOF slag is losing capacity to produce 

high pH effluent with time. During the laboratory column experiments, lower removal rates for 

fluorescent microspheres were observed in experiments that had elevated DOC concentration 

(14-28 mg L-1). Over the duration of the laboratory experiment (12-15 days), the effluent pH 

decreased by approximately 0.5. One potential cause for pH decrease and the increased removal 

of microspheres was the development of DOC coatings of calcium oxide surfaces with effluent 

DOC over time (Chapter 4). In the latrine design with more elevated DOC concentrations (up to 

200 mg L-1), this effect would be enhanced.

HB concentration decreased from > 104 cfu mL-1 to 102 to 103 cfu mL-1 in the BOF slag PRB 

(Figure 8.16). TC bacteria, TTC bacteria and E. coli concentration are reduced from 

concentrations > 103 cfu mL-1 to below detection (< 0.01 cfu mL-1) in the BOF slag barrier 

(Figures 8.17, 8.18 and 8.19). As was observed in the control latrine, HB removal (a 2-log 

decrease in concentration) was less than TC, TTC and E. coli removal (> 5-log decrease in 
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concentration). SRC and CP concentration decreased from > 103 cfu mL-1 in the upper portion of 

the alternative design to concentrations below detection (< 10-2 cfu mL-1) (Figure 8.20 and 8.21), 

a > 4 log decrease in concentration. The distribution of SC was more variable, but generally 

concentrations from > 102 pfu mL-1 to concentrations below detection (<10-2 pfu mL-1) (Figure 

8.22). HydroGeoSphere modeling results suggest that vertical porewater velocities in the centre 

of the BOF slag PRB would be up to 0.5 m d-1 (Figure 8.8). The residence time of pathogen 

indicators in the PRB will be 2 days or greater based on these velocities. In column experiments, 

concentrations of bacteriophage, PRD-1, were reduced by 1.5 to 2 log per day (Chapter 3). If we 

assume similar reductions for other microbial indicators, a minimum 3 to 4 log reduction in 

concentration in the barrier is expected from these calculations, which is what is observed in the 

monitoring of the alternative latrine.

8.3.2.4.     Subsurface infiltration from the sidewall into the alternative latrine design 

EC measured in lysimeters on the east side between the two PRBs in the alternative latrine are 

low (< 500 μS cm-1; Figure 8.10). Values of pH were below 7 (Figure 8.11) and Eh values were 

positive (Figure 8.12) in this portion of the latrine. Bacterial and viral pathogenic indicators are 

also appreciable in and above the woodchip PRB, particularly on the east side of the excavation 

(Figures 8.16-8.22). This trend was observed in the initial wastewater sampling and was 

particularly evident in the sampling campaign after 82 days of wastewater application. 

These data suggest that water may be infiltrating in from the annular gravel ring. This water 

probably does not originate in the wastewater tank, which has considerably higher electrical 

conductivity values (500 – 2000 μS cm-1; Figure 8.10). HydroGeoSphere modeling indicates that 
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appreciable flow is not bypassing the upper portion of the latrine via the annular ring (Figure 

8.7). Modeling results suggest that the placement of sand along the edge of the wastewater tank 

was sufficient to avoid loss of water to the annular ring. Berms were installed around the 

alternative latrine to avoid surface water drainage into the annular ring at the surface. It is 

possible that a shallow trench carrying graywater drainage, located two metres from the latrine, 

may periodically induce subsurface flow into the sidewall of the latrine excavation at depth, via 

fractures or root traces that were observed (Figure 8.3). Graywater would have lower electrical 

conductivity measurements and more neutral pH, and would be more oxidized. 

8.3.2.5.     Impact of elevated pH on the woodchip PRB

Effluent in the woodchip PRB reaches elevated pH (12 after 42 days and 11-12 after 82 days of 

wastewater application). The pH data suggest that the woodchip PRB did not produce sufficient 

CO2 to counteract the high pH effluent infiltrating from the BOF PRB above. The concentration 

of nitrate, which was only determined in the wastewater sampling after 42 days of wastewater 

application, is not reduced appreciably in the woodchip barrier (Appendix A). The distribution of 

HB, a crude indicator of denitrifying bacteria distribution, are reduced to concentrations below 

103 cfu mL-1 in the woodchip PRB after 82 days of wastewater application (Figure 8.16), 

probably due to the elevated pH (Allievi et al., 1994). This reduction suggests that the BOF slag 

PRB is negatively impacting the capability of woodchip media to remove nitrate from effluent.

8.3.2.6.     Comparison of geochemical parameters and somatic coliphage concentration 
between adjacent pan and stainless steel lysimeters

Electrical conductivity measurements were consistently lower (Figure 8.10), pH was lower 

(Figure 8.11), and Eh was higher in stainless steel lysimeters compared with adjacent pan 
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lysimeters (Figure 8.12). The stainless steel porous cup (0.2 μm pore size) may strain out larger 

organic colloids that contribute to elevated pH and reducing conditions. The vacuum suction 

during sampling of the stainless steel lysimeter may further oxidize the sample due to bubbling 

and increase Eh readings from these devices.

Somatic coliphage concentrations are generally lower by one to two orders of magnitude in 

stainless steel lysimeters than in adjacent pan lysimeters (Figure 8.22). These results indicate that 

the stainless steel cup filters out a significant portion of coliphage in wastewater and suggests 

that these devices will negatively bias coliphage concentration. Somatic coliphage (~0.2 μm) are 

approximately a tenth the size of the pores in the lysimeter. If a biofilm forms in the pores of 

stainless steel lysimeter cup, coliphage may be attached to this surface, reducing SC 

concentration in these devices. Coliphage attached to larger organic colloids would be excluded 

from the devices.

8.4.     Conclusions 

Monitoring of the alternative latrine for pathogen indicators indicate that a minimum 4-5 log 

decrease in concentration is achieved by the BOF slag PRB in less than one meter of media. 

Similar reductions in concentrations of coliform indicators (5-7 orders of magnitude) and 

Clostridia indicators (> 4 orders of magnitude) were observed in three meters of vertical 

transport through the control latrine. These reductions suggest that the alternative latrine may 

improve log removal of pathogenic surrogates by more than three times the rate observed in an 

unimproved latrine. HydroGeoSphere modeling results suggest that wastewater effluent has a 

minimum residence time of two days in the reactive media. These results agree with column 
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experiments (Chapter 3) that showed that the bacteriophage, PRD-1, is reduced by a rate of 

approximately 1.5 log concentration units day-1. These removals might be higher, if influent 

concentrations were more elevated, because all indicators were reduced to concentrations below 

their detection limit during both samplings.

Monitoring of sampling devices of the alternative latrines for pathogen indicators will indicate 

the long term performance of the BOF slag PRB over time. The pH reduction observed between 

monitoring after 42 and 82 days of wastewater application suggest that BOF slag reactivity is 

reduced over time. This loss of pH-generating capacity may be due to coating of calcium oxide 

surface with effluent DOC.

The generation of CO2 in the woodchip PRB was not sufficient to reduce elevated pH effluent 

emanating from the BOF slag PRB. The elevated pH appears to have negatively impacted the 

growth of denitrifying bacteria in the woodchip, because NO3 concentrations are not reduced in 

this PRB. Previous column experiments suggest that the elimination of pathogens occurs due to 

elevated pH, not because of contact with the reactive media (Chapter 3). In future applications, 

the thickness of the BOF slag PRB thickness could be reduced, or the woodchip PRB empaced 

above the BOF slag media, to avoid the negative impact of alkaline water on woodchip 

reactivity.

The alternative latrine design was tested in this application with liquid wastewater discharge. In 

areas without sufficient water supply for the use of flush toilets, the design may also function 

with dry wastes. However, the reduced water content of dry waste may contribute to greater 
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clogging of the media with time and might reduce the longevity of the design. The alternative 

latrine was constructed entirely in the unsatured zone, but in areas of low water table, the 

woodchip barrier can be placed in the saturated portion of the aquifer. The use of this technology 

is limited to those regions that have steel-making industries, because the cost of transporting 

BOF slag long distances is prohibitive. The other materials are readily-available and inexpensive, 

making the design appropriate for poorer communities in developing countries. To reduce costs 

to users, several households can be attached to the same latrine. Greater care can be taken to 

avoid surface water runoff or subsurface flow to reach the annular ring or the design may be 

modified. Surface water drainage should be distant from the latrine, and shallow berms or 

trenches should be place around the excavation to divert surface runoff.

Somatic coliphage concentration is reduced by a factor of 10-100 times in stainless steel 

lysimeters in comparison with adjacent pan lysimeters. Lower pH and higher Eh values in pan 

lysimeters suggest that filtering of colloids by the porous cup may create differing geochemical 

conditions between the two lysimeters. Biofilm development in the pores of the stainless steel 

lysimeter may contribute to SC concentration reduction in these devices. Coliphage attachment 

to larger organic colloids in effluent may also exclude the organism from entering the porous 

cup. These results indicate that pan lysimeters are the preferred unsaturated sampling devices for 

coliphage in wastewater.
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Figure 8.1: Design of alternative and control latrine
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Figure 8.2: Location of field site
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Figure 8.3:  Photographs of alternative and control latrine construction. A. Final appearance 
excavation. Lower cavity for infiltration gallery below woodchip PRB, B. Emplacement of the 
woodchip PRB with a coarse gravel pack around the overflow drainage (upper section) inside 
geotextile, C. Placement of lysimeters in BOF slag PRB, D. Emplacement of filters above the 
BOF slag PRB.  A metal guide is used to ensure that the medium gravel of the outer annular ring 
does not mix with finer materials of the inner layers., E. Installation of lysimeters in the control 
latrine, F. Appearance of the wastewater tank of the alternative latrine after 82 days of 
wastewater application. Formation of biofilm near centre of tank.
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Figure 8.6: Model domain and hydraulic boundary conditions for HydroGeoSphere simulation
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Figure 8.10: Measured electrical conductivity (CE) measurements (μS cm-1) of wastewater 
effluent sampled 42 and 82 days after commissioning alternative and control latrines





249

<6

>12

  7 —   8
  8 —   9
  9 — 10
10 — 11

  6 —   7

11 — 12

After 42 days of
wastewater 
application

After 82 days of
wastewater 
application

After 42 days of
wastewater 
application

After 82 days of
wastewater 
application

Alternative latrine Control latrine

pH

Figure 8.11: Measured pH readings of wastewater effluent sampled 42 and 82 days after





251

After 42 days of
wastewater 
application

After 82 days of
wastewater 
application

After 42 days of
wastewater 
application

After 82 days of
wastewater 
application

Alternative latrine Control latrine

Eh (mV)

< 00– 2

    —   + – 100 0
   00    – 2 — – 100

> 00+ 1
        —   + + 0 100+0

Figure 8.12: Measured Eh readings (mV) of wastewater effluent sampled 42 and 82 days after 
commissioning alternative and control latrines
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Figure 8.16: Measured heterotrophic bacteria (HB) concentration (cfu mL-1) of wastewater 
effluent sampled 42 and 82 days after commissioning alternative and control latrines
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Figure 8.17: Measured total coliform (TC) bacteria concentration (cfu mL-1) of wastewater 
effluent sampled 42 and 82 days after commissioning alternative and control latrines
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Figure 8.18: Measured thermotolerant coliform (TTC) bacteria concentration (cfu mL-1) of 
wastewater effluent sampled 42 and 82 days after commissioning alternative and control latrines
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Figure 8.19: Measured E. coli (EC) concentration (cfu mL-1) of wastewater effluent sampled 42 
and 82 days after commissioning alternative and control latrines
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Figure 8.20: Measured sulfite-reducing Clostridia (SRC) (cfu mL-1) of wastewater effluent 
sampled 42 and 82 days after commissioning alternative and control latrine
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Figure 8.21: Measured Clostridium perfringens concentration (cfu mL-1) of wastewater effluent 
sampled 42 and 82 days after commissioning alternative and control latrines
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Figure 8.22: Measured somatic coliphage concentration (pfu mL-1) of wastewater effluent 
sampled 42 and 82 days after commissioning alternative and control latrines
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Table 8.1:  Estimated values of hydraulic conductivity and van Genuchten unsaturated flow 
parameters for construction materials and aquifer matrix used in HydroGeoSphere modeling

