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Information about the microbial removal effi  ciencies of 
subsurface media is essential for assessing the risk of water 
contamination, estimating setback distances between disposal 
fi elds and receiving waters, and selecting suitable sites for 
wastewater reclamation. By analyzing published data from fi eld 
experiments and large intact soil cores, an extensive database 
of microbial removal rates was established for a wide range of 
subsurface media. High microbial removal rates were found in 
volcanic soils, pumice sand, fi ne sand, and highly weathered 
aquifer rocks. Low removal rates were found in structured 
clayey soils, stony soils, coarse gravel aquifers, fractured rocks, 
and karst limestones. Removal rates were lower for enteroviruses 
than for other human viruses; for MS2 phage than for other 
phage species; for waste-associated microbes than for those 
cultivated in the laboratory; and for contaminated media 
than for uncontaminated media. Microbial removal rates 
are inversely correlated with infi ltration rates and transport 
velocity. Th e assumption of fi rst-order law, or a constant 
removal rate (when the transport scale reaches a representative 
elementary volume), is appropriate for most of fi eld data 
analyzed. However 30% of the datasets (26 out of 87 pairs) are 
better described with the power law, implying reduced removal 
rates with transport distance. Th e latter is most prominent for 
organically contaminated media, especially in relatively fi ne 
aquifer media. Th e presence of organic matter, heterogeneity in 
microbial properties, change in solution chemistry, detachment, 
and physical straining, may have caused the discrepancies from 
the fi rst-order law traditionally used in transport models for 
describing microbial removal.
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Many waterborne disease outbreaks are caused by the 

consumption of groundwater contaminated by pathogens 

(Beller et al., 1997; Craun et al., 2002; Fong et al., 2007; 

Miettinen et al., 2001; Parshionikar et al., 2003). Recent studies 

have demonstrated that not only bacteria, but also enteroviruses 

are widespread in groundwater (Abbaszadegan et al., 2003; 

Borchardt et al., 2003, 2004, 2007; Fout et al., 2003). Land 

disposal of human and animal effl  uent and sludge is a major 

source of pathogens in groundwater systems.

Although subsurface media act as natural fi lters and buff ers that can 

mitigate microbial contamination, they vary widely in their ability to 

remove microbial contaminants. To provide accurate evaluations of the 

risk of microbial contamination of waters under effl  uent land disposal, 

to establish safe setback distances between receiving waters and disposal 

fi elds, and to select suitable sites for wastewater reclamation, the ability 

of subsurface media in microbial attenuation must be evaluated and 

parameterized. Such information will be very helpful for improving re-

source management and monitoring of groundwater contamination.

Field study data are the most relevant and reliable for resource 

management. However, comparatively less information is avail-

able on microbial transport from fi eld studies than from labo-

ratory column studies. Laboratory column studies are often not 

representative of fi eld conditions, because the physical-chemical 

properties associated with media heterogeneity and transport 

scale greatly infl uences microbial transport. Media heterogene-

ity and transport scale are diffi  cult to replicate in the laboratory 

and repacking generally reduces the macropore structure of the 

subsurface media. Microbial removal determined from laboratory 

column studies can be one to three orders of magnitude greater 

than that determined from fi eld conditions (Table 1). Th erefore 

if setback distances are estimated using laboratory-derived results, 

they can be underestimated by orders of magnitude. As setback 

distance estimations are extremely sensitive to microbial remov-

al rates (Pang et al., 2003; Schijven et al., 2006; Yates and Jury, 

1995), being exponentially correlated (Pang et al., 2003), the ac-

curacy of removal rates for the problems of interest is critical.

Although some studies have derived setback distances for certain 

aquifers (Masciopinto et al., 2008; Pang et al., 2003, 2005; Schijven 

et al., 2006; van der Wielen et al., 2008; Yates and Yates, 1989), esti-

mations of these distances only consider microbial transport through 

Abbreviations: BTC, breakthrough curve; C
p
/C

o
, peak concentration observed down 

gradient relative to its injection concentration; REV, representative elementary volume.
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saturated zones and they do not take into account microbial re-

duction through soils and vadose zones (the zones between soils 

and water tables), due to a lack of information for these media. 

Th us they are only applicable for a worst-case scenario when the 

water tables are close to the bottom of disposal systems. Usually, 

there are soils and vadose zones above the water tables and depend-

ing on their thicknesses, the horizontal setback distances required 

could be signifi cantly reduced. Although some fi eld studies on 

microbial transport through soils and vadose zones are reported 

in the literature, most studies do not give removal rates directly, 

making information transfer diffi  cult.

Th is study has established an extensive database on the removal 

rates of a limited number of human pathogenic viruses, bacterio-

phages, a few groups of bacteria, spores, and protozoa in a wide range 

of subsurface media under various fi eld conditions, and is a response 

to demands from many users of scientifi c information (regulators, 

environmental managers, utilities, consultants, private organisa-

tions, researchers, and academics). Th e database was accomplished 

by analyzing a large body of published data obtained from fi eld 

experiments and large undisturbed soil lysimeters. Th e magnitudes 

and distribution patterns of removal rates for microbial transport 

in subsurface media were identifi ed and summarized. Th e removal 

rates provided in this paper are presented in a simple form that can 

be easily adopted by others for addressing environmental manage-

ment problems, for example, estimation of setback distances.

Materials and Methods

Basic Concepts
Many factors and processes aff ect microbial removal rates in 

subsurface media. Th ese include physical-chemical properties of 

subsurface media, properties of microbial contaminants, solu-

tion chemistry, inactivation, physical straining, the air–water 

interface in unsaturated media, heterogeneity and preferential 

fl ow paths, diff erent fl ow mechanisms for karsts and fractured 

media from those for porous media, source/carrier characteristics 

of the microbial contaminants (e.g., continuous or intermittent 

loading, and loading duration), and management practices (e.g., 

injection vs. surface application, etc.). It will be superfl uous to 

directly consider these factors and processes in the methods to be 

used for analyzing a large amount of literature data, which would 

increase the complexity of data analysis.

For this study, a simplifi ed integrative and straightforward 

approach was sought so that comparable removal rates could be 

derived for various subsurface media. Th erefore, the following 

assumptions and simplifi cations were made: microbial removal 

in both saturated and unsaturated zones is a fi rst-order irrevers-

ible process, and microbial transport is at a steady state, and 

predominantly occurs along one-dimensional preferential fl ow 

paths by advection with negligible dispersion. On the basis of 

these assumptions, the following concepts were employed.

In conventional transport models, microbial removal is con-

sidered to be a fi rst-order process:

dC
= - k C

dt  [1]

where C is the microbial concentration in solution (M/L3), k is the 

fi rst-order temporal removal rate (T–1), and t is the time (T).

For a constant velocity 
dx

=V
dt

 along the fl ow direction, 

where x is the distance traveled (L) and V is the average pore-

water velocity of a microbial tracer (L/T), Eq. [1] becomes

dC dC dx dC
= = V = -k C

dt dx dt dx  [2]

Replacing l
k

=
V

  [3]

Equation [2] becomes

l
dC

= - C
dx  [4]

where λ is the spatial removal rate of the microbial tracer (L–1). 

Equation [4] implies that microbial concentration decreases 

exponentially with travel distance as a fi rst-order process.

Table 1. Comparison of microbial removal observed under fi eld and laboratory conditions.

References Media Microbe Condition
Log

10
 

reduction x (m) Log/m

Medema et al. (2000) Coarse and fi ne gravel with sand, Roosteren F-RNA phages and coliforms Field 4.00 15.00 0.27

Hijnen et al. (2005) From same site as in Medema et al. (2000) E. coli Column 4.10–4.80 0.50 8.2–9.6

  MS2 phages Column 1.30–3.40 0.50 2.6–6.8

Schijven et al. (1999) Dune sand aquifer, Castricum MS2 phages Field 3.30 3.80 0.87

Hijnen et al. (2005) From same site as in Schijven et al. (1999) MS2 phages Column 2.20–3.30 0.50 4.4–6.6

Harvey et al. (1995) Sand and fi ne gravel aquifer, Cape Code Protozoa Field 2.92 3.60 0.81

 Taken from the same site Protozoa Column 2.92 0.60 4.87

DeFlaun et al. (1997) Fine-medium sand Bacteria Field 2.00 0.50 4.00

 Taken from the same site Bacteria Column 4.70 0.02 235

Harvey et al. (2008) Karst limestone 2.9 μm microspheres Field 1.40 97.00 0.01

 Taken from the same site 2.9 μm microspheres Column 1.40 0.17 8.47

Harvey et al. (2002) Sand (grain size 0.5–1 mm) from Cape Cod Spumella guttula-DAPI Field 0.39–0.72 1–3.6 0.18–0.39

Materials used in column experiments were Spumella guttula-DAPI Column 0.41–1.10 0.60 0.68–1.83

taken from the same site. Spumella guttula-HE Field 0.89–2.0 1–3.6 0.56–0.89

  Spumella guttula-HE Column 3.00 0.60 5.00

Smith et al. (1985) Soil E. coli Intact core 2 log lower than disturbed core

 Taken from the same site E. coli Disturbed core  
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It should be noted that the constant removal rate defi ned in 

the above fi rst-order process should be considered as a large-scale 

average. It is assumed here that the concept of representative el-

ementary volume, REV, could be applied to removal rates. Th e 

REV is the smallest sample size that has properties representative 

of the media mass, that is at this sample size the parameter of inter-

est is scale invariant (Bear, 1972). It is assumed that, at a transport 

scale large enough, the eff ects of heterogeneities (in geochemical 

and physical properties of the porous media, solution chemistry, 

microbial populations, strains and isolates, etc.) will become not 

so important and that the removal rate can be treated as a constant. 

Th e REV assumption about the removal rate will be validated us-

ing fi eld experimental data later on in this article.

Although Eq. [4] has the same formula as the fi ltration theory 

(Iwasaki, 1937; Yao et al., 1971; Logan et al., 1995), the fi rst-order 

rate assigned here is eff ectively a removal rate that lumps the eff ects 

of all irreversible processes (irreversible attachment, inactivation, 

straining, and for unsaturated media also air-water interaction) as-

suming all irreversible processes follow a fi rst-order law. Converting 

from the natural log in the original form to log
10

 by multiplying by 

a factor of 2.3, λ measures the relative log-reduction in microbial 

concentration achieved per unit of distance traveled.

Under steady-state conditions, the solution of Eq. [4] for a 

continuous solution input is given by (Matthess et al., 1988)

p p
10

o o

ln log

= - = -2.30

C C

C C

x x

æ ö æ ö
ç ÷ ç ÷
è ø è øl  [5]

in which, C
p
 is the effl  uent concentration (M/L3) at the plateau 

(i.e., peak) of the breakthrough curve (BTC), and C
0
 is the 

infl uent concentration (M/L3). Th erefore the λ value can be 

interpreted from the slope of a log
10

 (C
p
/C

0
) vs. x plot or 

concentration reduction measured at a single distance x.

Experiments with pulse inputs are often preferable to those with 

continuous inputs as a lower volume of solution is needed. Kretz-

schmar et al. (1997) modifi ed Eq. [5] for a pulse input of solution

100 0
ln log
æ ö æ ö
ç ÷ ç ÷
è ø è øl

ò ò
f ft t

0 0

Q Q
C(t)dt C(t)dt

N N
= - = - 2.30

x x  [6]

where Q is the fl ow rate (L3/T), N
0
 is the total amount of the 

microbial tracer injected (M), t
f
 is the time at which the solution 

pulse has completely moved through the column (T). Th e term 

in brackets in Eq. [6] corresponds to the mass recovery of the 

microbial tracer (i.e., the zero moment), which can be obtained 

by integrating the entire BTC and normalizing it to the total 

amount of the microbial tracer injected.

