Hydrogeol J (2017) 25:921-930
DOI 10.1007/s10040-016-1502-z

PAPER

Pathogen transport in groundwater systems: contrasts

with traditional solute transport

Randall J. Hunt' - William P. Johnson?

Received: 13 April 2016 / Accepted: 18 November 2016 /Published online: 6 December 2016

© Springer-Verlag Berlin Heidelberg (outside the USA) 2016

Abstract Water quality affects many aspects of water avail-
ability, from precluding use to societal perceptions of fit-for-
purpose. Pathogen source and transport processes are drivers
of water quality because they have been responsible for nu-
merous outbreaks resulting in large economic losses due to
illness and, in some cases, loss of life. Outbreaks result from
very small exposure (e.g., less than 20 viruses) from very
strong sources (e.g., trillions of viruses shed by a single infect-
ed individual). Thus, unlike solute contaminants, an acute
exposure to a very small amount of contaminated water can
cause immediate adverse health effects. Similarly, pathogens
are larger than solutes. Thus, interactions with surfaces and
settling become important even as processes important for
solutes such as diffusion become less important. These differ-
ences are articulated in “Colloid Filtration Theory”, a separate
branch of pore-scale transport. Consequently, understanding
pathogen processes requires changes in how groundwater sys-
tems are typically characterized, where the focus is on the
leading edges of plumes and preferential flow paths, even if
such features move only a very small fraction of the aquifer
flow. Moreover, the relatively short survival times of patho-
gens in the subsurface require greater attention to very fast
(<10 year) flow paths. By better understanding the differences
between pathogen and solute transport mechanisms discussed
here, a more encompassing view of water quality and source
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water protection is attained. With this more holistic view and
theoretical understanding, better evaluations can be made re-
garding drinking water vulnerability and the relation between
groundwater and human health.
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Introduction

In recent years, the concept of sustainable water use, and water
availability, has come to the forefront. To be considered avail-
able, however, the water must have a suitable quality (Warner
et al. 2016); moreover, the definition of suitable quality can
evolve over time as analysis techniques improve and societal
perceptions change. Recent advances in the understanding of
pathogens in groundwater are prime examples of these con-
cepts. Pathogens are here defined as bacteria, viruses, or other
microorganisms that can cause disease. Pathogens are respon-
sible for most all episodic disease outbreaks, and are present in
many groundwater supplies (e.g., Abbaszadegan et al. 2003;
Borchardt et al. 2003; Fout et al. 2003; USEPA 2006; Craun
etal. 2010). The economic cost of pathogen-related illness can
be appreciable, on the order of hundreds of thousands of US
dollars per year for an individual US state from human enteric
viruses alone (Warner et al. 2016). Clearly, increased under-
standing of pathogen source and transport can only serve to
facilitate improved human health and associated economic
benefits.

Pathogen transport has been extensively investigated (e.g.,
Gerba et al. 1975; Vilker 1978, 1980; Vilker and Burge 1980;
Gerba 1983; Lance and Gerba 1984; Yates et al. 1987; Harvey
and Garabedian 1991; Bales et al. 1989, 1993; Powelson et al.
1993; Harvey 1997; Pieper et al. 1997; DeBorde et al. 1998,
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1999; Woessner et al. 2001), where it often focused on easy to
measure targets (bacteriophage, other inorganic tracers) be-
cause other targets such as viruses were both difficult and
expensive to analyze. As a result, understanding of pathogen
source and transport also evolves as analytical techniques im-
prove—for example, as recent as the early 2000s, typical char-
acterization consisted of detecting virus presence versus ab-
sence (not concentration) by conventional polymerase chain
reaction (PCR; i.e., Abbaszadegan et al. 1999). Quantification
of virus concentration could only be accomplished, if at all, by
laborious and expensive culture methods restricted to a small
subset of virus types. Now, with the advancement of real-time
quantitative PCR (qPCR), the quantities of many virus types
can be reliably measured with high-throughput, low cost, and
less labor (Hunt et al. 2014). Detailed genetic information on
virus subtypes can also be obtained with high-throughput se-
quencers, which are widely available; therefore, from a theo-
retical standpoint, this newly developed technology facilitated
new insights into the behavior of viruses in the environment
and associated vulnerability of drinking water supplies. Over
this same period, theory to predict pathogen transport has
advanced to account for the transport behaviors observed for
pathogens that are not typically seen in solutes.

Classical contaminant transport theory describes the advection
and dispersion of solutes, and typically employs equilibrium dis-
tribution constants to describe the transport of solutes that interact
with porous media surfaces—examples include solutes such as
DDT, PCBs, and dioxins, as well as a host of other chemicals
potentially dangerous to human health. When considering these
chemical contaminants, it is important to note that acute exposure
generally poses little immediate risk to human health. Rather, it is
the chronic exposure that is of most concern, for example in the
cases where risk of exposure to a solute contaminant is assessed
using a prescribed number of decades over which one drinks a
specified volume of contaminated water. Pathogens, on the other
hand, focus on acute risks, which influence determination of
which transport behaviors are important—for example, in most
cases, pathogen transport is concerned with characterizing short-
term, exceedingly small, fractions of the bulk contamination,
often at the leading edge of the plume. In contrast, risk assess-
ments from solute contamination typically have a longer-term
focus on the bulk transport behavior of contamination.