Ks, Saturated hydraulic θR, Residual van Genuchten parameters

   conductivity a    water content Porosity

Material                      (m s-1) (─) (%) α (unitless) β (m)

Unsaturated zone 10-6 0.04 35 1.5  d 1.6
   (clayey sand)

Empty tank and 100    b 0.005 100 50  e 2.2
  overflow drainage

Coarse filter layer 10-2 0.04 30 50  e 2.2
   (medium gravel)

Medium filter layer 10-3 0.01 30 50  e 2.2
   (fine gravel)

Fine filter layer 10-4 0.04 30 14.5  d 2.7
   (coarse sand)

BOF slag PRB 5 x 10-3 0.01 35 50  e 2.2

Coarse sand layer 10-3 0.04 30 14.5  d 2.7

Geotextile layer and 10-10    c 0.01 35 14.5  d 2.7
   Wastewater tank walls

Woodchip PRB 10-2 0.005 30 50  e 2.2

Annular gravel ring 10-1 0.005 35 50  e 2.2
   (medium gravel)
a hydraulic conductivities, residual porosities and porosities estimated from grain-size descriptions 
      and reported values in Freeze and Cherry (1979).
b an extremely high value of hydraulic conductivity was used for voids.
c an extremely low value of hydraulic conductivity was used for impermeable materials.
d values for α and β for clayey sand and sand based on estimates given by Schaap et al. (1992).
e values for α and β for gravel based on estimates given by Fayer et al. (1992).
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wetland sediments
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9.1.     Introduction

Recent investigations have evaluated the dynamics and ecological effects of internal nutrient 

loading from stored nutrients in sediments to the surface water of wetlands and lakes (Nürnberg, 

1984; Nürnberg, 1988; Fisher and Reddy, 2001; Søndergaard et al., 2003, and Nürnberg and 

LaZerte, 2004). However, the potential for enhanced nutrient loading from advective flux of 

groundwater through nutrient-rich wetland sediments has been examined by only a few 

investigators (Shaw et al., 1990; Raisin et al., 1999).  

Nutrient loading is the prime cause of eutrophication of surface water, which encourages algal 

blooms, creates high productivity and anoxic conditions and adversely impacts wetland habitats. 

The limiting nutrient in freshwater lakes (Schindler, 1997) and wetlands is phosphorus, but 

nitrogen is also an important nutrient for eutrophication.  Phosphorus loading at exceedingly low 

concentrations (0.001 to 0.01 mg P L-1) is sufficient to encourage algal growth (Tomson and 

Vignona, 1984).  The accelerated primary productivity of algae and aquatic macrophytes (Reddy 

et al., 1993) and slow rates of anaerobic decomposition (Gale et al., 1992) leads to an 

accumulation of nutrients and organic matter in eutrophic lakes and wetlands over time (Figure 

9.1).  

Most previous studies have focused on roles of diffusive flux (Moore and Reddy, 1994), wind 

resuspension of sediments (Reddy et al., 1996), benthic invertebrate activity (van Rees et al., 

1996) and gas (N2, CO2 and CH4) ebullition produced by microbial metabolism (Boström et al., 

1988), to transport nutrients that are released from decaying organic matter in sediments back 
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into the water column.  These studies were conducted in areas of low topographic relief where 

groundwater recharge is expected to be relatively low.  

Although pore water P often represents only a smaller proportion (< 1%) of the total sediment P 

pool, it is the most mobile P fraction and can be transported easily from sediments to the water 

column (Boström et al., 1988). In a Florida lake with low groundwater gradients, Fisher and 

Reddy (2001) demonstrated that dissolved P flux, estimated using benthic chambers which 

measure both advective and diffusive flux, are higher than estimates based on concentration 

(diffusion) gradients alone.  These studies suggest that even in wetlands in areas of low 

topographic relief, groundwater advective flux of porewater P can represent a significant portion 

of total P flux to lakes.  

In a lake in Alberta, with higher groundwater gradients, Shaw et al. (1990) showed that 

groundwater flux to lakes in Alberta enhances P recycling from nutrient-laden sediments, but did 

not constitute a significant source to the phosphorus to the lake.  However, in urbanized areas, 

nutrient-rich anthropogenic activities occurring around lakes and wetlands can create high P 

concentrations in sediments which may persist for decades after the external source of P has been 

removed (Søndergaard et al., 2003) (Figure 9.1). The flux of dissolved P from sediments is 

significantly higher in those lakes that develop anoxic rather than aerobic conditions (Nürnberg, 

1984, Moore and Reddy, 1994).  

This study examines the surface water/groundwater interactions in a portion of Cootes Paradise 

wetland, in Hamilton, Ontario, located in an area of significant topographic relief with high rates 
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of groundwater discharge. Groundwater/surface water interactions were evaluated to determine 

the importance of advective flux of P from sediments in the P loading to the wetland. 

Groundwater nutrient data is used to determine whether groundwater is a major contributor to the 

eutrophication of the marsh, or if groundwater flow dilutes the nutrient-rich surface waters. 

9.1.1.     Description of study area

Cootes Paradise wetland lies at the western end of Hamilton Harbour, a natural embayment just 

north of Hamilton, Ontario, Canada, on the western edge of Lake Ontario (Figure 9.2).  The 

wetland is 200 ha in area and is part of a 49,000-ha watershed that extends west of the lake. The 

depth of the wetland on average is 60 cm (Tÿsmeyer, 2001), fluctuating, however, with changing 

water levels in Lake Ontario, which can vary over three meters during the year.  

Cootes Paradise wetland is situated on surficial Quaternary deposits overlying Paleozoic 

formations of the St. Lawrence platform on the southeastern margin of the Canadian Shield 

(Karrow, 1984; Harvey, 2000).  The Dundas Buried Valley, which underlies the wetland, is 

infilled with Quaternary and recent tills, beach gravels, and stream deposits. The buried valley 

reaches a maximum depth of 180 m along the centerline of the wetland (Karrow, 1984).  

9.1.2.      Nutrient loading to Cootes Paradise wetland

Historically, the Cootes Paradise wetland is ranked as a mesotrophic environment (Ptotal = 20-50 

µg L-1), similar to other unimpacted wetlands around the Great Lakes (Lougheed et al., 1998).

Hypereutrophic conditions (Ptotal > 100 µg L-1), however, have developed in the shallow surface 

waters of the wetland for the past several decades (Tÿsmeyer, 2001), in particular in months 
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when precipitation and runoff reach a minimum. Maximum total phosphorus concentrations 

measured in summer months average 150 µg L-1 over the last 15 years. Higher surface water 

temperatures combined with elevated phosphorus concentrations has lead to the generation of 

massive, smothering, filamentous algal mats which cover portions of the wetland each summer, 

drastically altering the ecology of the wetland.  Elevated concentrations of NH4 also occur, 

averaging 70 µg NH4-N L-1 over the past 15 years, reaching concentrations as high as 370 µg L-1.  

Nitrate concentrations conversely are low, averaging 0.5 mg NO3-N L-1 (Thÿsmeyer, 2001).  

Efforts are underway to restore the wetland to predevelopment conditions (HHRAPS, 2002).  

Previous studies of the wetland have focused on the role of surface water in contributing 

nutrients to the wetland (Thÿsmeyer, 2001) and the potential role nutrient release by diffusive 

flux from organic-rich sediments at the marsh bottom (Mayer et al., 2004). 

Surface water inputs into the wetland include the Dundas sewage treatment plant (STP) at the 

west end of the Desjardins Canal, Spencer Creek, Chedoke Creek and Westdale Cut Creek 

(Figure 9.2). During the summer months, the discharge from the Dundas STP becomes the only 

significant source of surface water to the wetland, as precipitation is low and other tributaries dry 

up in these months. Orthophosphate concentrations reach elevated values in the summer months 

in the STP effluent (averaging 450 µg PO4-P L-1) (Thÿsmeyer, 2001). Coring of the Desjardins 

Canal has demonstrated that canal sediments contain elevated concentrations of P (ranging from 

900 to 1,200 mg kg-1) as a result of the long term discharge of STP effluent in this confined area. 

Chedoke Creek, which had an average Ptotal concentration of 240 µg L-1 in 2001, still has 
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significant sewage overflows and a landfill which contributes nutrient-laden leachate to the 

runoff within the watershed (OMOE, 1986).

The study area on the south shore of the wetland is located along Westdale Cut Creek, a small 

watershed that has developed below the Niagara Escarpment (Figure 9.2).   Construction of a 

combined sewer overflow tank in the watershed has improved the water quality of the creek. 

However, on two occasions in 2003, sewage contaminated the creek bed and the Ptotal 

concentration measured in the creek during the study was 90 µg P L-1 (Tÿsmeyer, 2004).

9.2.     Materials and methods

During the fall of 2004, 19 single point piezometers (CP-1 to CP-4, CP-6 to CP-16, and CP-22 to 

CP-25) were installed in three locations around Cootes Paradise wetland using a hollow stem 

auger drill rig (Figure 9.3).  Nests of piezometers were installed in several transects at different 

depths to define vertical gradients of the flow system. Transects were constructed in three areas, 

cross-sections A-A’ and B-B’ on the south shore, transects along Hickory Creek and Highland 

Brook on the north shore, and a transect next to West Pond, near the Dundas STP (Figure 9.3). 

The piezometers were constructed from 2.5- to 3.2-cm PVC casing with a discrete slotted 

screened interval wrapped with fine nylon screen.  One minipiezometer (CP-21) was installed to 

a shallow depth by hand using a direct push method near the wetland (Figure 9.3) on the south 

shore. The minipiezometer was constructed using 0.6-cm polyethylene tubing with NYTEX 

screen attached with stainless steel wire.
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Samples of the geological material were collected and examined every 1.5 m of drilling.  Rising 

head tests were performed on the 19 single point piezometers to estimate the hydraulic 

conductivity of the geological material. Hydraulic heads were measured in all piezometers using 

an electric water level tape on a monthly basis between October 2003 and May 2004. Hydraulic 

conductivities were calculated using the method of Hvorslev (1951). The hydraulic conductivity 

and hydraulic head data were used to develop a three-dimensional, finite difference numerical 

groundwater flow model with MODFLOW (McDonald and Harbaugh, 1984), from which an 

approximate water balance for the Westdale Cut Creek Watershed was developed and 

groundwater advective fluxes into the wetland were calculated.  

In December 2003, all piezometers were bailed dry and then sampled after recovery. 

Measurements of Eh and pH were made in a sealed flow-through cell maintained at groundwater 

temperature in a water bath. The Eh was measured using an Orion platinum redox electrode 

(model 96-78BN), after calibration in Zobell’s and Light’s solution. The pH was measured using 

an Orion Ross combination electrode (model 815600), calibrated with standard buffer solutions 

at pH 7, 4, and 10. Calibration and checking of the Eh and pH probes were carried out before and 

after each sample measurement. 

Alkalinity concentrations were determined in the field using a Hach digital titrator using 

bromcresol green/methyl red indicator and 0.16 N H2SO4. Hydrogen sulfide [H2S] 

concentrations were analyzed by the methylene blue colorimetric method using a HACH 

DR/2010 spectrometer (Method #8131, APHA, 2005). Dissolved oxygen analyses were not 

performed due to elevated dissolved iron concentrations and the low Eh measurements in the 
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groundwater.

Unfiltered samples were collected for methane determination. All other samples were filtered 

with 0.45-m cellulose-nitrate filters. Samples for cation analysis were acidified with HNO3 to a 

pH < 2.  Samples for PO4 and NH4 analysis were acidified with H2SO4 to a pH < 2. Samples for 

anion and DOC analysis were left unacidified. All samples were refrigerated at ~4 oC until 

analysis. Concentrations of cations were determined by inductive coupled plasma optical 

emission spectrometry (ICP-OES), and for anions and nitrogen species by automatic colorimetric 

techniques. DOC analyses were determined by high temperature volatilization/combustion to 

CO2 (Methods #5310B, APHA, 2005). Phosphate samples were analyzed using the absorbic 

acid-molybdenum blue colorimetric method with a HACH DR/2010 spectrometer (Method 

#8191, APHA, 2005). Quality control and accuracy evaluation of all sampling included analysis 

of several standards covering a range of concentration, and analysis of field replicates and 

equipment blanks.  Groundwater chemistry was interpreted by calculation of saturation indices 

(SI = log Ksp/IAP) using the equilibrium mass transfer model MINTEQA2 (Allison et al., 1990). 