Although the above equations are derived from 1-D trans-

port, they are valid for 3-D transport as long as the velocity is 

constant and is aligned in the x-direction. Likewise they are 

also valid for unsaturated fl ow at a steady state.

Alternatively, if BTC data are available, λ can be converted 

from k, which can be determined by fi tting the experimental 

BTC with the convection-dispersion transport equation that 

considers fi rst-order removal

2

2

d C d C d C
= D - V - kC

d t d x d x  [7]

where D is the dispersion coeffi  cient for the microbial tracer 

(L2/T). Equation [7] is applicable for both saturated and 

unsaturated conditions under a steady state.

Experimental Evaluation of Diff erent Methods
Th e methods described above, based on peak-concentration, 

mass balance, and curve fi tting, have diff erent levels of com-

plexity and provide alternative approaches to estimate removal 

rates, depending on the type of data available (either concen-

tration vs. location or concentration vs. time), and the source 

inputs (continuous or pulse input). Two of these methods 

require concentration BTC data. However, most fi eld studies 

only produce sparse concentration vs. distance data. Two ques-

tions arise: Can the peak-concentration method for continuous 

inputs be used to approximate pulse inputs when BTC data are 

not available? How do the results diff er for the same dataset 

when it is derived from curve-fi tting of a transport model or 

the simple mass balance method?

To answer these questions, the experimental data obtained 

from undisturbed large soil lysimeters presented in Pang et al. 

(2008) were analyzed, selecting those with complete BTCs. 

CXTFIT, version 2 (Toride et al., 1995), developed to simulate 

contaminant transport under steady fl ow for both unsaturated 

and saturated conditions, was used for curve-fi tting. As micro-

bial particles and solutes travel through diff erent pathways due 

to size-exclusion, only the BTC data of the microbial tracer were 

needed and parameters v, D and k were optimized. Results of 

CXTFIT curve fi tting are listed in Table 2. As microbial removal 

in these soils was essentially irreversible (Pang et al., 2008), the 

removal rates, k, estimated from the one-region CXTFIT model 

are similar to those k
mim

 estimated by Pang et al. (2008) using 

the two-region mobile-immobile water model of HYDRUS-1D 

(Table 2). Th e model-derived temporal removal rate k is then 

converted to the spatial removal rate λ using Eq. [3].

Th ese data are further analyzed using Eq. [5] and [6], and 

the results are compared (Table 2). Table 2 shows that the re-

moval rates estimated using the three methods are comparable 

and are mostly similar. As expected, most removal rates (61%) 

determined from peak concentrations are slightly higher than 

those determined from mass balance because only the high-

est concentrations are considered in the estimations. Th e re-

sults from CXTFIT model are 50% overestimated and 50% 

underestimated compared with the results from mass balance, 

probably due to nonideal breakthrough behaviors of microbial 

transport in structured soils. According to Kretzschmar et al. 

(1997), for columns with ideal breakthrough behaviors of col-

loid transport and high Peclet numbers, the results estimated 

from the mass balance method and curve fi tting are practically 

identical, otherwise the mass balance method yields more reli-

able results. Pang et al. (2005) also demonstrated that spatial 

removal rates estimated from curve fi tting and calculated from 

spatial concentration data are not signifi cantly diff erent based 
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on an evaluation of 17 sets of fi eld tracer data. Th ey conclud-

ed that both the log (C
p
/C

o
) ~ x graphical approach and the 

inverse modeling of BTC approach could be used for deriva-

tion of removal rates depending on the type of data that are 

available. Th e similarity of the results generated by the three 

diff erent methods suggests that the simple peak-concentration 

method for continuous inputs could be used to approximate 

pulse inputs when BTC data are not available, which is often 

the case for the studies published in the literature. Other re-

searchers (e.g., McKay et al., 2000) have also used the simple 

peak-concentration method for removal rate estimations.

With the exception of soil lysimeters from which leachates 

are fully captured, it is very diffi  cult to accurately estimate mass 

balance from fi eld data. Although the percentage recovery, called 

recovery effi  ciency in this paper, is often reported in fi eld studies, 

it is more likely to relate to concentration rather than to mass.

In the following sections, a λ value is interpreted from the slope 

of linear fi t for a log (C
p
/C

o
) vs. x plot when there are multiple 

sampling locations down-gradient of the source. When numbers 

of sampling locations are limited, a λ value is directly calculated 

from peak-concentration, or recovery effi  ciency, or converted 

from the temporal removal rate (attachment rate + inactivation 

rate) if modeling results are available. Occasionally, mass balance 

data are also used. Table 3 gives the notations for the methods and 

the type of data used in the estimation of removal rates.

Soils
Soils are the unconsolidated minerals and organic materials 

on the immediate surface of the earth and they serve as a natural 

medium for the growth of plants. Soil contains humus, earth 

animals, grass, plant roots, and other marks of biological activity. 

Well structured soils contain macropores formed by soil fauna 

(e.g., earthworms, insects, and underground mammals), chan-

nels formed by plant roots, cracks and fi ssures formed during the 

shrinkage of clay soils and freeze/thaw cycles, and natural soils 

pipes caused by erosion (Jamieson et al., 2002). Soils are nor-

mally unsaturated and the air–water interface interaction plays 

a very important role in enhanced microbial removal. In this 

study, the lower boundary of soil is arbitrarily set at 1 m, which 

is approximately the root-zone depth for most plants.

With overwhelming evidence of the important eff ects of soil 

structure (especially macropores) on microbial transport (Ja-

mieson et al., 2002; McMurry et al., 1998), greater numbers of 

more recent studies have used large (>30 cm in length) undis-

turbed soil lysimeters or in situ intact soil blocks to investigate 

microbial transport in structured soils (Aislabie et al., 2001; 

Carlander et al., 2000; Jiang et al., 2008; Karathanasis et al., 

2006; McLeod et al., 2001, 2003, 2004; Pang et al., 2008; 

Roodsari et al., 2005; Shelton et al., 2003).

Some Field and Lysimeter Studies on Microbial Transport 

in Soils
A wide range of key New Zealand soils from 12 fi eld sites 

has been investigated by Aislabie et al. (2001), McLeod et al. 

(2004, 2003, 2001) and Pang et al. (2008) for their ability to 

attenuate fecal coliforms and bacteriophages. Leaching experi-

ments using intact vegetated soil cores were performed (in trip-

licate) with a pulse of dairy shed effl  uent spiked with Salmonella 

bacteriophages and Br. Th ese studies demonstrate that microbial 

transport in highly structured soils is predominantly controlled 

by macropores, and that even a very small amount of water can 

lead to a rapid and signifi cant microbial leaching through by-

pass fl ow, particularly in clayey soil and clayey silt loam. Most 

Table 2. Removal rates determined from curve-fi tting, mass balance and peak concentration methods for selected breakthrough curves of fecal 
coliforms and bacteriophages (data from Pang et al., 2008)

Experiment
Length

x 
Peak

concentration

CXTFIT  curve-fi tting results HYDRUS Removal rate λ (log
10

/m)

Soil-microbe‡ V D k r2 k
mim

§ CXTFIT Mass balance Peak concentration

 m C
p
/C

o
cm/h cm2/h h–1  h–1 [Eq. 3] [Eq. 6] [Eq. 5]

Waikiwi -phg1 0.47 7.59E-02 11.68 17.10 0.49 0.81 0.38 1.83 2.54 2.38

Waikiwi -phg2 0.47 7.80E-02 10.62 13.95 0.44 0.86 0.38 1.79 2.40 2.36

Waikiwi -phg3 0.47 1.07E-01 10.57 11.52 0.41 0.82 0.36 1.69 2.39 2.07

Waikiwi -FC1 0.47 7.87E-02 11.27 16.18 0.51 0.73 0.41 1.96 2.71 2.35

Waikiwi -FC2 0.47 8.54E-02 10.83 15.29 0.51 0.59 0.42 2.05 2.94 2.27

Waikiwi -FC3 0.47 4.88E-02 10.53 4.03 0.48 0.92 0.43 1.97 2.80 2.79

Waikoikoi-phg1 0.50 7.68E-02 8.51 9.43 0.33 0.96 0.34 1.71 2.19 2.23

Waikoikoi-phg2 0.50 4.51E-02 9.20 5.85 0.42 0.99 0.42 1.99 2.66 2.69

Waikoikoi-phg3 0.50 9.02E-02 8.48 15.20 0.30 0.95 0.31 1.55 1.97 2.09

Templeton-phg1 0.40 9.50E-02 5.67 3.87 0.36 0.92 0.32 2.75 2.52 2.56

Templeton-phg2 0.40 1.81E-01 6.99 4.78 0.34 0.90 0.35 2.10 1.98 1.85

Templeton-phg3 0.40 2.39E-01 7.22 11.06 0.30 0.95 0.32 1.78 1.54 1.56

Waitarere-phg1 0.70 2.06E-02 2.39 4.45 0.12 0.92 0.13 2.11 1.92 2.41

Waitarere-phg2 0.70 3.51E-02 2.07 4.12 0.08 0.92 0.07 1.75 1.58 2.08

Waitarere-phg3 0.70 9.49E-03 2.16 4.65 0.15 0.71 0.15 3.05 2.57 2.89

Waitarere-FC1 0.70 2.50E-02 2.41 4.47 0.11 0.92 0.10 1.97 1.80 2.29

Waitarere-FC2 0.70 4.27E-02 2.09 4.14 0.08 0.92 0.07 1.61 1.46 1.96

Waitarere-FC3 0.70 1.15E-02 2.18 4.68 0.15 0.71 0.15 2.89 2.45 2.77

‡ phg - bacteriophage, FC - fecal coliforms. 1, 2, 3 refers to lysimeter number.

§ k
mim

 is the temporal removal rate determined from mobile-immobile water two region model of HYDRUS-1D given in Pang et al (2008).
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of these experimental data were evaluated by Pang et al. (2008) 

using the HYDRUS-1D mobile-immobile two-region model. 

Th e modeling results suggest that, in comparison with the Br 

solute tracer, microbial transport in most soils showed velocity 

enhancement, less dispersion, and a much smaller mobile water 

content (on average, only 19% of the total water content), and 

that soil structure (macroporosity) plays the most important role 

in microbial transport, while soil lithology has the greatest infl u-

ence on microbial attenuation. It is also confi rmed that the gen-

eral pattern of predicted mobile water content agreed with the 

measured macroporosity, which was positively related to leach-

ing vulnerability but negatively related to dispersivity. Removal 

rates estimated for these soils based on the peak-concentration 

method together with relevant information about the soils and 

experiments are summarized in Table 4.

Jiang et al. (2008) investigated the impact of a number of infl u-

encing factors (hydraulic conductivity, irrigation methods, seasonal 

eff ects, moisture content, drainage rate, and porosity) on the fecal 

coliform leaching from dairy shed effl  uent through a silt loam. Six 

vegetated soil lysimeters (70 cm in length and 50 cm in diameter) 

were exposed to fi eld atmospheric conditions. Flood irrigation gen-

erally resulted in more bacterial leaching than spray irrigation, and 

bacterial leaching positively correlated with water moisture content 

and drainage rate. Greater bacterial leaching was found in the lysim-

eter with rapid hydraulic conductivity. For the lysimeter with rapid 

conductivity, there were no obvious eff ects of the type of irrigation, 

and bacterial leaching immediately followed effl  uent application in 

both fl ood and spray irrigation, especially in the summer. Bacterial 

leaching was greater in summer than in autumn because there were 

more surface cracks present during summer. Th is was especially true 

for those lysimeters with higher clay content in the topsoil, where 

shrinkage cracks can form during summer, promoting preferential 

fl ow and facilitating bacterial leaching. Removal rates estimated 

from the mass balance method for these lysimeters are summarized 

in Table 5. Table 5 shows that high removal rates relate to lysimeters 

with low hydraulic conductivities and vice versa. Th is is because less 

conductive soils contain fewer macropores and thus would undergo 

more straining and attachment.

Karathanasis et al. (2006) studied the eff ectiveness of soils of 

diff erent textures and depths to remove fecal bacteria eluted from 

septic effl  uent. As their study focused on investigating the eff ect 

of soil texture, the soil cores collected avoided evident cracks, 

biochannels, tree roots, rocks, and other inclusions that cause 

preferential fl ow. Sod and other organic materials were removed 

from the soil surface before coring. Th ey found a greater removal 

of fecal bacteria in fi ne-textured soils than coarse-textured soils, 

and that bacterial removal increased with increasing soil depth. 

Th e removal rates estimated and relevant information about the 

soils and experiments are listed in Table 6.

Roodsari et al. (2005) used in situ lysimeters to investigate the ef-

fect of vegetation on vertical leaching and surface runoff  by bacteria 

released from surface-applied bovine manure. While bacteria num-

bers fell in runoff  from vegetated plots compared to nonvegetated 

plots, their vertical transport through clay loam and sandy loam 

was enhanced in the presence of vegetation. Th is is because the root 

channels associated with vegetation would have formed preferential 

fl ow paths and thus promoted the vertical transport of bacteria. Ta-

ble 7 shows that the mass recoveries of fecal coliforms and transport 

depths under vegetated plots were greater than for nonvegetated 

plots. However, the eff ect of vegetation on microbial transport was 

not observed in the lysimeter study performed by Carlander et al. 

(2000) with sandy soils. Using Salmonella phages to evaluate the 

Table 3. Notations for Tables 4 to 16.

Method used for removal rate estimation:

a Peak concentration and distance, Log(C
p
/C

o
)/x

b The slope of linear fi t for the log(C
p
/C

o
) –x plot 

   and r2 measures the goodness of fi t

c Removal rate in natural log

d Recovery effi  ciency (or mass recovery) and distance

o Given attachment rate and pore-water velocity

Data used for removal rate estimation: 

e Given C
p
 and distance

f Given C
p
, distance read off  diagram

g Given distance, C
p
 read off  diagram

h Given distance and recovery effi  ciency

i Given removal rate in natural log

j C
p 

and distance read off  diagram

k Slope read off  from given logC–x plot or log(C
p
/C

o
) –x plot

l Slope read from the given linear fi t for the log zero moment 
   –x plot

m C
p
 provided from the author by personal communication

n After Pang et al (2005) 

Parameter:

C
p

Peak concentration of microbe (N/L3)

C
0

Input concentration of microbe (N/L3)

D Dispersion coeffi  cient (L2/T)

d Mean particle size (L)

d
10

The 10th percentile in a cumulative frequency curve 
   of particle size (L)

d
50

The 50th percentile in a cumulative frequency curve 
   of particle size (L)

d
60

The 60th percentile in a cumulative frequency curve 
   of particle size (L)

Ι Hydraulic gradient

K Hydraulic conductivity (L/T)

K
s

Saturated hydraulic conductivity (L/T)

k Temporal removal rate or attachment rate (T–1)

Q Flow rate (L3/T)

R Retardation factor

r2 linear The goodness-of-fi t for a linear log(C
p
/C

o
) –x function 

r2 log The goodness-of-fi t for a log log(C
p
/C

o
) –x function 

V Pore-water velocity (L/T)

x Transport distance (L)

θ Porosity

θ
e

Eff ective porosity

ρ
b

Bulk density (M/L3)

λ Spatial removal rate in log
10

/m, simply expressed as log/m 

Abbreviations:

asl Above sea level bgl Below ground level

DSE Dairy shed effl  uent SW Sewage

SE Septic tank effl  uent OC Organic carbon content

CEC Cation exchange capacity DOC Dissolved organic carbon

Con. Contaminated Unc. Uncontaminated

Min. Minimum Max. Maximum

No. Number of observed dataset WT Water table (bgl)

N.R. Normalized range, calculated from 
   (maximum - minimum)/mean
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impact of viruses on groundwater quality from wastewater irriga-

tion, Carlander et al. (2000) found there were no clear diff erences 

between the willow-cropped and the nonwillow cropped lysimeters, 

and that willow plants did not seem to facilitate leaching of phages 

in the sandy soil by creating root channels. Th e contrasting fi ndings 

of the above two studies suggest that the level of signifi cance of root 

presence on microbial leaching is aff ected by both soil’s structure 

stability and textural properties. Using the given mass recoveries, 

removal rates for these studies are calculated from the mass balance 

method and listed in Table 7. Table 7 also lists the removal rates esti-

mated from a few other studies using large intact lysimeters.

Sandy soils are often chosen in infi ltration basins as an eff ective 

fi ltering media for wastewater treatment. Th is is shown in the re-

moval rates for soil treatment systems (Table 8) estimated from the 

fi eld studies of Nicosia et al. (2001), Schaub and Sorber (1977), 

and Van Cuyk et al. (2004). Th e removal rates estimated from the 

fi eld data of Nicosia et al. (2001) suggest that for the same soil 

media and microbial tracer, the removal rate reduces as the hy-

draulic load increases. Th is is a similar fi nding to that of Smith et 

al. (1985) and Warnemuende and Kanwar (2002) who observed 

that bacterial transport increased with faster application rates.

Nicosia et al. (2001) and Shadford et al. (1997) noted that 

rainfall signifi cantly increased leaching of phages and bacteria 

under infi ltration bed systems. During high rainfall events, the 

microbial retaining effi  ciency of the fi lter beds reduces as the 

high level of infi ltration caused by the rain increases the soil wa-

ter content which in turn facilitates microbial leaching. In ad-

dition, rainfall lowers the ionic strength of pore fl uid and thus 

promotes microbial transport though soils (Bitton and Har-

vey, 1992). Th is is expected as lowering ionic strength would 

increase the thickness of electrostatic double layer, enhancing 

the magnitude of electrostatic repulsion between the micro-

bial particles and mineral surfaces, thus prohibiting deposition 

of microbial particles and promoting microbial leaching. Th is 

eff ect of ionic strength on microbial attachment has been re-

ported in many studies (Bolster et al., 2006; Choi et al., 2007; 

Fontes et al., 1991; Mills et al., 1994; Scholl et al., 1990).

Table 9 lists removal rates estimated for marshland and hillslope 

soils. Th e removal rates estimated from the fi eld data of Watson 

and Rusch (2002) and Rahe et al. (1978) also shows a decline in 

removal rate with hydraulic loading. However, this trend is not 

very clear in terms of the removal rates derived from the study of 

Richardson and Rusch (2005). Note that the results of Table 9 

include a signifi cant infl uence from horizontal transport.

Summary and Recommendations for Soils
Categorizing by soil types, the information detailed in Ta-

bles 4–9 is abstracted in Table 10. Th e following comments 

can be made to summarize the microbial removal rates for soils 

calculated in this study (Tables 4–10):

1. Microbial removal rates are generally in the order of 10° 

log/m (i.e., a few log/m) for most soil types, 101 log/m 

Table 5. The eff ect of saturated hydraulic conductivity, irrigation method and season on leaching of fecal coliforms from dairy shed effl  uent through 
intact vegetated soil lysimeters (based on data of Jing et al., 2008).

Core† Texture pH OC Clay θ Ks

Summer Autumn

Method Mass recover λ‡ Method Mass recover λ‡

–––––%––––– mm/h % Log/m % Log/m

A Silt loam 4.40 6.70 13.00 0.51 42 Spray 0.10 4.27 Spray 0.00 7.14

B Sandy loam 5.00 6.20 5.90 0.49 123 Flood 0.48 3.31 Spray 2.70 2.24

C Loam 5.80 7.20 10.90 0.48 250 Spray 49.80 0.43 Spray 18.00 1.06

D Silt loam 4.70 7.20 10.80 0.48 41 Spray 0.03 5.05 Flood 0.01 5.94

E Silt loam 4.70 6.30 7.60 0.52 110 Flood 0.54 3.24 Spray 0.00 7.14

F Silt loam 4.10 6.10 8.30 0.50 33 Spray 0.01 6.10 Flood 0.61 3.16

† The lysimeters were exposed to fi eld climatic conditions. Effl  uent spray irrigation rates: 25-40 mm/h and ponding for fl ood irrigation, respectively.

‡ Removal rates are estimated from mass balance method.

Table 6. Removal rates of fecal bacteria in soils from Kentucky derived from intact sod-removed lysimeters† irrigated with septic tank effl  uent 
estimated from data of Karathanasis et al. (2006).

Soil name Texture pH OC Clay CEC Q Q
Base 

saturation λ
Fecal Coliforms

‡ r2 linear r2 log λ
Fecal streptococci

‡ r2 linear r2 log

––––%–––– cmol/kg mL/h mm/h log/m log/m

Yeager 1 loamy sand 4.9 0.6 7.0 2.3 45 0.09 0.11 6.66 0.99 0.74 6.07 0.99 0.84

Yeager 2 loamy sand 4.8 0.6 10.0 2.5 45 0.09 0.10 1.38 0.44 0.79 1.37 0.47 0.47

Bruno sandy loam 6.2 3.4 12.0 6.2 35 0.07 0.50 3.89 0.67 0.93 5.02 0.85 0.47

Lily loam 4.7 0.4 16.0 5.4 35 0.07 0.07 4.89 0.94 0.92 5.50 0.99 0.89

Pope sandy loam 4.8 0.8 18.0 4.7 35 0.07 0.14 2.63 0.64 0.59 2.24 0.62 0.63

Ashton sandy loam 6.2 2.0 20.0 18.0 20 0.04 0.18 3.15 1.00 0.75 3.03 0.94 0.67

Nolin sandy loam 5.7 2.5 20.0 14.9 20 0.04 0.33 5.13 0.77 1.00 5.17 0.75 1.00

Shelocta clay loam 5.2 0.7 28.0 8.5 20 0.04 0.19 0.81 0.15 0.56 1.75 0.22 0.63

Lowell silty clay/clay 5.7 0.3 52.0 19.2 15 0.03 0.45 2.44 0.21 0.58 2.76 0.34 0.71

Maury clay 6.0 0.1 42.0 16.5 15 0.03 0.22 3.67 0.95 0.91 6.04 0.97 0.81

† The intact lysimeters are 30, 45, 60 cm in length and 25 cm in diameter. Lysimeters were presaturated prior to effl  uent irrigation and experiments were 

carried out under anaerobic condition.  

‡ Removal rates were determined from the slope of linear log(C
p
/C

o
) vs. depth plots (total four data points including the origin).
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Table 10. Summary of microbial removal rates for diff erent soils.