The MINTEQA2 database was modified to make it consistent with the database of WATEQ4F 

(Ball and Nordstrom, 1991) and to include additional phosphate phases (Baker et al., 1998). 

9.3.     Results and discussion

9.3.1.     Nutrient chemistry

Groundwater chemistry data (Table 9.1) was utilized to assess groundwater contributions to 

nutrient loading and to determine mineral solubility on PO4 concentrations in groundwater. 

Phosphate concentrations were relatively low in groundwater (PO4–P < 10 µg L-1), with the 
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exception of samples collected at shallow depths from locations close to the creek and wetland 

on the south shore (up to 950 µg L-1 in CP-21; Figure 9.4). 

The groundwater PO4 concentrations determined for sampling locations near the wetland were 

similar to those measured in sediment porewater dialysis samplers (~2 mg PO4-P L-1; Mayer et 

al., 2004).  Total phosphorus (P) concentrations may be higher because although orthophosphate 

is the dominant mobile form of phosphorus, P can also be found in polyphosphates, condensed 

phosphates, and organic-bound phosphorus. 

Ammonia concentrations varied from the analytical detection limit (< 0.02 mg NH3-N L-1) in 

deeper piezometers to 4.8 mg NH3-N L-1 (CP-21) in groundwater near the wetland (Transects A-

A’ and B-B’, Figure 9.4).  Nitrate concentrations were generally below detection (< 0.2 mg L-1

NO3-N), except for two samples on the south shore at shallow depths (CP-3 and CP-6; up to 4.1 

mg L-1; Figure 9.4). These observations are consistent with previous findings where nitrogen in 

wetland surface water is observed to be present almost entirely in its reduced form (NH4
+) 

(Bowden, 1986), due to the highly-efficient coupling of nitrification and denitrification reactions 

found at oxic-anoxic boundaries in wetlands (Bowden, 1987; Reddy et al., 1989; Lewandowski 

et al., 2002).  

In addition to the natural degradation and mineralization of organic matter, the elevated o-PO4 

and NH3–N concentrations in shallow groundwater near the wetland may also be derived from 

infiltrating sewage in surface water (Ptacek et al., 1999; Mayer et al., 1999). Westdale Creek has 

suffered two recent releases of sewage from the combined sewage overflow during the past year 
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(Thÿsmeyer, 2004). The Dundas STP outflow at Desjardins Canal also has elevated PO4-P (up to 

1.1 mg L-1) and NH3–N (up to 9.4 mg L-1) concentrations (Tÿsmeyer, 2004).  The low o-PO4 and 

NH3–N concentrations in groundwater upgradient from the wetland indicate that the upper 

groundwater flow system is not a significant source to the nutrient loading to the wetland.   

9.3.1.1.     Precipitation-coprecipitation reactions that reduce PO4 concentration 

Geochemical data was modeled with MINTEQA2 to examine saturation indices of PO4 solid 

phases that might control orthophosphate concentration and mineral phases which might have an 

affinity for PO4 adsorption. Groundwater is near or above saturation (SI = -0.95 to +3.62) with 

respect to hydroxyapatite (HAP) [Ca10(PO4)6(OH)2], but is undersaturated with respect to 

amorphous Ca-PO4 phases, tricalcium phosphate, TCP [βCa3(PO4)2] (SI = -5.20 to -2.00) and 

octacalcium phosphate, OCP [Ca8H2(PO4)6·5H2O] (SI = -10.24 to -5.27) (Figure 9.5).  HAP is a

crystalline Ca-PO4 phase, which does not readily precipitate due to sluggish kinetic rates, but 

amorphous Ca-PO4 phases have been observed to precipitate readily, often as a subsequent step 

to adsorption onto calcite [CaCO3] surfaces (Williams et al., 1976; Moore and Reddy, 1994; 

Baker et al., 1998). Given the slow kinetic rates for HAP precipitation/recrystallization from 

amorphous phases and the undersaturation of groundwater with respect to amorphous phases, 

TCP and OCP, it is unlikely that Ca-PO4 phases in this system control PO4 mobility.

Redox conditions are also important in controlling precipitation–coprecipitation reactions for 

PO4 phases. On the south shore, Eh electrode readings from groundwater indicate suboxic 

conditions, ranging from +300 mV in areas far from the creek, where the formation is generally 

more permeable (K = 10-5 to 10-6 m s-1), to +49 mV near the wetland in groundwater from deep 
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wells (Figure 9.4). Dissolved organic carbon (DOC) concentrations were elevated near the 

wetland (> 10 mg L-1; Figure 9.4), which suggest that reducing conditions are due to organic 

matter degradation. Redox parameter concentrations are also consistent with reducing conditions 

near the wetland.  Concentrations of total Fe (up to 23.3 mg L-1), total Mn (up to 3.41mg L-1), 

H2S (up to 0.06 mg L-1) and CH4 (over 6,000 µg L-1 in CP-7) in groundwater are markedly 

higher in piezometers near the creek and wetland (Figure 9.4). 

Iron phosphate phases can precipitate under both oxidizing (strengite [Fe3+PO4·2H2O]), and 

reducing (vivianite [Fe2+
3(PO4)2·8H2O]) conditions (Nriagu and Dell, 1974; Williams et al., 

1976; Zanini et al., 1998). Groundwater at Cootes Paradise is undersaturated or close to 

saturation with respect to strengite (SI = -6.00 to -0.04) and vivianite (SI = -24.43 to -0.70) 

(Figure 9.5).  Other Fe-PO4 and Mn-PO4 phases, including ferrosferric PO4 phases (Nriagu and 

Dell, 1974), Mn-PO4 minerals (Boyle and Lindsay, 1986), and Fe-Mn-PO4 phase, graphite 

[Fe6Mn4(PO4)5(OH)4] (Martin et al., 1988), may be further controls on PO4 mobility, although 

little data on the occurrence of these mineral phases exist. 

Groundwater is also saturated with respect to variscite [AlPO4·2H20] near the wetland (up to SI = 

+2.35, Figure 9.5), suggesting that precipitation of this phase could influence PO4 mobility.  

Variscite solubility decreases at higher pH, suggesting that at higher pH, Al is more likely to 

control PO4 mobility.  

Coprecipitation of orthophosphate on mineral surfaces also may be an important mechanism 

controlling PO4 mobility. Groundwater near the wetland is at or above saturation with respect to 
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calcite [CaCO3] (SI = -1.11 to +0.49) (Figure 9.5). Adsorption of PO4 onto calcite has been 

suggested to be a precursor step to amorphous Ca-PO4 phase precipitation and a mechanism for 

PO4 attenuation in wetlands (Moore and Reddy, 1994).  Groundwaters are also near or above 

saturation with respect to ferrihydrite [5Fe3+
2O3∙9H2O] (SI  = -2.12 to +2.04), and Al oxide, 

Al(OH)3 (a) (SI = -0.87 to +0.08) (Figure 9.5), and oversaturated with respect to the crystalline 

iron oxyhydroxide, goethite [α-Fe3+O(OH)], and aluminum oxide, gibbsite [Al(OH)3] (Table 

9.2).

Ferrihydrite and amorphous Al(OH)3 have high zero-points-of-charge and can adsorb PO4 under 

near neutral pH conditions (Stumm and Morgan, 1981, Wang et al., 1991; Pant and Reddy, 

2001). Amorphous Fe oxides are more susceptible to reductive dissolution, rapidly releasing P 

when conditions become anoxic (Gale et al., 1992; Moore and Reddy, 1994). The mineral 

surfaces of Mn and mixed Fe-Mn phases also are potential adsorption sites for PO4, but little 

thermodynamic information is available for these phases (Boyle and Lindsay, 1986). 

Orthophosphate adsorption to calcite, ferrihydrite and amorphous Al oxide surfaces would 

control PO4 concentration near the wetland.  

9.3.2.     Groundwater modeling of advective flux

9.3.2.1.     Numerical model boundaries and properties

A groundwater flow model was developed for the Westdale Cut Creek watershed (Figure 9.3; 

south shore sampling sites) using MODFLOW (McDonald and Harbaugh, 1984), to develop an 

approximate water balance for groundwater discharge to the wetland. The model domain was 
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limited to the surficial deposits located above the Paleozoic bedrock, and a no flow boundary 

was assumed between these unconsolidated sediments and the underlying Paleozoic basement 

rock (Figure 9.6).  This contact varies in elevation between 50 and 200 masl (meters above sea 

level) (Karrow, 1964).  The side boundaries of the groundwater basin were assumed to be no 

flow boundaries that coincide with the surface watershed (Anderson and Woessner, 1992) 

(Figures 9.6). These boundaries were continued out under the wetland to a groundwater flow 

divide that is assumed to occur at the midline of the wetland; this assumes that groundwater not 

only discharges into the creek but directly into the wetland from below.  

A recharge boundary was assumed along the upper limit of the model, which represents 

infiltration of precipitation water through the unsaturated zone to the water table.  The recharge 

(~250 mm a-1) was estimated from annual precipitation averages (870 mm a-1; Environment 

Canada, 2004) minus the rate of evapotranspiration (~ 550 to 650 mm a-1; Morton, 1983).  In 

areas that are urbanized within the watershed, recharge was estimated as 40% of unurbanized 

areas or 100 mm a-1, due to the lower permeability of roadways, parking lots and buildings.  

The river was modelled with a constant head discharge boundary with a conductive river bottom 

bed, placed at the appropriate elevation in the model, to allow base flow from the creek to exit 

the model.  A constant head (74.9 masl, the average of seasonal variation in the wetland water 

level—74.1 to 75.1 masl—for 2003 to 2004; Fisheries and Oceans Canada, 2004) was used to 

model the wetland discharge.  
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The model domain was split into 169 columns, 59 rows and 12 layers, with the finest grid 

definition around the observation wells (minimum cell dimensions were 12 m x 12 m x 8 m). 

The model was rotated 45 degrees relative to map coordinates, so that groundwater flow 

directions would coincide with the principal directions of the hydraulic gradient, which assures a 

more efficient and stable solution of the numerical problem.    

Lithology samples collected during the drilling of piezometers in the watershed defined a 

sediment profile which consists of a silty, sandy clay overlain by a clayey soil approximately 1.5 

m in thickness.  Sandier intervals are found in some boreholes at depths greater than 5 m, 

particularly in areas away from the main creek bed and the wetland.  A black, organic-rich soil 

was encountered to a depth of 2 m along the edge of the wetland (CP-21). These lithologies 

roughly correspond to recent stream deposits in the area (which consist of a mixture of clay, silt, 

sand and gravel) (Karrow, 1964). Hydraulic conductivities calculated using the Horslev method 

for the south shore vary over four orders of magnitude (1 x 10-5 to 4 x 10-9 m s-1), and correlate 

lithological descriptions.   The measured hydraulic conductivity decreases toward the wetland 

with the lowest values measured in the clay-rich materials (CP-1, -2 and -8). The effective 

porosity of silt and clay, the principal lithologies encountered in drilling in the watershed, ranges 

from 35 to 60% (Domenico and Schwartz, 1998). An average porosity of 47% was used in the 

model. 

9.3.2.2.     Numerical model calibration

The model was calibrated against groundwater elevations and discharge from the Westdale Cut 

Creek. Groundwater elevations measured between October 2003 and May 2004 showed little 
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seasonal variations (< 0.2 m in the same piezometer).  Steady-state groundwater flow conditions 

were assumed for the numerical model, and the most extensive water level data set from January 

2004 was used for the calibration.  Groundwater elevations in all piezometers in Westdale Cut 

watershed (75.6 masl; CP-8 to 82.9 masl; CP-4) were above the wetland water level, and strong 

groundwater gradients (0.016 to 0.060) were measured that were directed toward the wetland.  A 

river base flow of ~3 L s-1 or 260 m3 d-1, measured in the summer months in Westdale Cut Creek 

(Tÿsmeyer, 2004), also was used in the calibration.   

The calibration was achieved by altering values of hydraulic conductivity, which was the 

parameter which caused the most significant changes in groundwater elevations, and river 

discharge rate, which was the least reliably estimated parameter.  These parameters were altered 

within a range of values expected from field data until a solution was found that matched closely 

the groundwater levels and the creek discharge. The value of hydraulic conductivity that allowed 

for the least deviation between measured to observed water levels was 10-5 m s-1.  This suggests 

that the formations of the watershed as a whole have a slightly higher hydraulic conductivity 

value than obtained from 19 head tests from piezometers in the study (with a mean of 1.45 x 10-6

m s-1).  