λ based on C
p
 

Soil texture Source Q pH CEC Clay OC K
s

Microbe Mean Min. Max.

  mm/h  cmol/kg ––––––%–––––– mm/h  ––––––Log/m––––––
Pumice soil DSE 5 5.7–6.2 6–21 1–3 0.4–8.1 30–60 Salmonella phage 16.61 15.75 17.46

Complete removal in fecal bacteria

Allophanic soil DSE 5–10 5.8–6.0 20–25 1.5–6.5 200–1200 Fecal coliforms 5.48 5.22 5.75

E. coli 5.34 5.04 5.63

Enterococci 5.16 5.05 5.28

Complete removal in Salmonella phage

Fine sandy loam DSE 5 5.5–6.4 8.7–11.3 10–20 0.5–2.0 17–43 Salmonella phage 2.98 2.40 3.28

Fecal coliforms 9.34 8.88 9.56

SW sludge 7.64 5.1–5.6 Poliovirus 5.26 4.97 5.54

Fine-very fi ne sand SW 1.33–2.63 6.2–7 5.67–6.69 PRD1 9.19 5.02 13.68

Medium sand SE 0.21–1.13 0.07 0.017 27.6 MS2 or PRD1 10.85 6.82 20.00

Recent sandy soil DSE 5 5.0–5.7 3–19 2–6 0.6–6 100–200 Salmonella phage 2.46 2.08 2.89

Fecal coliforms 2.34 1.96 2.77

Loamy sand SE 0.09 4.8–4.9 2.3–2.5 7–10 0.6 Fecal coliforms 4.02 1.38 6.66

0.09 4.8–4.9 2.3–2.5 7–10 0.6 Fecal streptococci 3.72 1.37 6.07

Trace 1.83 1-2 Salmonella phage 3.76 2.74 4.87

Sandy loam SE 0.04–0.07 4.8–6.2 4.7–6.2 12–18 0.8–3.4 Fecal coliforms 3.70 2.63 5.13

DSE 25–fl ood 5.00 5.90 6.20 123 Fecal coliforms 2.78 2.24 3.31

SE 0.04–0.07 4.8–6.2 4.7–6.2 12–18 0.8–3.4 Fecal streptococci 3.87 2.24 5.17

Bare sandy loam Cow manure 61 5.9–6.5 0.8–2.6 Fecal coliforms 2.41

Vegetated sandy loam Cow manure 61 5.9–6.5 0.8–2.6 Fecal coliform 1.60

Silty sands and gravel SW 8.64 f2 bacteriophage 2.19 1.31 2.86

Fecal coliform 8.28

Fecal streptococci 4.81 2.31 8.58

Silt loam DSE 5 5.7–6.1 9.0–15.4 1.2–24 1.6–23 4–50 Salmonella phage 2.30 2.07 2.69

DSE 5 5.7–6.1 9.1–15.4 12–24 1.6–4.1 4–50 Fecal coliforms 2.47 2.27 2.79

DSE 25–40 4.1–4.7 7.6–13 6.1–7.2 33–110 Fecal coliforms 6.00 4.27 7.14

DSE fl ood 4.1–4.7 7.6–10.8 6.1–7.2 33–110 Fecal coliforms 4.11

Deep silt loam DSE 5 5.6–5.9 6.7–15.2 15–24 0.3–3.1 14.5–385 Salmonella phage 1.99 1.56 2.56

DSE variable 4.1–5.8 5.9–13.0 6.1–7.2 33–250 Fecal coliforms 4.00 0.12 6.25

Shallow silt loam DSE 5 5.6–5.9 8.3–11.7 12–24 0.8–2.2 114–723 Salmonella phage 1.98 0.99 2.53

over gravels Fecal coliforms 4.04 2.42 6.49

Stony silt loam Cow manure 71 5.0 0.3–2.0 Fecal coliform 2.48 1.61 2.69

Silty clay loam DSE 4.80 20.4–25.9 70–80 1.2–8.0 5–88 Salmonella phage 2.80 1.87 4.18

Fecal coliforms 3.61 2.77 5.16

Silty clay/clay SE 0.03 5.7 19.2 52.0 0.3 Fecal coliforms 2.44

0.03 5.7 19.2 52.0 0.3 Fecal streptococci 2.76

Tracer 5.6–5.7 0.04–18.0 E. coli 0.34 0.32 0.36

Clay   SE 0.03 6.0 16.5 42.0 0.1 Fecal coliforms 3.67

0.03 6.0 16.5 42.0 0.1 Fecal streptococci 6.04

Clay loam DSE 5 4.9–5.3 9.9–17.2 30–79 0.8–3.0 13–200 Salmonella phage 1.80 1.59 2.15

Fecal coliforms 2.64 2.08 3.17

SE 0.04 5.2 8.5 28.0 0.7 Fecal coliforms 0.81

0.04 5.2 8.5 28.0 0.7 Fecal streptococci 1.75

Cow manure 61 5.3–6.5 1.8–3.6 Fecal coliform 0.46

Clayey silt loam DSE 5–10 5.7–6.6 30–40 0.4–6.9 200–300 Fecal coliforms 0.55 0.40 0.69

E. coli 0.54 0.42 0.65

Enterococci 0.27 0.20 0.33

Clayey soil DSE 5 5.1–6.1 27–32 52–69 0.8–5.4 30–50 Salmonella phage 0.97 0.12 2.08

5–10 4.8–5.5 not given 65–70 0.8–5.5 30–50 Fecal coliforms 0.41 0.00 0.83

E. coli 0.34 0.00 0.69

Enterococci 0.79 0.72 0.86

Loam SE 0.07 4.7 5.4 16.0 0.4 Fecal coliforms 4.89

0.07 4.7 5.4 16.0 0.4 Fecal streptococci 5.50

DSE 25–40 5.80 10.90 7.20 250 Fecal coliforms 0.75 0.43 1.06

Marshland SW E. coli 1.13 0.99 1.28

 SW  6.5–6.8     Fecal coliforms 2.38 1.19 3.88
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or greater for allophanic and pumice sand soils, but 

could be down to 10−1 log/m for clayey soil, clay loam, 

and clayey silt loam.

2. Of all soil types investigated in this study, allophanic and 

pumice sand soils have the greatest capacity to remove both 

bacteria and phages. Th is is because allophanic clays have 

a net positive charge when soil pH is below 6.0, which 

is their isoelectric point (Cooper and Morgan, 1979). 

Th e pH values for allophanic and pumice topsoils in the 

fi eld are typically < pH 6 (Table 4), therefore they have 

an affi  nity for net negatively charged bacteria and phages. 

In addition, allophane has a very large surface area, 700 

to 900 m2 g–1 (Aislabie et al., 2001), further enhancing 

microbial removal with the volcanic soil media.

3. Volcanic soils are followed by fi ne sandy loam, sandy 

loam, and loamy sand for effi  ciency in microbial 

removal. Fine sandy loam is very eff ective at removing 

bacteria probably due to straining, but it is relatively 

ineff ective at removing phages (Table 4).

4. Silt loam, shallow and deep silt loams have moderate 

capacities in microbial removal.

5. Th e worst soils for microbial removal are clayey soils and 

clay loam. Although clay particles are very eff ective at 

fi ltering microbial particles under conditions of ideal 

matrix fl ow (Keswick and Gerba, 1980), clay soils 

under fi eld conditions are susceptible to shrinking 

and cracking forming macropores and preferential 

fl ow paths (Carlander et al., 2000). Rapid microbial 

leaching immediately after effl  uent irrigation is often 

observed in structured clayey soil, clayey silt loam, and 

clay loam. Similarly, Carlander et al. (2000) also noted 

that phage transport was generally more rapid and 

had a much lower retention in clay soils than in sand 

soils in their fi eld lysimeter study. Th is suggests that 

under fi eld conditions, the eff ect of soil structure (i.e., 

macropores) often overrides the eff ect of texture on 

microbial removal. A clay soil core with many cracks 

and channels might favor microbial transport compared 

with a sandy soil core with a more homogenous pore 

structure (Guimaraes et al., 1997). With intact soil 

cores, there is sometimes no relationship between soil 

texture and microbial transport (Guimaraes et al., 

1997; Smith et al., 1985).

6. Removal rates are more variable (refer to normalized range, 

NR values in Tables 4 and 7) in soils containing clay and 

gravels (clayey soil, silty clay loam, clay loam, silt loam-

over-gravels, and deep silt loam) than fi ne textured and 

volcanic soils (silt loam, fi ne sand loam, recent sandy 

soil, allophanic soil, and pumice sand soils).

7. For a specifi c soil, the removal rate for fecal coliforms is 

generally greater than that for bacteriophages, but they 

are within the same order of magnitude. Removal rates 

for fecal coliforms, Escherichia coli, streptococci, and 

enterococci are similar.

8. For a particular soil, removal rates determined from 

experiments with fl ood irrigation are lower due to a 

greater transport but less variable than those determined 

from spray irrigation. Th is is because soil drainage is 

greatly in excess of soil moisture for fl ood irrigation; 

whereas for spray irrigation the amount applied may or 

may not exceed the soil moisture defi cit, depending on 

the time of year, irrigation method, irrigation rate, and 

uniformity of application.

9. For a particular soil (e.g., Templeton Soil in Table 4), 

removal rates determined from indoor lysimeters are 

less variable than those determined from outdoor 

lysimeters although they are still within the same order 

of magnitude. Soil structure can change with seasons. 

Th is is particularly relevant to the soils with higher clay 

content in the topsoil as shrinkage cracks can form 

during summer but can close up during wet seasons.

Th e information on microbial removal rates in soils can be 

used to select the desirable soil media for effl  uent disposal, for 

example, the selection of backfi ll materials in septic tank disposal 

trenches, soil treatment systems, effl  uent infi ltration basins, and 

fi eld sites for effl  uent irrigation. Th e most desirable soil media for 

effl  uent disposal are volcanic soils, and followed by sandy soils, 

which is implied by the derived removal rates. In contrast, clayey 

soils and gravely soils are not desirable for effl  uent disposal.

It is a common practice to recycle nutrients to fertilize pasture, 

forests, and crops through applying effl  uent and animal manures 

onto land. With appropriate management practices, the effi  -

ciency of soils for microbial removal could improve. When soil 

macropores are disturbed, bacterial transport is substantially de-

creased (Abu-Ashour et al., 1998). McMurry et al. (1998) found 

that the volume of water and the duration of irrigation required 

to elute the maximum concentration of fecal coliforms was sig-

nifi cantly greater in tilled soil blocks than in sod-covered soil 

blocks. Tillage reduces microbial transport by disturbing prefer-

ential fl ow paths (Jamieson et al., 2002; McMurry et al., 1998), 

and could be used to slow microbial leaching through the soil 

profi le (McMurry et al., 1998). Reducing the rate of irrigation is 

another good way to minimize microbial leaching.

As the microbial removal rates for soils previously described 

are derived from studies with soil depths of <1 m, these remov-

al rates should not be extrapolated to depths >1 m; beyond 1 

m, removal rates for vadose zone media should be considered.

Vadose Zones
Vadose zones are defi ned in this paper as unsaturated sub-

surface media below soils, and are either comprised of earthy 

materials or hard rock devoid of animals, roots, or any other 

markers of biological activity. Biological activity is lower in va-

dose zones compared with soils. As they are covered by soils, 

the eff ect of the air–water interface interaction is expected to be 

not as great as in soils, and thus removal rates should be lower 

in vadose zone media than it is in soils. Th e lower boundaries 

of vadose zones are generally groundwater tables, and their up-

per boundaries are arbitrarily set at 1 m in this paper.
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Some Field Studies on Microbial Transport in Vadose Zones
Fewer studies have been undertaken on microbial removal 

in vadose zones compared with microbial removal in soils and 

groundwater. Many of the studies performed involving vadose 

zone media relate to wastewater or sewage effl  uent infi ltration ba-

sins (Anders and Chrysikopoulos, 2005; Carre and Dufi ls, 1991; 

Ho et al., 1992; Jansons et al., 1989; Powelson et al., 1993; Vaughn 

et al., 1981). Infi ltration experiments through vadose zones using 

tracer solutions (Frazier et al., 2002; Gerba et al., 1991; McKay et 

al., 1999), septic tank effl  uent (Pang et al., 2001; Sinton, 1986), 

and animal effl  uent (Krapac et al., 2002) are also reported. Most of 

these studies are limited to the investigation of bacteriophage and 

fecal coliform removal, while the study by Jansons et al. (1989) 

provides valuable information on the removal of waste-associated 

human viruses through vadose zone. Here, microbial removal 

rates in vadose zones from these studies are estimated, using the 

methods described previously, and are listed in Table 11, together 

with their experimental conditions.

Th e microbial removal rates estimated for vadose zone media 

are generally in the order of 10–1 log/m for clay and silt, sand, 

sand-gravels, coarse gravels, and fractured chalk and granite (Ta-

ble 11). Microbial removal rates are in the order of 10° log/m for 

pumice sand and clay till, and also occasionally for sand. Like the 

situation for soil media, the best vadose zone media for effl  uent 

infi ltration are pumice sand and uniform sand.

It is notable that for the same media, the removal rate for 

viruses and virus indicators (phages) is in the same order of 

magnitude as that for bacteria, and can either be lower or 

higher than bacterial removal rates. Viruses are smaller and can 

survive longer than bacteria in the natural environment and 

groundwater (Yates et al., 1987) as unlike bacteria, they do not 

require nutrients in groundwater to survive, thus viruses could 

have a lower rate of removal by fi ltration and inactivation. On 

the other hand, as viruses in sewage effl  uent are often associ-

ated with colloids (Gerba et al., 1978; Hejkal et al., 1981), they 

could be removed with colloids that are larger than bacteria, 

and thus result in a greater removal rate than bacteria.

Th e removal rate for MS2 phage is generally lower than that 

for PRD-1 phage (Table 11), particularly near the soil surface 

(Powelson et al., 1993). However at low infi ltration rates, the 

rate of removal for MS2 phage could be slightly greater than 

that PRD-1 phage because PRD-1 survives for longer than 

MS2 (Gerba et al., 1991). Th e removal rates for human vi-

ruses in sand media estimated in this paper are in the order 

of: enteroviruses < echoviruses type 11 < coxsackieviruses B4 < 

coxsackieviruses B5 = poliovirus type 2 < echoviruses type 24. 

Jansons et al. (1989) found that waste-associated viruses pen-

etrated much deeper down than seeded vaccine polioviruses. 

Th ey commented that the populations (thus surface charge) of 

waste-associated human viruses would be more variable than 

viruses cultivated in the laboratory, thus viruses with a stronger 

net negative charge could penetrate deeper to the soil profi le.

Th e removal rates estimated from the studies by Vaughn et al. 

(1981) and Gerba et al. (1991) appear to increase with decreasing 

infi ltration rates (Table 11), which is consistent with the fi nding 

for soils. Powelson et al. (1993) also observed that removal rate of 

PRD1 increased with lowering infi ltration rate. Th is is because a 

decrease in the infi ltration rate would increase the travel time and 

reduce volumetric water content, leading to the greater infl uence of 

inactivation and the air–water interface on microbial removal. Th is 

fi nding may be useful in managing effl  uent infi ltration. Ground-

water contamination from effl  uent disposal could be minimized by 

controlling the infi ltration rate, for example, by periodically drying 

and wetting the infi ltration basins or disposal trenches.

Most wastewater infi ltration basins listed in Table 11 had oper-

ated for many years and the vadose zone media were organically 

contaminated. Under such conditions, waste-associated viruses and 

bacteria are often associated with organic materials. Viruses and bac-

teria may compete with organic materials for attachment to solid 

surfaces (Harvey et al., 1989; Johnson and Logan, 1996). Th e ad-

sorption of viruses and bacteria onto organic materials in the effl  u-

ent may protect them from inactivation (Tate, 1978). Th is negative 

infl uence of natural organic materials on microbial removal was en-

compassed in the monitoring data used to calculate removal rates.

As infi ltration basins are often under conditions of surface-

ponding, microbial transport is often under forced hydraulic 

gradients and the vadose zone media might be close to satura-

tion. However, unlike transport processes in groundwater which 

occurs largely in a horizontal direction within an aquifer layer, 

transport processes in vadose zones occur vertically mostly, and 

perpendicularly to lithological units. Furthermore, geochemical 

and physical conditions of vadose zones are generally very diff er-

ent from those of unsaturated zones even for the same lithologic 

units. Th erefore, it is expected that the removal rates derived 

from groundwater do not apply to similar vadose zone media, 

even when they are close to saturation. Th e removal rates for 

groundwater systems will be examined in the next section.

Aquifers
Many fi eld studies investigating microbial transport in 

groundwater are reported in the literature. Pang et al. (2005) 

have already compiled microbial removal rates in some sand, 

sand-gravels, and gravel aquifers. Additional results are presented 

here to include a wider range of aquifer media (e.g., karst lime-

stone aquifers and fractured rocks) and aquifer conditions (e.g., 

bank fi ltration). Th e removal rates estimated for a range of aqui-

fer media under various aquifer conditions are summarized in 

Tables 12–15, and the major fi ndings are described below.

Patterns of Removal Rates in Diff erent Aquifers
Th e removal rates estimated for aquifers are much more 

variable compared with those for soils and vadose zone media, 

and they depend on the type of aquifer and its hydraulic char-

acteristics, the transport scale, and duration of contamination. 

Th e following patterns were identifi ed (note that the research 

cited includes diff erent types of organisms):

Sand Aquifers (Flow Velocity <2 m/d)

· 10° log/m for pumice sand aquifers from the studies of 

Pang et al. (1996) and Wall et al. (2008) performed in 

New Zealand,
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· 10–2 to 10–1 log/m for sand aquifers from the studies of Carre 

and Dufi ls (1991), Mailloux et al. (2003), Roser et al. 

(2005), Schijven et al. (1999), Stewart and Reneau (1982), 

van der Wielen et al. (2008), and Zhang et al. (2001).

Sand and Gravel Aquifers (Flow Velocity <3 m/d)

· 10–1 log/m for x < 17 m estimated from the studies 

performed at Cape Cod (Bales et al., 1995; Blanford 

et al., 2005; Harvey and Garabedian, 1991; 

Harvey et al., 1993, 1995; Pieper et al., 1997) and 

those in Frenchtown High School near Missoula 

(DeBorde et al., 1998a, 1998b), and occasionally 

10–2 log/m and 10° log/m (Blanford et al., 2005).

· 10–3 log/m for x = 210 to 970 m and 10–4 log/m for x = 210 to 

2930 m from the study of Harvey et al. (1984) performed 

at Cape Cod, and 10–3 log/m for x = 183 m from Schaub 

and Sorber (1977) performed in Devens, MA.

Sand and Gravel Aquifers in River Bank Filtration (x < 177 m)

· 10–2 to 10–1 log/m in the River Meuse, the Netherlands 

(Medema et al., 2000), Ohio River, United States (Wang, 

2002; Wang et al., 2000; Weiss et al., 2003, 2005), 

Wabash River and Missouri River (Weiss et al., 2005).

Gravel Aquifers (Fast Flow > 11 m/d)

· 10–2 to 10–1 log/m for uncontaminated aquifer from 

DeBorde et al. (1999) and Woessner et al. (2001) 

performed in Erskine near Missoula, MO.

· 10–3 to 10–2 log/m for the uncontaminated aquifers from the 

studies of Flynn (2003), Mallen et al. (2005), and Rossi 

et al. (1994) performed in Germany and Switzerland,

· 10–2 log/m for uncontaminated coarse gravel aquifers from 

Pang et al. (1998) and Sinton et al. (2000), and 10–3 

log/m for contaminated coarse gravel aquifers from 

Noonan and McNabb (1979), Sinton (1980a, 1980b), 

Sinton and Close (1983), and Sinton et al. (1997), 

performed in New Zealand.

Consolidated Aquifers

· 10–1 to 10° log/m for uncontaminated fractured clay till 

and fractured clayed shale saprolite from McKay et al. 

(2000; 1993),

· 10–2 to 10–1 log/m for uncontaminated fractured gneiss 

from Champ and Schroeter (1988),

· 10–2 log/m for contaminated sandstone from Krapac et al. 

(2002),

· 10–3 to 10–2 log/m for contaminated fi ssured chalk from 

Beard and Montgomery (1981),

· 10–2 to 10–1 log/m for contaminated limestone x < 85 m 

from Krapac et al. (2002) and Mahler et al. (2000),
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10–3 log/m for contaminated limestone x = 1250 m 

from Auckenthaler et al. (2002),

· 10–4 log/m for contaminated limestone x = 5000 m from 

Masciopinto et al. (2008).

Th e above results suggest that coarse gravel aquifers, chalk 

aquifers, and karst limestone aquifers have relatively lower ca-

pacities for microbial removal, while pumice sand, alluvial sand 

aquifers, and highly weathered aquifer rocks containing clay 

have a much greater capacity for microbial removal. However, 

when contaminant plumes develop over large distances under 

long-term loading by contaminant sources, even normally ca-

pable aquifers can exhaust their capacity for microbial removal, 

as demonstrated in the removal rates estimated from Harvey 

et al. (1984). Th e eff ect of continuous effl  uent loading on mi-

crobial removal is even showed in experiments performed over 

very short durations. For example, Wall et al. (2008) observed 

a progressive reduction in phages mass removal between exper-

iments (93, 75, and 63%) with continuous loading of DOC 

over 25 d in an 18 cm column fi lled with pumice sand.

Less Microbial Removal in Contaminated Aquifers, 

Anoxic Aquifers, and for Waste-Associated Species
Table 13 shows that when a coarse gravel aquifer (Burnham, 

New Zealand) is contaminated with sewage effl  uent, its ability 

in microbial removal is reduced by one order of magnitude 

(10–3 log/m) compared with when it is uncontaminated (10–2 

log/m). Similarly, a greater removal of PRD-1 is achieved in an 

uncontaminated zone than in a sewage-contaminated zone as 

found in a sand and fi ne gravel aquifer at Cape Cod (Ryan et 

al., 1999). Th is is attributed to the infl uence of sorbed and dis-

solved organic matter and other anions in the effl  uent. As or-

ganic matter is net negatively charged like microbial particles, 

they compete with each other for the same sorption sites in 

the aquifer media and reduce the electrostatic sorption sites 

available for microbial attachment. Ryan et al. (1999) demon-

strated that contaminated aquifer media is more net negatively 

charged than uncontaminated aquifer media. Th e above men-

tioning of “net” negative charge is because both organics and 

microbial cells can have signifi cant hydrophobic surface loci, 

which is positively charged (Unc and Goss. 2004).

DeBorde et al. (1998b) found that the removal rates of sep-

tic tank waste-associated coliphages (composed of collections 

of somatic and F-RNA phages) are about twice as slow as MS2 

phage and ΦX174 marker phages. A possible explanation for 

this is that the properties of waste-associated coliphages are 

much more variable and more resistant to environmental stress-

es than marker phages cultivated in the laboratory. Th is fi nding 

is consistent with the observation of Jansons et al. (1989) who 

report that waste-associated viruses penetrate much deeper into 

the vadose zone than seeded vaccine polioviruses, as mentioned 

earlier. Other factors could also contribute to this diff erence, 

for example, diff erent input confi gurations (pulse input for the 

seeded phages vs. continuous input of effl  uent-viruses) and dif-

ferential changes in recoverability (viability).
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Anoxic groundwater systems have oxygen and nitrate 

concentrations below 0.5 mg/L (Schijven and Hassanizadeh, 

2002). van der Wielen et al. (2006; 2008) reported that the 

removal rates of phages MS2 and ΦX174 in anoxic aquifers 

were considerably lower than their previously reported removal 

rates in oxic aquifers due to lower inactivation and adsorption 

rates under anoxic conditions. Tate (1978) also reported that 

the greatest coliform survival in soils was seen under anaerobic 

conditions. Oxygen is a major regulator of microbial survival 

(Roslev et al., 2004). Under oxic conditions, the oxidation of 

lipids can alterate membrane structure and function, and thus 

damage microbial proteins (Kreier, 2002). Furthermore, metal 

oxides are present in the oxidized conditions, which would also 

enhance microbial removal.