The standardized root mean square, a measure of the accuracy of a numerical model with respect 

to the match between the calculated heads in the model and observed heads in the field, was 20% 

for the calibrated model.  Given the paucity of data for the watershed, this magnitude of error 

was considered reasonable. Particular care was taken to match calculated and observed heads in 

those piezometers (CP-3 and CP-4), which were most distant from the river boundaries and the 
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least influenced by the river stage head set for these boundaries. Groundwater discharge to 

Westdale Cut Creek calculated by the numerical model was 850 m3 d-1, approximately three 

times the measured discharge of 260 m3 d-1. 

9.3.2.3.     Numerical model results

The groundwater elevations calculated by the numerical model (Figure 9.7) indicate, as 

expected, that groundwater is discharging both toward the river and directly into the wetland. 

The calibrated model predicts groundwater discharge from the watershed directly into the 

wetland of 350 m3 d-1. The contribution of direct groundwater discharge to the wetland is 

approximately one third of the base flow discharge from groundwater to the creek.

Groundwater advective velocities for discharge underneath the wetland calculated by the model 

vary over two orders of magnitude, depending on the proximity to the shoreline.  In the near 

shore portion of the wetland, discharge rates were between 1 to 13 m a-1, but then decreased 

rapidly to a minimum of 0.02 m a-1 near the centre of the wetland (Figure 9.8).  This wide range 

of flux values over a distance of less than a kilometer illustrates the dramatic influence that 

topographic relief can have on advective flux to the wetland.  

9.3.3.     Calculation of advective P flux

Vertical profiles of porewater PO4 concentrations in the first 60 cm of sediment, as measured by 

Mayer et al. (2004) at three stations located near Westdale Cut watershed (Sites C, D, and A; 

Figure 9.8), indicate that phosphate concentrations reached peak values of approximately 2 mg 

PO4-P L-1 at all three sites near the sediment-water interface, but dropped to values below 1 mg 
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L-1 at the interface.  This decrease probably represents rapid uptake of nutrients by algae and 

macrophytes at the interface as groundwater discharges to the wetland.   

Based on the maximum PO4 porewater concentration (2 mg L-1) observed, and the range of 

advective groundwater flux values (0.02 to 13 m a-1) for the wetland discharge area of the 

modeled watershed, approximate total P flux values of 30 and 17,000 mg P m-2 d-1 are estimated.   

Porewater concentrations were used in this calculation, consistent with Shaw et al. (1990) who 

demonstrated that they are a more accurate representation of potential mobile P available for 

transport than shallow groundwater P concentrations.  

Mayer et al. (2004) estimated a value of P diffusive flux of 2 mg P m-2 d-1 for the wetland 

sediment, which is comparable to other studies of hypereutrophic lakes and wetlands (1 mg P m-2

d-1 in Lake Apopka, Florida, Reddy et al., 1996; 1.9-6.5 mg P m-2 d-1 in northern Everglades, 

Florida, Fisher and Reddy, 2001).   The total P flux values calculated in this study, in an area of 

high groundwater gradients, are approximately 10 to 10,000 times higher than estimated values 

assuming diffusive flux alone.

A mass balance of phosphorus inputs to the wetland can be constructed (Figure 9.9). The only 

other significant source to the wetland is from surface water.  Two significant surface water P 

sources are the Dundas STP (1.9 m3 s-1 with an average of 0.13 mg P L-1 between 2001 and 

2004) and Chedoke Creek (0.1 m3 s-1 with an average of 0.08 mg P    L-1) (Tÿsmeyer, 2004).  

Based on these values, the annual mass of P that enters the wetland from surface water is 7,900 

kg P a-1 (Figure 9.9).
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Using the average advective flux calculated by the numerical model (1.7 m a-1 using the equal 

polygon method) and the total P concentration in the porewater, the input of P from groundwater 

advection would be approximately 550 kg a-1 for the portion of the marsh within the Westdale 

Cut Creek watershed (0.16 km2) (Figure 9.9).  If this P flux is assumed for the entire marsh (1.9 

km2), a total P flux of 6,500 kg P a-1 would enter the marsh, which is comparable to the mass of 

P entering the wetland from surface water flows.  The flux estimate is probably overestimated to 

some extent, as topographic relief and therefore groundwater hydraulic gradients are 

considerably lower in the western end of the wetland.   

9.4.     Implications

Groundwater nutrient concentrations (PO4 and NH3) increase markedly toward the edge of the 

wetland. This finding suggests that upland groundwater is not a source of nutrient loading to the 

wetland. Groundwater PO4 concentrations (up to 950 µg L-1) reach values that are similar to 

porewater concentrations measured in dialysis samplers (2 mg L-1).

Undersaturation of groundwater with respect to TCP and OCP indicates that precipitation of 

amorphous Ca-PO4 is not thermodynamically favorable. Groundwater is also slightly 

undersaturated with respect to Fe-PO4 phases in groundwater near the wetland edge.  In 

groundwater discharge occurring under the wetland with lower Eh potentials and higher Fe 

concentration, vivianite formation could control PO4 mobility in reduced sediments and strengite 

in oxidized water above the oxic-anoxic sediment interface.  Saturation with respect to variscite 

suggests that in areas of higher Al concentration, PO4 mobility may be limited. Mineral phases 
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which have strong affinities for PO4 adsorption (calcite, ferrihydrite, and Al(OH)3) may also be 

present, as indicated by the positive saturation indices estimated for these phases.

The study results suggest that direct groundwater discharge under Cootes Paradise wetland may 

be an important fraction (approximately one third) of the total discharge in the Westdale Cut 

watershed. The findings also suggest that advective flux (30 to 17,000 mg P m-2 d-1) may be a 

much more significant source of P to the wetland that diffusive flux (2 mg P m-2 d-1).  Mass 

balance calculations indicate that advective flux recycling of P buried in sediments, based on 

porewater P concentrations and modeled groundwater velocities, may be comparable to external 

loads from surface water from the Dundas STP, assuming that the other subwatersheds around 

the wetland have similar surface water to groundwater discharge ratios.  The exact ratios will 

depend on aquifer properties (primarily hydraulic conductivity) and watershed geometries.  

The results suggest that it may be important to consider groundwater advective flux, and not 

simply diffusive flux, in studies of nutrient cycling in wetlands, especially in areas of high 

topographic relief, where rates of groundwater discharge can be very high. The calculations 

assume that the rate of P mineralization in the wetland sediments occurs at sufficiently high rates 

to not be the limiting factor in P transport into the water column.  Further investigations on the 

rate of mineralization are required to obtain more accurate estimates of P flux.  The elevated 

concentration of P in the sediments at multiple locations in the wetland, however indicate that 

there is not a pronounced kinetic hindrance.
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Figure 9.1:  Conceptual diagram of physical flow and chemical processes that affect P 
distribution in wetlands
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Figure 9.2:  Location map of Cootes Paradise wetland
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Figure 9.3:  Mulitlevel and minipiezometer installations around Cootes Paradise wetland
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Figure 9.4:  Vertical cross-sections of groundwater chemistry for Caleb’s Walk and Ravine 
Road transects on the south shore of Cootes Paradise wetland  
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Figure 9.5:  Vertical cross-section of mineral saturation indices for Caleb’s Walk and Ravine 
Road transects on the south shore of Cootes Paradise wetland
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Figure 9.6:  Groundwater numerical model of the Westdale Cut Creek watershed: Domain and 
aquifer boundaries
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Figure 9.7:  Groundwater elevations and flow direction for the Westdale Cut Creek watershed 
calculated by the numerical model, MODFLOW
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Figure 9.8:  Advective groundwater flux values calculated by numerical model, MODFLOW
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Figure 9.9:  Comparison of groundwater advective P flux, groundwater diffusive P fluxes and 
surface water P flux calculated for Cootes Paradise wetland
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Table 9.1: Chemistry of groundwater adjacent to Cootes Paradise wetland in mg L-1

                                      

PO4 NH3 NO3 DOC pH Eh Fe Mn H2S CH4 Cl SO4 Ca Mg Na Al

as P as N as N mV as CaCO3

CP1 <0.01 0.45 <0.2 8.7 7.66 50 0.554 0.143 0.06 0.020 119 210 91.2 78 31.5 82.7 <2.0 0.08
CP2 0.43 0.03 <0.2 15.3 7.26 160 2.01 0.815 0.02 0.038 104 9 10.8 80 15.8 7.6 4.9 0.19
CP3 <0.01 <0.03 4.1 1.3 7.28 250 <0.005 <0.002 <0.01 0.001 230 120 89.6 153 30.0 17.3 <2.0 0.06
CP4 0.02 0.21 <0.2 11.4 7.59 80 0.373 0.197 0.06 0.023 242 37 12.5 50 26.9 28.4 <2.0 0.12

CP6 <0.01 <0.03 1.2 <0.5 7.35 330 0.662 0.030 <0.01 <0.001 258 53 93.7 123 30.0 12.0 <2.0 0.05
CP7 0.13 1.41 <0.2 2.7 7.08 190 23.3 3.41 <0.01 6.17 624 42 9.0 202 24.1 8.6 <2.0 0.07
CP8 0.12 1.54 0.2 9.4 7.13 240 16.1 2.34 <0.01 0.601 494 43 0.6 142 33.9 10.1 <2.0 <0.05
CP9 0.01 0.09 <0.2 1.7 7.31 310 0.271 1.08 <0.01 0.022 262 214 120.5 192 43.5 29.8 3.3 0.05
CP16 0.01 0.08 <0.2 1.4 7.51 330 0.125 2.00 NA 0.001 197 38 65.5 114 26.7 8.6 2.6 0.11
CP21 0.95 4.78 <0.2 5.9 6.35 230 14.2 1.16 0.01 NA 306 17 1.0 91 21.6 6.0 <2.0 0.06
CP22 0.10 0.22 <0.2 3.2 7.21 210 1.97 0.267 <0.01 0.386 248 54 72.6 110 27.6 9.0 <2.0 0.07
CP23 0.01 0.33 0.2 4.8 7.27 290 1.75 1.92 <0.01 0.091 252 249 98.0 195 36.2 34.1 4.4 <0.05

CP10 1.00 2.71 <0.2 11.4 7.05 140 25.1 20.0 <0.01 17.1 525 711 0.6 270 54.7 272.0 3.4 0.09
CP11 0.70 1.02 <0.2 7.3 7.12 140 14.6 6.21 0.01 6.79 344 218 29.8 172 41.8 81.2 2.4 <0.05
CP12 0.03 1.60 <0.2 6.4 6.99 280 1.42 13.6 <0.01 10.8 525 521 3.7 237 51.3 151.0 2.7 <0.05

CP13 <0.01 0.07 <0.2 9.1 7.61 220 0.101 15.3 <0.01 0.002 385 296 72.6 172 42.5 137.0 3.8 0.09
CP14 <0.01 1.11 <0.2 6.8 7.07 350 0.048 10.3 <0.01 <0.001 470 238 41.7 203 39.9 84.6 2.3 <0.05
CP15 0.10 1.38 <0.2 6.0 7.19 150 3.83 15.2 <0.01 0.067 754 199 46.7 198 37.0 57.7 2.1 0.06

CP24 0.05 0.10 <0.2 3.9 7.27 220 2.21 1.25 <0.01 <0.001 994 492 74.9 226 46.1 256.0 7.3 <0.05
CP25 <0.01 0.76 <0.2 18.8 7.02 200 0.781 8.68 <0.01 0.011 750 345 33.2 198 55.7 173.0 4.2 0.14
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Table 9.2: Saturation indices of major PO4-bearing and PO4-adsorbing phases for groundwater adjacent to Cootes Paradise wetland

                                      
Vivia- Varscite Calcite Ferri- Goe- Gibb- Al(OH)3 Sider-
nite hydrite thite site (c) (a) ite (d)