Eff ect of Pore-Water Velocity on Microbial Removal Rates
Of all of the aquifer properties (distance, porosity, particle 

size), the parameter that shows a clearest correlation with removal 

rates is pore-water velocity, which would also be corrected with 

connected porosity and pore-size distribution. Selecting removal 

rates derived from gravel aquifers for phages, Fig. 1 demonstrates 

that the removal rate decreases with pore-water velocity. Th is is 

consistent with the fi ndings from soils and vadose zones – that 

removal rates decrease with increases in hydraulic conductivity, 

hydraulic loading, and infi ltration rates. It is important to note 

that the exponent of the power function fi tted to the λ vs. V 

plot is 0.62 rather than unity as expected from Eq. [3], λ = kV–1. 

Th is is probably an artifact caused by the mixture of pore-water 

velocities for microbial tracers and conservative tracers used in 

the plot. Th is is because microbial pore-velocities were given in 

some studies but not in other studies (Table 13). Pore-size ex-

clusion in heterogeneous large-pore aquifers and retardation in 

low-fl ow aquifers could lead to the velocities of microbial tracers 

being quite diff erent from those of conservative solute tracers. 

Nevertheless, Fig. 1 illustrates the inverse relationship between 

removal rate and pore-velocity.

Removal With Distance: 

Log (C
p
/C

0
) – x Functions

In addition to fi tting the log (C
p
/C

o
)– x data with the linear func-

tions, log functions are also fi tted to the data and their r2 values are 

listed in Tables 6, 8 to 9, and 11 through 14. It should be noted that 

these r2 values only provide a relative comparison in this paper, re-

gardless of whether they are statistically signifi cant in relation to the 

number of datasets analyzed. Comparing the r2 values for a total of 

87 comparable cases, 70% of cases fi t better with the linear functions 

and 30% of cases fi t better with the log functions. Both relationships 

are shown at diff erent transport scales. Selected examples for linear 

and log functions are shown in Fig. 2 and 3, respectively.

When fi tting a function to the log (C
p
/C

0
)– x data, cau-

tion is advised when considering whether to include the origin, 

x = 0. For soils and vadose zones, the concentration of the in-

jection solution is often the actual input concentration to the 

systems at x = 0 (C
0
). However, for groundwater studies, there 

is some uncertainty about C
0
 in aquifer tests where the initial 

Table 15. Removal rates of microbes in sand and gravel aquifers derived 
from riverbank fi ltration monitoring

Distance 
from river Microbe Removal rate λ No. 

Method
& data

m  log/m

Medema et al. (2000), River Meuse, the Netherlands, pumping rate 
140 m3/h, sandy gravel

135 (15–150) Somatic 
Coliphages 

2.96E-02 3 d,h

135 (15–150) SSRC 1.04E-02 3 d,h

135 (15–150) Coliform 1.56E-02 3 d,h

15–25 F-RNA phages 1.67E-01 2 a,j

0–15 All of the above 
and reovirus

2.40E-1–2.67E-1 5 d,h

Wang et al. (2000), Ohio River at Rier Mile 592, Louisville, 
V = 7.32–8.78 m/d

15 Aerobic spores 8.00E-02 4 b,k

30.5 Fecal coliform 1.02E-1(3.1E-2–1.48E-1) a,e

Wang (2002), Ohio Mile 592, Kentucky, watertable 120 m above sea 
level,  θ = 0.4, V = 3–4 m/d

30 Protozoa 7.00E-2(4.00E-2–9.00E-2) 3 a,e

30 Aerobic spores 1.7E-1(1.2E-1–2.7E-1) 3 a,e

Weiss et al. (2003), Ohio River Indiana-America Water Company 
at Jeff erson, IN

V = 9.33–13.6 m/d. θ = 0.2–0.3, gravel mixed with fi ne-media sand

30 F-RNA phages 7.00E-02 2 d,h

27 Clostridium 1.26E-01 2 d,h

Weiss et al. (2005), Ohio River Indiana-America Water Company 
at Jeff erson, IN

30 Bacillus 7.00E-02 6 a,e

177 Bacillus 1.50E-02 9 a,e

177 Somatic 
bacteriophage

1.80E-02 9 a,e

Weiss et al. (2005), Wabash River Indiana-America Water Company 
at Terre Haute, IN

27 Bacillus 8.10E-02 9 a,e

27 Clostridium 1.50E-02 9 a,e

122 Clostridium 1.90E-02 5 a,e

Weiss et al. (2005), Missouri River-America Water Company at Parkville, MO

37 Bacillus 2.20E-02 9 a,e

37 Total coliforms 1.65E-01 9 a,e

37 F-RNA phages† 6.80E-02 9 a,e

37 Bacillus 7.00E-02 4 a,e

37 Total coliforms 1.49E-01 4 a,e

37 F-RNA phages† 5.70E-02 4 a,e

† In original paper it is noted as a male-specifi c bacteriophage.

Fig. 1. Correlation between spatial removal rate and pore-water 
velocity for phage transport in gravel aquifers.
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solution is injected into a test well. Th e concentration of the 

injection solution could be much greater than the actual input 

concentration of microbial tracers in the groundwater at x = 0 

due to dilution of the injection solution in the well.

If x = 0 is included in the log (C
p
/C

0
)– x plot when the value 

for C
0
 in the injection solution is much higher than the actual con-

centration at x = 0, it will result in an artifi cially high removal rate, 

especially for the distances near the sources. Th e single point at x = 

Fig. 2. Selected examples of linear function between Log
10

(C
p
/C

0
) vs. transport distance.
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0 would dominate the shape of the log (C
p
/C

0
)– x plot. Fortunately, 

when x = 0 is excluded, the value of C
0
 has no impact on the deriva-

tion of the removal rate, which only depends on the slope of the 

log (C
p
/C

0
)– x plot, not the intercept. Whether x = 0 is excluded 

depends on how much the injection solution is diluted in the injec-

tion well. For example, where a very small volume of a high concen-

tration solution is injected into a large segment of a well, it is best to 

exclude x = 0 from the data analysis; but where a large amount of 

tracer solution is injected into a small well, x = 0 could be included.

Th e linear log (C
p
/C

0
)– x relationship implies that the con-

centration of mobile microbial tracers decreases exponentially 

with transport distance at a constant fi rst-order removal rate, 

which is consistent with the concept of conventional trans-

port models and fi ltration theory (Logan et al., 1995; Yao et 

al., 1971; Matthess et al., 1988). In contrast, the log log (C
p
/

C
0
)– x relationship suggests that the concentration of mobile 

microbial particles decreases with transport distance in a power 

function and that the microbial removal rate decreases with 

distance (or hyper-exponentially), which contradicts the con-

cept of conventional transport models and fi ltration theory.

As summarized in the reviews by Bradford et al. (2006a) and 

Johnson et al. (2007), the deviation of observed colloid concen-

Fig. 3. Selected examples of log function between Log
10

(C
p
/C

0
) vs. transport distance.
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trations from the predictions of fi ltration theory has been ob-

served in many laboratory studies. Th ese studies typically involve 

the use of uniform fi ne-grain porous media (predominantly 

sand), slow fl ow rates, and small columns (in a transport scale of 

centimetres). Schijven and Hassanizadeh (2000) in their review 

of some laboratory and fi eld studies performed at Cape Cod (a 

transport scale of up to 4 m), also indicated initially higher virus 

removal rates with distance. However they acknowledged that 

this phenomenon was not observed by DeBorde et al. (1998b) 

in their fi eld study, and removal rates for somatic phages and 

FRNA phages were linear over a distance of 18 m. Note that 

the sand and gravel aquifer media investigated in DeBorde et al. 

(1998b) was much coarser (d = 2.4 mm, Table 13) in compari-

son with that in Cape Cod (d = 0.45–0.60 mm, Table 13).

Various explanations have been proposed in the literature for 

the observed discrepancies in fi ltration theory predictions, but 

they can be placed in three categories: (a) the presence of straining, 

(b) heterogeneous attachment conditions, and (c) unfavorable at-

tachment conditions. Th ese three categories are explained next.

Distance-dependant straining processes, which diff er from 

attachment, could be largely responsible for the observed dis-

crepancies for bacteria, protozoa, and large-sized colloids in fi ne 

porous media (Bradford et al., 2003, 2004, 2006b; Foppen et 

al., 2005; Tufenkji et al., 2004). Although straining usually ap-

plies to bacteria and protozoa, it may also apply to viruses that 

are bound to large colloidal particles. Th e deviations from pre-

dictions from fi ltration theory tend to increase for larger colloids 

and fi ner textured porous media (Bradford et al., 2003; Tufenkji 

and Elimelech., 2005). Straining occurs when particles become 

trapped in pore throats that are narrower than the particle di-

ameter. Physical straining is of less importance as a deposition 

mechanism than attachment, especially for viruses. Straining is 

however signifi cant when the ratio of the colloid to media grain 

diameter is >8% (McDowell-Boyer et al., 1986), and will oc-

cur when the ratio is >0.5% (Bradford et al., 2004). Microbial 

removal by straining can be evaluated using the model developed 

by Bradford et al. (2003). Straining is a function of the size of 

colloids and grains, pore space geometry, features of colloid and 

solid surface, solution chemistry, system hydrodynamics, and the 

colloid concentration (Bradford and Torkzaban, 2007; Bradford 

et al., 2006c). Hydrodynamic shear can diminish straining at 

higher velocities and/or slowly mobilize strained colloids down 

gradient (Bradford et al., 2006c). Bradford et al. (2006c) have 

experimentally demonstrated that hyperexponential deposition 

profi les are typically associated with fi ner textured sands and 

lower fl ow rates with signifi cant straining, which occurs primari-

ly at the inlet of the columns. In contrast, they observed uniform 

deposition profi les and gradually decreasing concentrations with 

depth in coarser textured sands and at higher Darcy velocities.

Th e observed discrepancies from fi ltration theory could be also 

due to the fact that the fi ltration theory was derived from ideal at-

tachment conditions, for example, clean beds with uniform physi-

cal and chemical properties, colloids with uniform properties, and 

constancy in chemical solution properties. Wide varieties of attach-

ment conditions can occur during colloid transport, for example, 

heterogeneity in microbial properties (type, size, density, charge, 

survival characteristics, strains, isolates, and aggregation with col-

loids) and porous media (Schijven and Hassanizadeh, 2000), sur-

face heterogeneity (e.g., charge and roughness) of colloids and/or 

porous media (Kretzschmar et al., 1997; Redman et al., 2001), 

and colloid detachment (Tufenkji et al., 2003). Th ese non-uni-

form attachment conditions may also result in hyperexponential 

or nonmonotonic concentration profi les, as observed in the stud-

ies described above. In addition, changes in the redox conditions 

of mineral surfaces, which commonly occur in geochemically 

heterogeneous subsurface media, could also signifi cantly change 

the attachment behaviors of microbial contaminants. Th e eff ect 

of redox conditions on microbial removal is clearly demonstrated 

in the fi eld by Schijven et al. (2000). Th is study showed a very 

strong nonlinear log-removal of phages and spores over distance. 

Th eir interpretation was that this is probably due to the preferable 

attachment of microbes to patches of ferric oxyhydroxides that are 

present within 8 m of the injection point, but not thereafter.

Unfavorable attachment conditions, referring to interactions 

when a colloidal particle and its collector are like-charged, are 

also interpreted as a possible reason for the observed discrepan-

cies from fi ltration theory due to the presence of a repulsive en-

ergy barrier between the colloid and the mineral surface (John-

son et al., 2007; Li and Johnson, 2005; Tufenkji and Elimelech, 

2004). Unfavorable attachment conditions typically occur in the 

presence of organic matter as both colloids and organic matter 

are net negatively charged in most natural environments. Th us 

it is expected that microbial transport in sewage-contaminated 

subsurface media will be under unfavorable attachment condi-

tions. In contrast, under favorable attachment conditions, for 

example, in the absence of repulsive interaction energy bar-

riers, the observed concentrations of mobile and retained col-

loids decrease exponentially with distance from the source (Li et 

al., 2004, 2005; Tufenkji and Elimelech, 2004; Johnson et al., 

2007), which is consistent with fi ltration theory.