CP1 NA NA NA NA NA NA NA -0.03 -0.95 +4.38 +2.11 -0.73 -1.75
CP2 3.62 0.17 2.00 5.27 -2.90 8.49 +1.12 -0.43 -1.15 +4.13 +2.93 +0.08 -3.13
CP3 NA NA NA NA NA NA NA +0.17 NA NA +2.28 -0.55 NA
CP4 0.15 3.64 4.46 9.19 -4.97 9.71 -1.50 +0.08 -1.32 +4.03 +2.32 -0.51 -2.18

CP6 NA NA NA NA NA NA NA +0.19 -1.49 +3.84 +1.97 -0.87 -6.26
CP7 +2.49 -1.30 -2.74 -6.37 -0.04 -0.70 +0.35 +0.49 +2.02 +7.35 +2.56 -0.28 +0.65
CP8 +2.01 -1.78 -3.05 -6.81 -2.47 -10.75 +0.07 +0.28 -0.28 +4.97 NA NA -2.83
CP9 -0.95 -4.74 -5.18 -10.24 -6.00 -23.76 -1.41 +0.22 -2.04 +3.06 +2.29 -0.60 -6.56
CP16 -0.56 -4.35 -4.99 -10.07 -5.76 -24.43 -1.72 +0.20 -1.56 +3.69 +2.49 -0.37 -6.82
CP21 -0.32 -4.11 -4.03 -7.41 -2.17 -9.45 +2.35 -1.11 -2.12 +3.21 +2.54 -0.29 -3.43
CP22 +1.75 -2.04 -3.25 -7.13 -3.75 -12.83 +0.39 -0.06 -1.38 +3.80 +2.65 -0.22 -3.81
CP23 -1.02 -4.81 -5.20 -10.23 -5.17 -20.37 -1.55 +0.21 -1.32 +3.88 NA NA -5.40

CP10 +5.05 +1.26 -1.04 -3.82 -0.12 +1.05 +1.70 +0.38 +1.13 +6.31 +2.84 -0.03 +0.51
CP11 +4.45 +0.66 -1.44 -4.41 -0.56 -0.11 +0.87 +0.26 +0.88 +6.11 NA NA +0.16
CP12 +0.13 -3.66 -4.27 -8.58 -4.45 -17.75 -0.21 +0.30 -1.82 +3.39 NA NA -4.74

CP13 NA NA NA NA NA NA NA +0.67 -1.73 +2.07 NA NA -7.61
CP14 NA NA NA NA NA NA NA +0.30 -3.15 +3.51 +2.32 -0.54 -4.93
CP15 +0.97 -2.82 -3.82 -8.08 -3.77 -9.57 -0.76 +0.40 -0.86 +4.41 +2.18 -0.67 -2.06

CP24 +1.99 -1.80 -3.20 -7.25 -3.92 -13.55 -0.63 +0.53 -1.04 +4.17 NA NA -3.48
CP25 NA NA NA NA NA NA NA +0.40 -2.22 +2.99 +3.03 +0.16 -3.70
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Chapter 10:

Summary of conclusions
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10.1.     Summary of conclusions

10.1.1.     Chapter 3:  Statistical assessment of the accuracy and precision of 
microphere enumerations 

1.) Visual inspection of filter membranes for microsphere samples suspended in 

deionized water indicate that microspheres were distributed on the filter membranes more 

uniformly than filter membranes prepared with microspheres suspended in the artificial 

ground water. Heterogeneous distribution is enhanced by undulations in the filter 

membrane, which make counting less accurate, and bubbles in the mounting medium, 

which attract micropsheres preferentially. Precipitates in artificial groundwater (AGW), 

saturated with respect to calcite, are an additional bias in counting microspheres.

2.) In both AGW and deionized water (DIW), measured microsphere concentrations 

converged toward the true value with increasing microsphere density in the stock 

suspension and increasing number of microspheres counted.

3.) The results of the repeated measures ANOVA indicate that differences in relative 

standard deviation (RSD) variance between subjects (microsphere density) were 

significant between sparse (~8 microspheres field-1) and dense (~40 microspheres field-1) 

distributions in AGW, and significant differences were noted between all levels of 

microsphere density in DIW. The additional variability observed in the AGW data may 

be due to water matrix-associated biases. Higher particle densities such as 25 or 40 

particles field-1 may be more appropriate for minimizing uncertainty in such data.
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4.) Significant impacts of microsphere density on methodological accuracy as measured 

by percent error (PE) were not observed. PE assumes that the original or true 

concentration is known, but in fact this value is only estimated, which may lead to a lack 

of significance in these tests.   

5.) In both AGW and DIW, the ANOVA analysis suggested that counting to at least 350 

microspheres significantly impacted methodological accuracy relative to only counting to 

150 micropsheres. Further enumeration to 500 microspheres did not significantly alter 

accuracy. 

6.) The repeated ANOVA results indicate that both particle density and total number of 

particles counted are important criteria to consider when quantifying particle 

concentrations using a field counting approach and microscopy.

10.1.2.     Chapter 4:  Improved methodology for the production of high-titer 
bacteriophage suspensions

7.) Plating trials for bacteriophage propagation achieved higher PRD-1 titers than liquid 

propagations by approximately an order of magnitude, as has been observed by other 

authors. 
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8.) In studies where many liters of high-titer phage suspension are required, liquid 

propagation is much less labour intensive and expensive. This method, however, can 

result in somewhat unpredictable final phage concentrations.  

9.) An elevated phage concentration and short contact times for liquid propagation appear 

to achieve maximum phage yields. Plating techniques are more reliable in achieving 

consistently high-titer phage suspension for seeding large-scale liquid propagations.

10.) Addition of PEG (polyethylene glycol) and NaCl to phage propagations appears to 

be the most efficient methodology to concentrate phage suspensions and also removes 

impurities from the phage lysates.

10.1.3.     Chapter 5:  Column studies of colloid transport through BOF slag 
mixtures

11.) Substantial removal of PRD-1 did not occur in batch experiments at pH 7.6 and 9.5 

suspensions, but at pH 11.4, removal of the bacteriophage was 2.1 log C/C0 day-1 for the 

first two days, followed by a much slower rate of 0.124 log C/C0 day-1 over the next 10 

days. The results of the batch experiment indicate inactivation due to the high pH 

conditions strongly influence the viability of PRD-1, suggesting that elevated pH 

conditions in BOF slag contribute to bacteriophage attenuation in the column 

experiments. 
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12.) The two column studies conducted at 300 day of column saturation at a flow rate of 

1 pore volume day-1 indicate that microspheres are removed initially, but then approach 

input concentrations (0.2 to 0.1 log C/C0 removal). Given that microspheres cannot be 

inactivated, these results suggest that the low level of removal is due to attachment 

processes. 

13.) Removal of the virus PRD-1 after 300 days of column saturation was pronounced 

during the early stages of the experiments, but after longer transport times, removals 

approach values of 1.0-1.5 log C/C0. The reduction of PRD-1 is partly the result of virus 

inactivation in response to the elevated pH conditions generated by the BOF mixture 

(10.6-11.4). 

14.) Although microsphere attachment has been shown to be minimal, the surface 

characteristics of PRD-1 are not identical to microspheres, so the attachment processes 

may also contribute to virus reduction. However, zeta potentials for microspheres are 

generally higher than those of viruses, which suggests that attachment processes due to 

electrostatic attractions to surfaces may be less significant for PRD-1 than for 

microspheres.

15.) These results suggest that use of containerized BOF media to limit virus transport in 

on site wastewater treatment systems will require sufficient contact times between the 

media and the wastewater effluent. Contact times should be large enough to ensure 

sufficient base release from the BOF media into the pore waters to elevate wastewater 
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effluent pH to values in excess of 10-11. Previous studies have shown that at least 0.5 

days are required to achieve these elevated pH conditions in effluent.

16.) Given that PRD-1 is more persistent than many pathogenic organisms, these 

experiments suggest that at these elevated pH conditions, pathogens may be inactivated 

by several orders of magnitude for each day of residence in the high pH waters.

10.1.4.     Chapter 6:  Geochemical controls on microsphere removal in column 
studies

17.) Significant differences in attachment efficiency for microspheres were observed 

between experiments conducted after 60 days of column saturation with AGW (1.5-3.0 

log removal) and 300 days of column saturation (0.1-0.2 log removal).  

18.) Monitoring of geochemical parameters during the experiments gives some indication 

of possible changes in surface chemistry that would reduce attachment efficiencies over 

time.  

19.) Elevated dissolved organic carbon (DOC) concentration in effluent in the column 

experiment after 300 days of column saturation may play an role in decreasing 

attachment of microspheres, due to the formation of hydrophobic coatings of surfaces.
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20.) After 300 days of saturation, significant differences between Eh values in influent 

(+360-400 mV) and column effluent (+250-280 mV) may be due to DOC oxidation. Eh 

was not measured during the experiment after 60 days of column saturation, but DOC 

was not present in the AGW in this experiment, which suggests that conditions were 

more oxidizing during the first experiment.

21.) Reducing conditions in the experiment after 300 days of column saturation may lead 

to reductive dissolution of Fe phases where preferred attachment of microspheres is 

expected to occur.  

22.) BOF iron oxyhydroxides convert to more crystalline phases over time, which have a 

lower surface areas for attaching microspheres and may lead to a reduction in colloid 

attenuation in the media. 

23.) BOF slag is rich in calcium (40% CaO) and effluent infiltrating through BOF is 

supersaturated with respect to calcite. Precipiation of calcium carbonate, which has low 

surface area, may also reduce observed attachment. 

24.) Observed reduction in attachment efficiency over time suggests that attenuation due 

to attachment will be reduced over time. However, inactivation appears to be a more 

significant process in reducing phage concentration over time, which is suggested by the 

low attachment efficiency of the media for the more highly-charged micropsheres. 
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10.1.5.     Chapter 7:  Inverse numerical modeling of colloid breakthrough

25.) Inverse modeling with two-site kinetics generally produced improved fits for both 

microspheres and PRD-1 breakthrough data, suggesting that preferred attachment sites 

occur in the media. BOF media is rich in iron oxyhydroxides phases, which are 

considered preferred attachment sites. 

26.) The effect of kinetic attachment on breakthrough is not attributable to physical non-

equilibrium, given that the conservative tracer did not exhibit significant dual porosity. 

27.) The estimate of solid inactivation (μL = ~3 x 10-4 min-1) is an order of magnitude 

lower than that of liquid inactivation (μL = 3 x 10-3 min-1), observed at a similar pH. This 

result suggests that attached phage are less susceptible to inactivation than free phage in 

suspension.

28.) The inverse modeling of PRD-1 breakthrough attains fits that do not match the 

slowly-rising limb of the observed data. Inverse model simulations assume that a single 

set of rate coefficients represent the attachment/detachment processes during the entire 

experiment. Changing geochemical conditions, in particular the increasing DOC 

concentration during the experiment, suggest that attachment rate coefficients may have 

not been constant during the experiment. DOC coatings of mineral surfaces would lead to 

reduced attachment rate coefficients over time. Therefore, the fitted attachment rate is 

only an estimate of the average attachment rate.  
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29.) Inverse modeling simulations of microsphere breakthrough, in experiments after 60 

and 300 days of saturation, do not exhibit the same lack-of-fit. This result suggests that 

attachment rate coefficients remain relatively constant during the experiment. DOC 

coating of microspheres appears to be less effective in decreasing attachment than DOC 

coating of the PRD-1.

30.) The relative contributions of attachment and liquid inactivation of PRD-1 in BOF 

media can be estimated from comparison of coefficients, which have equivalent units. If 

attachment to weakly-binding sites and surface inactivation are ignored, average values 

of PRD-1 attachment (katt1 = 3 x 10-2 min-1) and liquid inactivation (μL = 3 x 10-3 min-1) 

coefficients indicate that removal of phage from the influent suspension is achieved 

primarily by attachment (~90%) rather than liquid inactivation (~10%). This result is not 

in agreement with the observation from column experiments that microsphere attachment 

in negligible, and that PRD-1 attachment is expected to have lower electrostatic attraction 

to BOF surfaces than do microspheres.

31.) Fitting dispersivity values during model simulations allows an independent estimate 

of colloid dispersion. Dispersion values for colloids are expected to be lower than that of 

the conservative tracer, because colloids are excluded from finer pores and slower 

pathways. Dispersivity values for microspheres were similar to those measured for 

bromide, suggesting that microsphere dispersion did not differ significantly from solute 

dispersion. However, PRD-1 dispersion was lower in most model simulations. Both the 

PRD-1 (0.06 μm) and microspheres (0.2 μm) are similar in size, and PRD-1 is less 
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highly-charged than are microspheres. Therefore, microspheres should exhibit lower 

dispersion due to being excluded from more pathways in the porous media.

32.) Multiple correlations between parameters suggest that selected solutions may not be 

unique, although care was taken to run the model with a range of initial parameter 

guesses and to chose solutions that had realistic estimations of parameters values. For 

novel systems, such as BOF slag surfaces and highly-alkaline conditions, few transport 

parameters are characterized in previous research. High values of r2 and low values of 

SSQ do not ensure that the estimated parameter values from selected solutions closely 

match reality.

33.) Forward simulations of the selected solution for PRD-1 transport suggest that 

changes in some parameters, such as dispersion, attachment rate and detachment rate 

coefficients, have similar effects on the shape of the breakthrough curve, and therefore 

are very strongly correlated when inversely modeled with Hydrus-1D. This observation 

may explain some unexpected outcomes from inverse modeling including lower 

dispersivity values for PRD-1 than for microspheres, and the relative dominance of 

attachment over inactivation in the selection solution of PRD-1 breakthrough.
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10.1.6.     Chapter 8:  Field application of BOF slag media in a latrine

34.) Pathogen indicator concentration in the alternative latrien indicate that a minimum 4-

5 log removal in concentration is achieved by the BOF media in less than one meter of 

vertical transport. The removal of coliform (5-7 log concentration) and Clostridia (> 4 

log concentration) indicators are similar in the control latrine in three meters of vertical 

transport. These observations suggest that the alternative latrine may improve removal of 

pathogenic indicators by more than three times the rate observed in an control latrine. 

These removal rates may be higher, if influent concentrations were more elevated, 

because all indicators were reduced to concentrations below their detection limit in 

wastewater samplings.

35.) Vertical porewater velocity estimates from HydroGeoSphere modeling indicate that 

wastewater effluent has a minimum residence time of two days in the BOF slag. Column 

experiments (Chapter 3) estimated a reduction in PRD-1 of 1.5 log concentration day-1 in 

BOF media, which would represent a minimum reduction of 3 log concentration in two 

days. PRD-1 is considered a conservative biocolloid tracer in environmental studies, 

compared to other pathogen indicators, which may explain its lower removal rate in the 

media.

36.) The decline in pH between sampling events after 42 and 82 days of wastewater 

application suggest that the potential for base production by BOF slag is reduced over 

time. This loss of pH-generating capacity may be due to coating of calcium oxide surface 
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with effluent DOC. These results suggest that the longevity of BOF slag media may be 

limited primarily by the coating of BOF slag surfaces by DOC in wastewater effluent.

37.) Effluent with elevated pH emanating from the BOF slag media enters the woodchip 

PRB below. The generation of alkalinity in the woodchip was not sufficient to reduce 

effluent pH. NO3 concentrations are not reduced in the woodchip, which may indicate 

that elevated pH has negatively impacted the growth of denitrifying bacteria in the 

woodchip media.

38.) Column experiments suggest that the elimination of biocolloids in the BOF media 

occurs due to elevated pH, and not because of attachment to surfaces (Chapter 3). 

Therefore, the residence time in the zone of elevated pH may be the controlling factor in 

determining pathogen removal. In future applications, the thickness of the BOF slag PRB 

thickness can be diminished, as long as pathogens remain in contact with alkaline effluent 

for sufficient time.

39.) Because of the preference for flush toilets in periurban areas of Brazil, the alternative 

latrine design was tested with liquid wastewater discharge. In regions without sufficient 

water supply for the use of flush toilets, the design may also function with dry wastes. 

The reduced water content of dry waste may contribute to greater clogging of the media 

with time and might reduce the longevity of the design.
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40.) Somatic coliphage concentration in stainless steel porous cup lysimeters is 1-2 orders 

of magnitude lower than that of adjacent pan lysimeters. Lower pH and higher Eh values 

in pan lysimeters suggest that the removal of large colloids, which cannot pass through 

the pores of the stainless steel lysimeter, may create differing geochemical conditions 

between the two lysimeters. Biofilm development in the pores of the stainless steel 

lysimeter may strain out bacteriophage in stainless steel porous cup lysimeters. 

Association of bacteriophage with larger organic colloids in the effluent may exclude 

these organisms from entering the device. Stainless steel porous cup lysimeters appear to 

bias coliphage sampling, and should not be used in wastewater applications.

10.1.7.     Chapter 9: Nutrient dynamics in shallow groundwater near Cootes 
Paradise wetland

41.) A study of nutrient dynamics at Cootes Paradise wetland, Hamilton, Ontario found 

that groundwater nutrient concentrations (PO4 and NH3) increase markedly toward the 

edge of the wetland. This finding suggests that upland groundwater is not a source of 

nutrient loading to the wetland. Groundwater PO4 concentrations (up to 950 µg L-1) reach 

values that are similar to porewater concentrations measured in dialysis samplers (2 mg 

L-1).

42.) The study results suggest that direct groundwater discharge under Cootes Paradise 

wetland may be an important fraction (approximately one third) of the total discharge in 

the Westdale Cut watershed. MODFLOW modeling of advective flux indicate that P 
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loading from advective flux (30 to 17,000 mg P m-2 d-1) may be a much more significant 

source of P to the wetland that diffusive flux (2 mg P m-2 d-1).  

43.) The results suggest that it may be important to consider groundwater advective flux, 

and not simply diffusive flux, in studies of nutrient cycling in wetlands. This 

consideration is particularly important in areas of high topographic relief, where rates of 

groundwater discharge can be very high. 

10.2.   Implications 

This investigation combines methodology, laboratory, modeling and field studies to 

examine the potential of BOF slag media for pathogen removal. Fluorescent 

microspheres are used in many environmental studies as colloid tracers, but little 

attention has been paid to the counting method used. A statistical evaluation of 

microsphere enumeration by epifluorescent microscopy was undertaken to determine 

appropriate standards to ensure accurate and precise counts. Although a few studies have 

examined the appropriate level of counting to ensure precise counts, the use of percent 

error, as a measure of accuracy, was not evaluated in those studies. The study suggests a 

minimum microsphere density and minimum number of microspheres to count to attain 

reliable concentration estimates. Although these results cannot be extended to direct 

counting of larger colloids (e.g. Cryptosporidium), the study identifies the most important 

factors that ensure reliable counts and the ANOVA statistical analysis can be applied to 

these counting methodologies.
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Methods for the propagation of high-titer bacteriophage suspensions have been examined 

in a series of studies, mostly conducted before 1980. This study presents a review of 

these studies that critically examines the usefulness of these methodologies in attaining 

large volumes of bacteriophage suspension, which are necessary for large-scale 

biocolloid investigations. The study presents an appropriate methodology for 

propagation, concentration and purification which is synthesized from these early studies. 

The column studies presented a detailed examination of breakthrough phenomena for 

colloid tracers in BOF slag. Previous studies were limited to measuring effluent 

concentration of pathogen indicators, without examining and quantifying the transport 

processes that control the removal of these indicators in BOF media. The use of 

fluorescent microspheres as tracers in these studies, permits an evaluation of attachment 

processes in the absence of inactivation. However, comparisons between microsphere and 

bacteriophage transport are limited, because the surface characteristics of microspheres 

and phage differ considerably.

Colloid studies often analyze breakthrough data with respect to transport processes 

without taking into consideration geochemical conditions on these processes. The 

monitoring of geochemical parameters during the columns studies gave insight into the 

influence of aqueous chemistry on surface properties that determine the attachment 

efficiency of BOF media. Surface characterization techniques could be employed in 

future studies to provide more direct evidence of changes in surface properties of BOF 

slag media in the presence of wastewater. In studies where biocolloids are used as tracers 
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in media that cannot be entirely sanitized, because surface characteristics would be 

altered, biofilm formation and DOC production may be inevitable and represents a 

confounding phenomena in interpreting data. 

Inverse modeling of colloid breakthrough has been used to estimate values of transport 

parameters that control colloid removal. However, examination of these processes under 

highly-alkaline conditions has not been examined. The results of the modeling study 

provide quantification of solution and surface inactivation rates and 

attachment/detachment rate coefficients. Surface inactivation may be lower than solution 

inactivation under highly-alkaline conditions, which has not be reported previously. In 

many previous investigations, the dispersivity of a conservative tracer is used as an 

estimate of colloid dispersivity, although colloids have lower dispersivities than do 

solutes because they are excluded for smaller pores and slower pathways in the media. 

Fitting dispersivity in inverse models of colloid tranport permits an independent 

assessment of this parameter.

The inverse modeling approach was limited by the large number of transport parameters 

that had to be fitted during the simulations. No studies exist that estimate transport 

parameters for this novel system, and parameter estimations from transport studies of 

other media under neutral pH are not applicable. In a number of inverse modeling studies 

of colloid transport, the potential for multiple equifinal solutions is not assessed, although 

the selection of an appropriate solution presented in these studies may be confounded by 

multiple correlations between parameters and the potential for several simulations with 
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similar measures of goodness-of-fit. Under these circumstance, the utility of inverse 

model to discern the contributions of multiple processes is limited. Forward simulations 

of the selected solution permits insight into those parameters that create similar changes 

in breakthrough phenomena and the reason why they are closely correlated.

The reduction of pathogen indicator concentration by several orders of magnitude in the 

alternative latrine suggest that BOF slag can be used as a treatment material in either 

latrines or septic systems. Although treatment systems are often examined with respect to 

removal of indicators organisms, the use of several indicators is less common and 

provides a more robust evaluation of the media for pathogen removal. The concentrations 

of Clostridia species, which are more resistant to inactivation due to spore formation, are 

an indicator of BOF efficacy to remove encapsulated bacteria. Removals were lower for 

these species.

Ongoing monitoring of the alternative and control latrines for pathogen indicators will 

give further indication of the long-term performance of BOF slag media over time. Many 

studies of wastewater effluent geochemistry under septic system tile drains have outlined 

the principle reactions accounting for carbon and nitrogen transformations in these 

environments, but this study represents the first attempt to monitor geochemical reactions 

under a latrine, where prior wastewater treatment in an anaerobic tank is absent. The 

comparison of pan and stainless steel porous cup lysimeters indicated that coliphage 

sampling in the stainless steel lysimeters is possibly biased, probably due to the high 

level of organic matter in the wastewater and the formation of biofilm.  
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Future applications of the BOF and woodchip PRBs in latrines should reconsider the 

placement of BOF slag mixtures upgradient of the woodchip barrier, because elevated pH 

emanating from the BOF media appears to inactivate denitrifying bacteria.  This 

configuration has been tested in septic systems in several applications, and has proven 

effective in avoiding elevated pH reaching the woodchip barrier. The BOF slag barrier 

can be reduced base production, but placing the woodchip above the BOF would ensure 

that elevated pH did not affect the viability of denitrifying bacteria. A larger-scaled 

latrine application could be used to treat wastewater from several households.  This 

design could also used with dry wastes, although its longevity may be shortened by 

greater clogging and less efficient degradation of organic material.
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Appendices
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Appendix A:

Measured geochemical parameters and 
pathogenic indicator concentration for 

monitoring after 42 and 82 days of 
wastewater application in the alternative and 

control latrines
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Table A1: Geochemical parameters for sampling devices in the alternative latrine after 42 days 
of wastewater application

Sample Date Time EC pH Eh Temperature Alkalinity O2 DOC NH4 NO3

Number (uS cm-1) (mV) (oC) (mg CaCO3 L-1) (mg L-1) (mg L-1) (mg NH4-N L-1) (mg NO3-N L-1)

P-5E 30-Jul-07 9:30 1832 7.91 -266 14.4 507 1.1 79.1 NA NA
P-5C 30-Jul-07 10:00 1514 7.28 -167 14.4 84.1 1.6 83.7 NA NA
P-5O 30-Jul-07 10:10 1410 7.33 -131 14.7 88.1 2.2 94.5 NA NA
A-5E 30-Jul-07 10:30 690 NA NA NA NA NA NA NA NA