Whether a Log (C
p
/C

0
)– x function is linear or higher order 

(e.g., two rate models or power law) could be determined by 

examining whether the diff erence in the slope of Log (C
p
/C

0
)– 

x plot is statistically signifi cant using the likelihood ratio tests 

(Cox and Hinkley, 1974). A likelihood-ratio test is a statistical 

test for making a decision between two hypotheses based on 

the value of this ratio. Th e detailed description of this method 

and its application for analyzing experimental data is given in 

Schijven et al. (2002, 2004).

Log Log (C
p
/C

0
) – x Functions

Th e r2 values shown in Tables 6, 8 to 9 and 11 through 

14 suggest that log functions are superior to linear function 

for describing some of the data from DeBorde et al. (1998b), 

Gerba et al. (1991), Karathanasis et al. (2006), Masciopinto 

et al. (2008), Pieper et al. (1997), Schijven et al. (1999), and 

Sinton (1980a, 1980b). Data obtained from the contaminated 

zone by Blanford et al. (2005) could in fact be better fi tted with 

log functions (not shown in this study) although two linear fi ts 

were applied in their original paper.

Th e plausible explanations for these observed discrepan-

cies from the predictions of conventional models and fi ltration 
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theory are due to (1) the presence of organic matter, (2) kinetic 

detachment, (3) variable microbial populations, (4) change in 

ionic strength, and (5) straining. Th ese are explained below.

All of the fi eld studies described above were under the infl u-

ence of organic matter. Th e net negatively charged dissolved and 

colloidal organic matter in the effl  uent would compete with mi-

crobial particles for attachment to solid phase (Powelson et al., 

1991; Schijven and Hassanizadeh, 2000), thus fewer attachment 

sites in the solid phase would be available for microbial particles. 

Meanwhile, microbial particles in the effl  uent could be adsorbed 

onto organic colloids (Sobsey et al., 1991) and co-transported 

with mobile organic colloids. Th e adsorption of microbial par-

ticles onto organic colloids in the effl  uent may protect them from 

inactivation (Alley, 1993; Canter et al., 1987). As a result of repul-

sive energy barrier and reduced inactivation, microbial particles 

would travel greater distances. On the other hand, when microbial 

particles are attached to immobile organic colloids, or when their 

associated mobile organic colloids are adsorbed to solid phase and 

become immobile, the presence of organic matter would inhibit 

transport of microbial particles. Th is dual role of organic colloids 

in facilitating and inhibiting transport of other contaminants is ex-

perimentally demonstrated in Totsche et al. (1997), and this is also 

expected to be true for microbial contaminants. If the fraction of 

microbial particles bound with immobile organic colloids reduces 

over distance due to dilution of groundwater, removal rates could 

then decline with distances.

Microbial detachment could also contribute to the reduction of 

removal rates over distance, resulting in concentrations to change 

little at larger distances after the initial exponential decline. Th is 

is shown in some of the fi eld studies performed at Cape Cod. For 

example, Pieper et al. (1997) found that after a travel distance of 

3.6 m, an almost constant amount of PRD1 continued to break 

through. Harvey et al. (1984) observed little variation in bacte-

rial levels in contaminated groundwater samples taken beyond a 

transport distance of 1 km. Blanford et al. (2005) observed that 

after fi rst 1 m of transport in the uncontaminated zone and 4 m 

in the contaminated zone, PRD-1 levels reduced very little and 

these levels remained almost constant in both zones for the re-

maining travel distances (up to 13 m), irrespective of variations in 

geochemical properties within and between the two zones. It is ex-

pected that detachment would be greater in contaminated aquifers 

than in uncontaminated aquifers as dissolved organic matter could 

detach microbial particles that are bound to the mineral surfaces 

of aquifer media, a mechanism used to elute viruses adsorbed onto 

membranes (Lytle and Routson, 1995).

Populations of a particular microbial species in sewage effl  uent 

can vary widely in terms of diff erences in size, buoyant density, 

charge, and survival characteristics (Jansons et al., 1989; Sharma 

et al., 2000). Microbe subpopulations which are larger, heavier, 

less negatively charged, and shorter-lived will be removed at 

shorter distances, while smaller, lighter, more negatively charged, 

and longer-lived microbial particles will travel further. Th e eff ect 

of microbial cell size and buoyant density on transport distances 

has been demonstrated in Harvey et al. (1997) and Harvey et 

al. (2002). Th eir studies suggest that laboratory-grown bacte-

ria are much larger and heavier than free-living bacteria in the 

sewage plume, thus could be removed at shorter distances. In 

contrast, the free-living bacteria vary widely in sizes and their 

densities, thus could be removed at diff erent transport distances. 

Th e change in microbial populations, thus their properties, with 

distance will also reduce removal rates over distance.

Dilution of the input effl  uent by groundwater would reduce 

the ionic strength of the solution over the transport distance. 

Th is will lower the deposition of microbial particles over dis-

tance as colloid deposition is positively correlated to the ionic 

strength of the solution (Bradford et al., 2007).

Some fi eld data described above are derived from sandy media 

where fl ow velocities are generally low. Hence, physical straining, 

which primarily occurs near contaminant sources, could be sig-

nifi cant. Even if the ratio of the microbial particles themselves to 

media grain do not meet the criteria of 0.5% for straining, the mi-

crobial particles (possibly even viruses) could be strained out with 

the larger colloids, as most microbial particles are associated with 

colloids in the wastewater and septic tank effl  uent (Sobsey et al., 

1991). Straining is however expected to be insignifi cant in coarse 

gravel and karst limestone aquifers as microbial particles travel 

largely through preferential fl ow paths. Th us the log-log functions 

displayed in these aquifers (Fig. 3) is believed to be largely due 

to nonuniform attachment conditions, particularly the change in 

microbial populations (their sizes, buoyant density, charges, sur-

vival characteristics, etc.) and detachment, as discussed earlier.

In the studies described above, it is often the case that for 

the same experiment, the log functions are better fi tted to some 

microbial species while linear functions are better for other spe-

cies. Th is supports the hypothesis that heterogeneity among 

microbial particles themselves (type, size, density, charge, 

strains, survival characteristics, isolates, and aggregation with 

colloids) may also aff ect their deposition profi les (Schijven and 

Hassanizadeh, 2000).

Linear Log(C
p
/C

0
) – x Functions

Th e r2 values listed in Tables 6, 8 to 9 and 11 through 14 

suggest that the majority of fi eld data (70%) are better fi tted 

with the linear-log functions, which applies for both contami-

nated and uncontaminated media at various transport scales. 

Th is function is also demonstrated in the original papers by 

Blanford et al. (2005), DeBorde et al. (1998b), McKay et al. 

(2000), Richardson and Rusch (2005), Wang (2002), and Wang 

et al. (2000), especially when the origin x = 0 is excluded.

In heterogeneous media microbial transport occurs primar-

ily through continuous large pores (macropores) and preferential 

fl ow paths (Jamieson et al., 2002; Pang et al., 2008; Wollum and 

Cassel, 1978), where fl ow velocities are the highest. In such an en-

vironment, microbial transport approximates a piston fl ow albeit 

with a much reduced eff ective porosity (Germann et al., 1987), 

thus distance-dependent straining processes are expected to be 

minimal, particularly if microbial particles have traveled over long 

distances. When microbial transport occurs primarily through 

macropores and preferential fl ow, microbial detachment is often 

negligible, especially in uncontaminated media (Pang et al., 2008). 

For uncontaminated aquifers where there is no straining, attach-

ment and inactivation (both being fi rst-order processes), will be 



Pang: Microbial Removal Rates in Subsurface Media 1553

the predominant mechanisms for microbial removal, thus the 

fi rst-order law assumed in the classic transport models and fi ltra-

tion theory is appropriate for describing microbial removal. In 

uncontaminated large-pored media where there is no straining, 

the linear-log relationship is evident even on a laboratory scale, for 

example, in an 8 m long column fi lled with pea gravel (Close et al., 

2006). Th e linear-log relationship is shown even during microbial 

transport though 30-cm long intact soil cores comprising uncon-

taminated clay soils (Guimaraes et al., 1997).

For tracer experiments conducted in uncontaminated subsur-

face media, the linear-log functions are commonly seen. Compared 

to organically contaminated media, uncontaminated subsurface 

media contain much less organic matter, thus less repulsive force 

between microbial particles and the surface of porous media. Th is 

would result in a greater microbial attachment, which is essentially 

irreversible in uncontaminated soils (Pang et al., 2008). Unlike 

microbial contaminants associated in sewage effl  uent, laboratory 

strains of a microbial tracer are much uniform in size, shape, den-

sity charge and survival rate, thus they would travel at the same 

speed, yielding a constant removal rate.

Although the linear-log relationship tends to occur more fre-

quently in uncontaminated aquifers, it is also evident in effl  uent-

contaminated aquifers in this study. When preferential fl ow controls 

microbial transport, its eff ect may override the infl uence of unfavor-

able and heterogeneous attachment conditions that are typically as-

sociated with effl  uent. Within preferential fl ow paths, effl  uent dilu-

tion by groundwater is relatively rapid, causing a quick reduction in 

the concentration of organic matter with distance. Th is lessens the 

repulsive energy generated from the net negatively charged organic 

matter, prompting the attachment of microbial particles onto the 

aquifer media. Th is may balance the eff ect of ionic strength on de-

position. As mentioned earlier, colloid deposition will reduce with 

decreased ionic strength as a result of dilution.

Th e fact that the majority of fi eld data showed a linear 

log(C
p
/C

0
)- x relationship suggests that the REV concept is 

valid for microbial removal rates. When the origin or the fi rst 

few meters of a log(C
p
/C

0
)- x plot is/are excluded, the transport 

scale is large enough for x ≥ REV thus the eff ect of heterogene-

ity becomes less important so the removal rate can be averaged 

into a single representative value of statistical and physical sig-

nifi cance. When x < REV, the removal rate cannot be well de-

fi ned (especially with the artifact from the dilution of the injec-

tion solution in groundwater) and the aquifer media cannot be 

treated as a continuum to yield a value that is representative of 

the whole. Th e REV concept may also explain why the removal 

rates derived from laboratory columns (typically x < REV) are 

often orders of magnitude higher than those obtained from 

fi eld conditions for the same aquifer media.

Implications of Removal Rates for Estimating 

Setback Distances

Methods
Th e removal rates provided in this study have some impor-

tant implications in relation to setback distance estimations. 

Th ey can be used in transport modeling after conversion to 

temporal removal rates if pore-water velocities are known (see 

Eq. [3]). For people who have little knowledge of transport 

modeling, the simple method given below could be used to 

roughly estimate a minimum setback distance.

Assuming a continuous constant input of effl  uent, ignoring 

dispersion, the total reduction in microbial concentrations at a 

steady state, can be calculated from the formula (based on the 

concepts of Eq. [4] and [5])

l l l lf f s s v v a an = ST + H + H + H + L  [8]

where, n is the total log
10

 reduction of microbial concentration 

between the contaminant source and receiving water, ST is the log 

reduction of the microbial concentration in the on-site treatment 

system itself, H is the thickness or vertical distance (m), L is the 

horizontal distance (m), and λ is the removal rate (log/m). Th e 

subscripts f, s, v, and a are for the backfi ll material in the disposal 

system (trench or basin), soil of the drainage fi eld, vadose zone, and 

aquifer, respectively. Th e target level for total microbial reduction 

(n) depends on the purpose of the receiving water and the initial 

concentrations of pathogens in the effl  uent.