A-5C 30-Jul-07 10:25 1144 7.05 28 14.6 NA NA NA NA NA
P-4E 30-Jul-07 10:35 1424 7.11 -153 16.4 126 1.8 28.6 NA NA
P-4C 30-Jul-07 10:45 2320 7.20 -94 15.7 17.5 1.7 24.6 NA NA
P-4O 30-Jul-07 11:00 1422 7.04 -191 15.3 62.1 2 37.1 NA NA
A-4E 30-Jul-07 11:10 874 5.93 83 16 NA NA NA NA NA
A-4C 30-Jul-07 11:15 662 5.99 20 16 NA NA NA NA NA
A-4O 30-Jul-07 11:25 1006 NA NA NA NA NA NA NA NA
P-3E 30-Jul-07 11:35 8830 12.58 -234 16.2 328 3.4 23.0 NA NA
P-3C 30-Jul-07 11:45 8820 12.60 -160 16.7 296 4.2 16.9 NA NA
P-3O 30-Jul-07 11:50 8770 12.62 -159 16.2 272 3.5 20.3 NA NA
A-3E 30-Jul-07 14:10 3580 12.22 -127 17.7 NA NA NA NA NA
A-3C 30-Jul-07 14:15 6010 12.37 -231 17.6 NA 4.9 NA NA NA
A-3O 30-Jul-07 14:25 5900 12.40 -127 16.7 184 5.7 NA NA NA
P-2E 30-Jul-07 14:35 529 7.42 70 15.8 32.0 2.2 7.9 NA NA
P-2C 30-Jul-07 14:50 577 9.31 -12 16.2 18.0 5 5.8 NA NA
P-2O 30-Jul-07 15:00 1665 11.78 -136 16.1 54.1 5.4 20.7 NA NA
A-2E 30-Jul-07 15:20 NA NA NA NA NA NA NA NA NA
A-2C 30-Jul-07 15:30 3870 NA NA NA NA NA NA NA NA
A-2O 30-Jul-07 15:40 NA NA NA NA NA NA NA NA NA
Z-5E 31-Jul-07 9:30 983 11.48 -25 14.5 210 4.8 18.1 NA NA
Z-5C 31-Jul-07 10:30 4240 12.03 -114 16.6 208 5.7 34.5 NA NA
Z-5O 31-Jul-07 11:30 NA NA NA NA NA NA 32.6 NA NA
Z-4E 31-Jul-07 9:40 889 11.39 -58 17.1 80.1 2.9 NA NA NA
Z-4C 31-Jul-07 11:00 4120 12.16 -92 18 214 3.1 NA NA NA
Z-4O 31-Jul-07 11:35 1477 11.49 -80 19.1 72.1 2.8 NA NA NA
Z-3E 31-Jul-07 9:50 861 11.45 -70 16.5 34.0 2.6 28.2 NA NA
Z-3C 31-Jul-07 11:10 3430 12.23 -142 17.9 232 2.7 46.4 NA NA
Z-3O 31-Jul-07 11:40 1262 11.38 -90 19.8 66.1 2.3 38.3 NA NA
Z-2E 31-Jul-07 10:05 533 10.21 -44 17.7 32.0 1.2 NA NA NA
Z-2C 31-Jul-07 11:15 4650 12.29 -191 16.7 242 2.8 NA NA NA
Z-2O 31-Jul-07 11:45 1677 11.61 -114 19.5 82.1 1.4 NA NA NA
Z-1E 31-Jul-07 10:20 4170 12.22 -16 17.6 228 1.2 47.3 NA NA
Z-1C 31-Jul-07 11:20 5650 12.32 -231 18.7 308 2.7 20.9 NA NA
Z-1O 31-Jul-07 11:50 3300 12.02 -147 18.7 186 2.2 60.1 NA NA
P-1E 31-Jul-07 13:30 3070 11.96 -259 21.6 142 2.5 55.9 NA NA
P-1C 31-Jul-07 13:50 3940 12.13 -270 20.1 166 2.3 43.4 NA NA
A-1C 31-Jul-07 13:35 3050 11.97 -210 19.9 NA NA NA NA NA

a NA = not available
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Table A2: Geochemical parameters for sampling devices in the contro latrine after 42 days of 
wastewater application

Sample Date Time EC pH Eh Temperature Alkalinity O2 DOC NH4 NO3

Number (uS cm-1) (mV) (oC) (mg CaCO3 L-1) (mg L-1) (mg L-1) (mg NH4-N L-1) (mg NO3-N L-1)

P-4E 1-Aug-07 9:25 3800 6.91 -185 17.6 NAa 4.2 NA NA NA
P-4C 1-Aug-07 9:30 2560 7.07 -170 16.9 224 3 215 NA NA
P-4O 1-Aug-07 9:40 1349 6.85 -138 NA 90.1 3.7 24.9 NA NA

A-4C 1-Aug-07 9:45 1223 NA NA NA NA NA NA NA NA
P-3E 1-Aug-07 9:55 5970 7.48 -265 17.2 340 0.8 323 NA NA
P-3C 1-Aug-07 10:05 2680 6.90 -185 16.3 150 1.5 188 NA NA
P-3O 1-Aug-07 10:15 936 5.93 -28 16.6 30.0 1.6 10.8 NA NA
A-3C 1-Aug-07 10:25 763 NA NA NA NA NA NA NA NA
P-2E 1-Aug-07 10:30 711 5.54 48 18 48.0 NA 8.6 NA NA
P-2C 1-Aug-07 10:40 561 6.01 35 18.7 40.0 NA NA NA NA
P-2O 1-Aug-07 11:05 166.4 5.78 112 19.6 NA NA NA NA NA
P-1E 1-Aug-07 11:15 2710 6.46 136 19.4 128 1.4 56.4 NA NA
P-1C 1-Aug-07 11:25 2430 6.38 142 19.8 122 1.4 34.9 NA NA
P-1O 1-Aug-07 11:30 2160 6.06 159 19.5 50.1 1 15.3 NA NA
A-1C 1-Aug-07 11:35 1615 6.98 132 20.6 NA NA NA NA NA
B-01 31-Jul-07 11:25 6.1 NA NA NA NA NA 0.9 NA NA

a NA = not available
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Table A3: Pathogenic indicator concentration for sampling devices in the alternative latrine after 
42 days of wastewater application

Sample Heterotrophic Total coliform Thermotolerant E. coli Sulfur-reducing Clostridium Somatic

Number bacteria bacteria bacteria (CFU mL-1) Clostridium perfigens Coliphage

(CFU mL-1) (CFU mL-1) (CFU mL-1) (CFU mL-1) (CFU mL-1) (CFU mL-1)

P-5E 7.2E+03 4.6E+03 700 < 0.01 950 < 0.01 < 0.01
P-5C 1.1E+04 1.3E+03 1.1E+03 440 200 < 0.01 < 0.01
P-5O 1.4E+04 1.4E+03 1.1E+03 660 1.0E+03 < 0.01 < 0.01
A-5E NA NA NA NA NA NA 0.35

A-5C NAa NA NA NA NA NA < 0.01
P-4E 6.6E+03 1.9E+03 1.8E+03 1.4E+03 300 < 0.01 0.6
P-4C 6.2E+03 < 0.01 100 50 300 300 1
P-4O 7.6E+03 200 300 300 600 < 0.01 3.25
A-4E NA NA NA NA NA NA < 0.01
A-4C NA NA NA NA NA NA < 0.01
A-4O NA NA NA NA NA NA < 0.01
P-3E 7 < 0.01 < 0.01 < 0.01 < 0.01 < 0.01 < 0.01
P-3C 10 < 0.01 < 0.01 < 0.01 < 0.01 < 0.01 < 0.01
P-3O 220 < 0.01 < 0.01 < 0.01 < 0.01 < 0.01 < 0.01
A-3E NA NA NA NA NA NA < 0.01
A-3C NA NA NA NA NA NA < 0.01
A-3O NA NA NA NA NA NA < 0.01
P-2E NA NA NA NA NA NA < 0.01
P-2C 8.6E+03 < 0.01 < 0.01 < 0.01 < 0.01 < 0.01 < 0.01
P-2O 65 < 0.01 < 0.01 < 0.01 < 0.01 < 0.01 < 0.01
A-2E NA NA NA NA NA NA NA
A-2C NA NA NA NA NA NA 0.05
A-2O NA NA NA NA NA NA NA
Z-5E 1.4E+03 < 0.01 < 0.01 < 0.01 0.86 0.17 0.05
Z-5C 50 < 0.01 < 0.01 < 0.01 < 0.01 < 0.01 < 0.01
Z-5O NA NA NA NA NA NA NA
Z-4E 1.4E+03 NA NA NA NA NA < 0.01
Z-4C 110 NA NA NA NA NA < 0.01
Z-4O 180 < 0.01 < 0.01 < 0.01 0.03 NA < 0.01
Z-3E 6.6E+03 < 0.01 < 0.01 < 0.01 3.1 < 0.01 0.05
Z-3C 20 < 0.01 < 0.01 < 0.01 < 0.01 < 0.01 0.1
Z-3O 480 < 0.01 < 0.01 < 0.01 < 0.01 < 0.01 < 0.01
Z-2E 8.0E+03 NA NA NA NA NA < 0.01
Z-2C 30 NA NA NA NA NA < 0.01
Z-2O 150 NA NA NA NA NA 0.05
Z-1E 63 < 0.01 < 0.01 < 0.01 < 0.01 < 0.01 0.05
Z-1C 10 < 0.01 < 0.01 < 0.01 < 0.01 < 0.01 < 0.01
Z-1O 60 < 0.01 < 0.01 < 0.01 < 0.01 < 0.01 < 0.01
P-1E 40 < 0.01 < 0.01 < 0.01 < 0.01 < 0.01 < 0.01
P-1C 10 < 0.01 < 0.01 < 0.01 < 0.01 < 0.01 0.15
A-1C NA NA NA NA NA NA < 0.01

a NA = not available



334

Table A4: Pathogenic indicator concentration for sampling devices in the control latrine after 42 
days of wastewater application

Sample Heterotrophic Total coliform Fecal coliform E. coli Sulfur-reducing Clostridium Somatic

Number bacteria bacteria bacteria (CFU mL-1) Clostridium perfigens Coliphage

(CFU mL-1) (CFU mL-1) (CFU mL-1) (CFU mL-1) (CFU mL-1) (CFU mL-1)

P-4E 2.9E+03 2.8E+04 2.4E+04 9.6E+03 1.3E+03 < 0.01 2.15
P-4C 3.4E+03 7.2E+04 2.5E+05 1.5E+05 100 < 0.01 0.9
P-4O 890 600 400 100 < 0.01 < 0.01 0.4

A-4C NAa NA NA NA NA NA < 0.01
P-3E > 1.6E+04 300 1.2E+04 7.4E+03 1.6E+03 < 0.01 5
P-3C 1.5E+03 5.0E+03 200 130 300 < 0.01 < 0.01
P-3O 6.2E+03 4.5E+03 2.8E+03 2.2E+03 < 0.01 < 0.01 0.25
A-3C NA NA NA NA NA NA < 0.01
P-2E 5.7E+03 < 0.01 < 0.01 < 0.01 < 0.01 < 0.01 < 0.01
P-2C 5.0E+03 2.0E+03 100 60 < 0.01 < 0.01 < 0.01
P-2O 87 400 1.0E+03 < 0.01 < 0.01 < 0.01 < 0.01
P-1E 2.3E+03 < 0.01 < 0.01 < 0.01 < 0.01 < 0.01 < 0.01
P-1C 720 100 < 0.01 < 0.01 < 0.01 < 0.01 2.35
P-1O 80 < 0.01 < 0.01 < 0.01 < 0.01 < 0.01 < 0.01
A-1C NA NA NA NA NA NA < 0.01
B-01 < 1 < 0.01 < 0.01 < 0.01 < 0.01 < 0.01 < 0.01

a NA = not available
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Table A5: Geochemical parameters for sampling devices in the alternative latrine after 82 days 
of wastewater application

Sample Date Time EC pH Eh Temperature Alkalinity O2 DOC NH4 NO3

Number (uS cm-1) (mV) (oC) (mg CaCO3 L-1) (mg L-1) (mg L-1) (mg NH4-N L-1) (mg NO3-N L-1)

P-5E 9-Sep-07 9:50 2430 7.35 -172 24.1 164 NA 174 66.0 0.6
P-5C 9-Sep-07 10:00 1840 7.02 -257 25.4 144 NA 146 78.6 0.4
P-5O 9-Sep-07 10:10 2050 7.11 -162 25.3 108 NA 160 88.7 0.5
A-5E 9-Sep-07 10:25 1670 6.63 16 26.3 NA NA NA NA NA

A-5C 9-Sep-07 10:20 1340 7.46 -102 25.4 NAa NA NA NA NA
P-4E 9-Sep-07 10:30 1640 6.81 -105 26.6 36.7 NA 41.9 40.6 19.7
P-4C 9-Sep-07 10:41 1510 6.60 -45 25.3 21.4 NA 18.5 26.5 36.4
P-4O 9-Sep-07 10:50 1460 6.76 -141 24.7 46.7 NA 49.6 67.9 0.4
A-4E 9-Sep-07 10:57 1170 5.97 80 28.7 NA NA NA NA NA
A-4C 9-Sep-07 11:06 1320 5.83 -7 29.7 NA NA NA NA NA
A-4O 9-Sep-07 11:13 1170 6.26 -35 27.3 NA NA NA NA NA
P-3E 9-Sep-07 11:21 8520 11.98 -242 27.7 308 NA 12.9 6.0 28.1
P-3C 9-Sep-07 11:26 8570 12.08 -256 26.7 312 NA 9.2 1.2 49.2
P-3O 9-Sep-07 11:30 8650 12.14 -277 25.2 292 NA 9.0 1.0 46.1
A-3E 9-Sep-07 11:39 1860 11.64 -193 28.4 NA NA NA NA NA
A-3C 9-Sep-07 11:47 2550 11.73 -250 29.6 NA NA NA NA NA
A-3O 9-Sep-07 11:53 5280 11.87 -234 27.9 NA NA NA NA NA
P-2E 9-Sep-07 13:44 1890 8.65 53 26 18.0 NA 14.6 15.5 25.2
P-2C 9-Sep-07 12:03 1190 7.84 -40 28 74.1 NA 23.5 13.0 25.9
P-2O 9-Sep-07 13:55 2520 11.44 -213 27.2 80.1 NA 25.0 9.9 23.8
A-2C 9-Sep-07 NA NA NA NA NA NA NA NA NA NA
Z-5E 9-Sep-07 14:31 1690 7.95 -5 24.3 NA NA NA 9.0 23.7
Z-5C 9-Sep-07 14:39 2180 11.51 -143 23.6 NA NA NA 2.4 34.0
Z-5O 9-Sep-07 15:03 2990 11.60 -162 25.3 NA NA NA NA NA
Z-4E 9-Sep-07 14:10 1590 7.44 60 27.8 35.4 NA 17.1 NA NA
Z-4C 9-Sep-07 14:35 2000 11.30 -85 23.1 42.0 NA 42.7 NA NA
Z-4O 9-Sep-07 14:57 2990 11.57 -155 25.4 98.1 NA 34.1 < 0.2 40.0
Z-3E 9-Sep-07 14:20 1580 7.83 12 23.9 NA NA NA 12.0 1.6
Z-3C 9-Sep-07 14:44 2500 11.54 -200 23.6 NA NA NA 2.5 30.0
Z-3O 9-Sep-07 15:07 3310 11.72 -182 23.5 NA NA NA 1.0 30.6
Z-2E 9-Sep-07 14:24 1680 7.63 42 24 NA NA NA NA NA
Z-2C 9-Sep-07 14:46 2980 11.60 -230 23.6 NA NA NA NA NA
Z-2O 9-Sep-07 15:15 3330 11.77 -207 23.6 NA NA NA NA NA
Z-1E 9-Sep-07 14:15 3990 11.80 -160 25.3 98.1 NA 60.8 5.9 12.5
Z-1C 9-Sep-07 14:49 3450 11.69 -139 23.9 116 NA 45.5 2.1 29.0
Z-1O 9-Sep-07 15:11 3320 11.74 -234 23.3 108 NA 60.4 1.0 24.8
P-1E 9-Sep-07 15:19 1760 7.80 35 23.4 204 NA 59.0 5.0 21.6
P-1C 9-Sep-07 15:23 2980 11.68 -200 23.5 86.1 NA 56.6 4.1 20.8
A-1C 9-Sep-07 15:30 1220 8.97 34 24.3 NA NA 39.2 NA NA

a NA = not available
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Table A6: Geochemical parameters for sampling devices in the contro latrine after 82 days of 
wastewater application

Sample Date Time EC pH Eh Temperature Alkalinity O2 DOC NH4 NO3

Number (uS cm-1) (mV) (oC) (mg CaCO3 L-1) (mg L-1) (mg L-1) (mg NH4-N L-1) (mg NO3-N L-1)

P-4E 10-Sep-07 14:00 2240 6.51 -136 31.2 118 NA NA 233 68.5
P-4C 10-Sep-07 14:10 2440 6.80 -158 27.7 124 NA 165 277 < 1.05
P-4O 10-Sep-07 14:15 1800 6.73 -126 27.1 96.1 NA 106 71.0 2.6

A-4C 10-Sep-07 NAa NA NA NA NA NA NA NA NA NA
P-3E 10-Sep-07 14:40 3720 6.92 -172 24.7 196 NA 255 491 2.1
P-3C 10-Sep-07 14:45 3030 6.85 -156 23.3 148 NA 239 236 3.0
P-3O 10-Sep-07 14:50 3160 6.90 -175 23.2 236 NA 175 36.0 55.0
A-3C 10-Sep-07 14:00 NA NA NA NA NA NA NA NA NA
P-2E 10-Sep-07 15:20 1760 6.42 45 24.9 78.1 NA 39.7 18.9 21.0
P-2C 10-Sep-07 15:17 1570 6.39 46 24.5 56.1 NA 12.7 2.7 3.8
P-2O 10-Sep-07 15:10 880 5.71 21 24.8 10.7 NA 7.1 < 0.8 14.3
A-1C 10-Sep-07 NA NA NA NA NA NA NA NA NA NA
P-1E 10-Sep-07 15:30 2080 6.36 118 22.2 78.1 NA 105 138 23.5
P-1C 10-Sep-07 15:34 2120 6.39 87 22.7 80.1 NA 47.6 57.0 59.4
P-1O 10-Sep-07 15:40 1800 6.37 61 22.3 86.1 NA 56.8 2.6 138

a NA = not available
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Table A7: Pathogenic indicator concentration for sampling devices in the alternative latrine after 
82 days of wastewater application

Sample Heterotrophic Total coliform Fecal coliform E. coli Sulfur-reducing Clostridium Somatic

Number bacteria bacteria bacteria (CFU mL-1) Clostridium perfigens Coliphage

(CFU mL-1) (CFU mL-1) (CFU mL-1) (CFU mL-1) (CFU mL-1) (CFU mL-1)

P-5E 7.2E+03 4.9E+03 1.2E+04 2.4E+03 100 100 40.3
P-5C 7.7E+03 4.4E+03 5.4E+03 5.4E+03 200 200 7.85
P-5O 6.1E+03 2.2E+04 2.9E+04 5.9E+03 2.1E+03 1.6E+03 16.2
A-5E NA NA NA NA NA NA < 0.01

A-5C NAa NA NA NA NA NA < 0.01
P-4E 1.8E+04 1.0E+03 4.5E+03 4.5E+03 1.0E+03 < 0.01 9.55
P-4C 35 < 0.01 < 0.01 < 0.01 100 < 0.01 < 0.01
P-4O 1.1E+04 2.0E+03 1.2E+03 1.2E+03 1.0E+03 800 0.5
A-4E 1.1E+04 1.0E+04 4.5E+04 < 0.01 < 0.01 < 0.01 < 0.01
A-4C NA NA NA NA NA NA < 0.01
A-4O NA NA NA NA NA NA < 0.01
P-3E NA NA NA NA NA NA < 0.01
P-3C < 1 < 0.01 < 0.01 < 0.01 < 0.01 < 0.01 < 0.01
P-3O 20 < 0.01 < 0.01 < 0.01 < 0.01 < 0.01 < 0.01
A-3E NA NA NA NA NA NA < 0.01
A-3C NA NA NA NA NA NA < 0.01
A-3O NA NA NA NA NA NA < 0.01
P-2E 15 < 0.01 < 0.01 < 0.01 0.02 < 0.01 < 0.01
P-2C 2.1E+03 1.0E+03 1.0E+03 8.0E+02 < 0.01 < 0.01 < 0.01
P-2O < 1 < 0.01 < 0.01 < 0.01 < 0.01 < 0.01 < 0.01
A-2C NA NA NA NA NA NA < 0.01
Z-5E NA NA NA NA NA NA NA
Z-5C NA NA NA NA NA NA NA
Z-5O NA NA NA NA NA NA NA
Z-4E 2.4E+04 100 < 0.01 < 0.01 < 0.01 < 0.01 1.5
Z-4C 110 < 0.01 < 0.01 < 0.01 0.02 < 0.01 < 0.01
Z-4O 10 < 0.01 < 0.01 < 0.01 < 0.01 < 0.01 < 0.01
Z-3E NA NA NA NA NA NA NA
Z-3C NA NA NA NA NA NA NA
Z-3O NA NA NA NA NA NA NA
Z-2E NA NA NA NA NA NA NA
Z-2C NA NA NA NA NA NA NA
Z-2O NA NA NA NA NA NA NA
Z-1E < 1 < 0.01 < 0.01 < 0.01 < 0.01 < 0.01 < 0.01
Z-1C 410 < 0.01 < 0.01 < 0.01 < 0.01 < 0.01 < 0.01
Z-1O < 1 < 0.01 < 0.01 < 0.01 < 0.01 < 0.01 < 0.01
P-1E 4.1E+03 0.02 0.02 0.02 < 0.01 < 0.01 < 0.01
P-1C 20 < 0.01 < 0.01 < 0.01 < 0.01 < 0.01 < 0.01
A-1C NA NA NA NA NA NA < 0.01

a NA = not available
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Table A8: Pathogenic indicator concentration for sampling devices in the control latrine after 82 
days of wastewater application

Sample Heterotrophic Total coliform Fecal coliform E. coli Sulfur-reducing Clostridium Somatic

Number bacteria bacteria bacteria (CFU mL-1) Clostridium perfigens Coliphage

(CFU mL-1) (CFU mL-1) (CFU mL-1) (CFU mL-1) (CFU mL-1) (CFU mL-1)
P-4E 1.6E+04 1.9E+04 4.0E+03 4.0E+03 5.0E+03 3.0E+03 3.3
P-4C 1.8E+04 2.6E+04 2.1E+04 < 0.01 200 < 0.01 0.05
P-4O 9.9.E+03 2.0E+03 200 < 0.01 < 0.01 < 0.01 < 0.01

A-4C NAa NA NA NA NA NA 1.55
P-3E 5.3E+03 8.0E+03 5.0E+03 1.0E+03 600 120 2.95
P-3C 1.2E+04 3.5E+03 1.0E+03 400 1.0E+03 1.0E+03 0.15
P-3O 1.3E+04 4.7E+03 6.1E+03 1.2E+03 1.0E+04 2.0E+03 0.05
A-3C NA NA NA NA NA NA < 0.01
P-2E 9.5E+03 < 0.01 < 0.01 < 0.01 < 0.01 < 0.01 < 0.01
P-2C 9.5E+03 < 0.01 < 0.01 < 0.01 1.0E+03 < 0.01 < 0.01
P-2O 1.4E+03 < 0.01 < 0.01 < 0.01 < 0.01 < 0.01 < 0.01
A-1C NA NA NA NA NA NA < 0.01
P-1E 1.0E+03 < 0.01 < 0.01 < 0.01 < 0.01 < 0.01 < 0.01
P-1C 7.4E+03 < 0.01 < 0.01 < 0.01 < 0.01 < 0.01 < 0.01
P-1O 4.3E+03 < 0.01 < 0.01 < 0.01 < 0.01 < 0.01 < 0.01

a NA = not available
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Appendix B:

Measured geochemical parameters and 
pathogenic indicator concentration for 

monitoring before commissioning of the 
alternative and control latrines 
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Figure B1: Measured electrical conductivity (μS cm-1), pH and Eh (mV) values of wastewater effluent sampled before commissioning 
alternative and control latrines
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Figure B2: Measured heterotrophic bacteria, total coliform bacterial, and thermotolerant coliform bacteria concentration (cfu mL-1) in 
wastewater effluent sampled before commissioning alternative and control latrines
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