For drinking water, the maximum allowable value (MAV) 

used in the Netherlands is 2 × 10–7 viruses/L (Schijven and Has-

sanizadeh 2002; Schijven et al., 2006) to minimize the risk of 

infection to less than10–4/person/yr, as estimated from dose-

response relation for rotaviruses (Regli et al., 1991). Based on 

the same approach, the estimated MAV for protozoa is 6.75 × 

10–7 Giardia/L (Regli et al., 1991). Th e criterion of 2 × 10–7 

viruses/L is also adopted in USEPA guidelines (USEPA, 1992). 

Th e MAV used in New Zealand for fecal bacteria is less than 1 

E. coli/100 mL (Ministry of Health, 2005). Th e guideline value 

used for shellfi sh-growing waters in the United States is less than 

4 × 10–2 enteric viruses/L (Kohn et al., 1993). In New Zealand 

recreational surface water bodies should contain less than 126 E. 
coli/100 mL (Ministry for the Environment, 1999).

Information on pathogen concentrations in human effl  uent 

is largely available for centralized sewage treatment plants. Th e 

survey data of Greening et al. (2000) and Lodder and de Roda 

Husman (2005) suggest that the concentration of enteroviruses 

in centralized systems is typically in the order of 102 pfu/L in 

raw effl  uent and 101 pfu/L in treated effl  uent. However, dur-

ing disease outbreaks enteroviruses levels can be as high as 

105 pfu/L in raw effl  uent and 104 pfu/L in treated effl  uent as 

shown in the survey data from Dahling et al. (1989). Pathogen 

concentrations in individual septic tanks are expected to vary 

much more widely compared with homogenized effl  uent in 

centralised treatment systems, because the concentrations will 

depend on whether infected people are living in the dwellings.

If the values of other components are known, the horizontal 

setback distance can be calculated from

l l l

l
f f s s v v

a
a

n - (ST + H + H + H )
L =  [9]

Readers should incorporate some uncertainty into their estimations 

by considering pathogen concentrations for typical and outbreak 
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situations, the lowest and average removal rates for the subsurface 

media of their concern, and other specifi c factors of interest.

If the average velocity of microbial travel (V) through each 

media is known, the total travel time of the microbial contami-

nant, T
total travel

, can be estimated from

f s v a
total travel ST f s v a ST

f s v a

H H H L
T = t +t + t +t +t = t + + + +

V V V V  [10]

where t is the resident time of the microbial contaminant in 

each media, and t
ST

 is the setting time of the effl  uent within 

the treatment system.

Limitations and Warnings
As mentioned above, Eq. [9] does not consider dispersion. For 

soils, vadose zones, and sand aquifers, dispersion is generally small 

but for heterogenous aquifers, it could be signifi cant. As illustrated 

in Fig. 4, with an increase in dispersion, microbes travel further 

hence the distance required for a specifi c log-reduction is greater. 

Th us the horizontal distances estimated from the above formula 

could be much underestimated. However, the spatial removal 

rates determined from fi eld-observed concentrations have already 

incorporated with the eff ect of dispersion. Th is may off set some 

errors generated by using the above simplifi ed formula.

As discussed previously, removal rates are specifi c to the 

physical and chemical properties of microbes (type, size, density, 

charge, strains, isolates) and the subsurface media (macropores or 

preferential fl ow paths, fl ow rate, hydraulic loading rate, poros-

ity, lithology, sorbed organic matter), solution chemistry (effl  u-

ent characteristics, dissolved organic carbon, pH, ionic strength, 

colloidal concentration), transport scale, and the duration of 

contamination. Readers should try to best match all experimen-

tal and environmental conditions when choosing a removal rate 

from the database provided. However, the most important issue 

is to match the fl ow rate as removal rates are most closely related 

to pore-water velocity. Th e accuracy of the estimation of a spe-

cifi c setback distance using the removal rates determined from 

this study will depend on the similarities between the conditions 

associated with the specifi c system and those conditions that are 

associated with the derived removal rate presented here.

During the estimation of setback distances, caution should be 

exercised when extrapolating distances to those beyond the trans-

port scales from which the removal rates are derived. As mentioned 

earlier, removal rates may not be constant and may slow down with 

distance. Th is is particularly relevant for fi ne grain aquifers and 

aquifers under a long-term continuous input of effl  uent. However, 

even with a hyper-exponential concentration profi le, the linear re-

lationship can be applied for certain ranges of distance.

It should be pointed out that the removal rates determined 

from experiments with point sources injected with pulses of 

microbial solutions are expected to be higher than those deter-

mined from area sources under long-term contaminant loading. 

Th is is because (i) fi eld-measured concentrations have already 

accounted for the eff ect of dispersion, which is expected to be 

greater for the concentrations measured down-gradient of point 

sources; and (ii) the capacity of subsurface media in attenuating 

microbial contaminants deteriorates with continuous contami-

nant loading as more and more attachment sites are occupied 

by organic matter, as discussed earlier. Th us removal rates de-

termined from area sources over long-term effl  uent loadings are 

recommended for use as a conservative approach.

Summary
In this study, spatial removal rates of microbial contaminants 

in subsurface media were estimated by analyzing a large body of 

published data obtained from fi eld experiments and large intact 

soil cores. Th e removal rates have assumed all irreversible pro-

cesses. When there are suffi  cient sampling locations, a λ value is 

interpreted from the slope of log (C
p
/C

o
) vs. x plot. When num-

bers of sampling locations are limited, a λ value is directly cal-

culated from the peak-concentration, or recovery effi  ciency (or 

mass recovery), or converted from the temporal rate rate (attach-

ment rate + inactivation rate) if modeling results are available. 

For groundwater tracer experiments, the origin x =  0 is often 

excluded from the slope to avoid the error in the calculation of 

C
o
 due to the dilution of the injected solution in groundwater.

Th e patterns and magnitudes of removal rates for microbial 

transport in a wide range of soil, vadose zones, and aquifer media 

have been identifi ed and are summarized in Table 16. Th e results 

of this study suggest that the subsurface media that are most 

eff ective at microbial removal, thus suitable for effl  uent land dis-

posal and would require smaller setback distances, are allophanic 

soils, pumice sand, fi ne sand, and highly weathered aquifer rocks, 

while the least eff ective subsurface media are structured clayey 

soils, stony soils, coarse gravel aquifers, fractured rocks, and karst 

limestones. Clay particles are very eff ective at fi ltering microbial 

contaminants under ideal matrix fl ow conditions, but clay soils 

under fi eld conditions are susceptible to shrinking and cracking, 

often lowering removal rates in comparison with sandy soils. Re-

moval rates are more variable in soils containing clay and gravels 

than in fi ne textured soils and volcanic soils. Removal rates show 

a clear inverse relationship with pore-water velocity, hydraulic 

conductivity, hydraulic loading, and infi ltration rates. By using 

appropriate management practices, the effi  ciency of subsurface 

media for microbial removal could improve. Reducing irrigation 

rates, periodic drying and wetting, disturbing macropores in soils 

using tillage, especially in vegetated soils, could achieve this.

For the same media, the removal rates for viruses are in the same 

order of magnitude as they are for bacteria, and can be lower or high-

er (due to possible removal with associated large colloids). Removal 

rates are lower for enteroviruses than for other human viruses; for 

MS2 phage than for other phage species (except for PRD-1 some-

times); for waste-associated microbial species than those cultivated 

in the laboratory; and for contaminated aquifers than for uncon-

taminated aquifers. For relatively homogeneous sand and fi ne gravel 

aquifers, removal rates remain within the same order of magnitude 

for both uncontaminated and contaminated conditions, but they 

are one order of magnitude lower for heterogeneous coarse gravel 

aquifers when they are derived from contaminated conditions.

Both linear and log functions of log (C
p
/C

o
) vs. x plots are dis-

played for the fi eld data obtained from various transport scales, 
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with 70% (61 out of 87 pairs) better fi tted with the linear func-

tions. Th e linear function implies that microbial removal is a fi rst-

order process and removal rate is constant with distance (when x 

≥ REV), which is consistent with the assumption made in con-

ventional transport models and fi ltration theory. In contrast, the 

log function suggests that microbial removal follows a power law 

and removal rate declines with increasing distance, contradict-

ing the conventional transport models and fi ltration theory. For 

the same experiment, the best fi t functions often change with 

diff erent microbial species. Data that show the log patterns are 

predominately derived from contaminated media, especially in 

relatively fi ne aquifer media. Unfavorable attachment conditions 

due to the presence of organic matter, hetergenious attachment 

conditions (due to heterogeneity in the properties of microbial 

contaminants, change in solution chemistry, detachment), and 

physical straining (especially when microbial particles are associ-

ated with colloids in effl  uent) may have caused the discrepan-

cies from the linear pattern predicted from traditional transport 

models and fi ltration theory. Th e linear pattern is seen for data 

obtained from both uncontaminated and contaminated media. 

In heterogeneous aquifer and vadose zone media and structured 

soils, microbial transport occurs primarily through continuous 

large pores and preferential fl ow paths, and almost follows a pis-

ton fl ow with much reduced eff ective porosity. Under such con-

ditions, detachment and distance-dependent straining processes 

are expected to be minimal, and the eff ect of preferential fl ow on 

microbial transport may override the infl uence of unfavorable 

and heterogeneous attachment conditions that are typically as-

sociated with effl  uent.

Despite the limitations due to the assumptions and simplifi -

cations used in removal rate estimations, the results of this study 

provide useful information on the relative abilities of subsurface 

media in removing microbial contaminants. Th e results of this 

study have important implications for the determination of safe 

setback distances. Removal rates are specifi c to the physical and 

chemical properties of microbial contaminants and subsurface 

media, solution chemistry, transport scale, the type of contami-

nant source, and the duration of contamination. Readers should 

try to best match all experimental and environmental condi-

tions, especially the fl ow rate, when choosing a removal rate to 

estimate setback distances. For a conservative approach, removal 

rates determined from area-sources under long-term effl  uent 

loading should be considered. Caution should be exercised when 

extrapolating the distances beyond the transport scales that the 

removal rates are derived from. Removal rates may reduce with 

distance, especially in fi ne grain aquifers and aquifers under 

long-term continuous input of effl  uent.
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Fig. 4. Hypothetical example of the eff ect of dispersion on microbial 
transport distance as simulated from CXTFIT.

Table 16. Summary of the magnitude of removal rates for diff erent 
subsurface media.

Magnitude of 
removal rate λ 

log/mCategory Conditions

Soil >101 Allophanic and pumice sand 
soils

100 Most soil types

10–1 Clayey soil, clay loam and 
clayey silt loam

Vadose zone 100 Pumice sand, clay till, 
occasionally sand

10–1 Clay and silt, sand, sand-
gravels, coarse gravels, 
fractured chalk and granite

Sand aquifers 
   (V < 2 m/d)

100 Pumice sand aquifers

10–2–10–1 Sand aquifers

Sand and gravel 
aquifers (V < 3 m/d)

10–1 x < 17 m, clean and 
contaminated, occasionally 
10–2 log/m and 100 log/m

10–2–10–1 x < 177 m (including river 
bank fi ltration)

10–3 x = 183–970 m, contaminated

10–4 x = 210–2930 m, contaminated

Sandy gravel aquifers 
   (V > 11 m/d)

10–3–10–2 x < 163 m , clean

Coarse gravel aquifers 
   (V > 50 m/d)

10–2 Clean

10–3 Contaminated
Fractured rock aquifers 10–1–100 Clean fractured clay till 

and fractured clayed shale 
saprolite

10–2–10–1 Clean fractured gneiss

10–2 Contaminated sandstone

10–3–10–2 Contaminated fi ssured chalk

Karst limestone aquifers 10–2–10–1 x < 85 m, contaminated

10–3 x = 1250 m, contaminated

 10–4 x = 5000 m, contaminated
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