Here, traditional solute transport approaches are formally
contrasted with approaches needed to characterize pathogen
transport. The focus here is primarily on pathogen transport
and how it differs from the more widely understood (and exten-
sively published) applied-solute-transport concepts. The hope is
that awareness of such contrasts provides a more holistic under-
standing of the fundamental processes governing the transport
behaviors of solutes and pathogens. This holistic view, in turn,
allows practitioners to obtain a more complete assessment of
vulnerability, and availability, of groundwater resources in the
21st century.
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Pathogens sources and importance for transport

Pathogen contamination requires a fundamental shift from the
classical view of contaminant transport (Hunt et al. 2010).
Small concentrations of contaminant solute molecules (or
“toxic solutes”) are typically not considered an actionable
health risk because they cannot replicate, and because physi-
ological systems have at least modest ability to prevent toxic
outcomes; thus, contaminant removal during water treatment
focuses on reducing them to a concentration below a regula-
tory determined level, such as a “maximum contaminant
level” (MCL). The lowest MCLs commonly lie within the
parts per million (ppm) and parts per billion (ppb) range.
Although one might consider such concentrations to be very
low, the number of contaminant molecules is appreciable—for
example, the benzene MCL of 5 ppb equates to the presence
of 38 x 10" benzene molecules per liter (38 quadrillion per
liter). Pathogens, on the other hand, can cause infection at
exceedingly low levels of exposure, i.e., it may take only a
very small number of virus particles (e.g., <20; CDC 2016) to
make a healthy individual ill. Rather than attaining an MCL,
the treatment goal is to remove all pathogens from water dur-
ing treatment. Recognizing that total removal is not techno-
logically feasible or practical, typically such a protective goal
might be stated as a “4-log reduction” (i.e., 4 orders of mag-
nitude reduction) in pathogen concentration.

There are also important differences with respect to con-
taminant source: solute contaminants do not reproduce, path-
ogen contaminants can. Using the aforementioned example, a
pure liquid benzene spill can theoretically produce a toxic
solute concentration of 1,100 ug/L in water, which equates
to 8.5 x 10" benzene molecules per liter (8,500 quadrillion
per liter), or about 220 times the MCL for benzene. In contrast,
a small virus exposure, in turn, can result in an infected person
that can shed very large numbers of viruses—numbering in
the quadrillions per liter of feces (e.g., Feachem et al. 1983).
Even if one assumes dilution by 1000 during mixing with
water, the contaminated water may contain virus contents in
the trillions per liter range, which is a factor of one trillion
(10'%) greater than, for example, a 1 pathogen per liter goal.
The contrast is vast: a factor of 220 removal for the highest
possible concentration of benzene versus a factor of trillion
removal for a high concentration of viruses. Fortunately, in
addition to dilution, pathogens undergo death or inactivation;
the result of death, inactivation, and other processes is that
most pathogens are commonly degraded in the subsurface
over relatively short time horizons (months to < 10 years;
e.g., John and Rose 2005; Seitz et al. 2011).

Sources for pathogens can be exceedingly varied and
widespread—for example, both sanitary sewer exfiltration
(e.g., Hunt et al. 2010; Bradbury et al. 2013) and surface
water downstream of a wastewater treatment plant (e.g.,
Borchardt et al. 2004) can be important sources of human
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enteric viruses to groundwater. The geometry and distri-
bution of pathogen contamination can also be difficult to
characterize. Sanitary sewers lines underlie most middle
to large communities, typically in gravel-lined trenches,
and they are also known to leak. Reported estimates of
sanitary sewer leakage has been estimated as 30% of sys-
tem flow as a result of infrastructure deterioration; in local
areas, sanitary sewer leakage has been reported to be as
high as 50% of the system flow (USEPA 1989). The ubiq-
uity of pathogen sources can be expected to cause wide-
spread pathogen occurrence in adjacent groundwater sys-
tems. In one recent investigation of 14 community
drinking-water supplies, groundwater from each commu-
nity had virus contamination (Borchardt et al. 2012).

The low numbers of pathogens needed to effect illness, and
the variety and distribution of potential sources, results in
pathogen contamination manifesting itself in a different man-
ner as compared to contaminant solutes. Rather than a risk-
based approach that considers chronic exposure, pathogen ex-
posures are instead characterized by acute episodes that can
result in asymptomatic infection, sporadic illness in the ex-
posed population, or disease outbreaks. The minimum infec-
tive dose can vary widely among pathogens, as can their abil-
ity to move in the subsurface; thus, the temporal nature of the
pathogen occurrence itself in a groundwater system can be
complex (Hunt et al. 2010).

It is common for groundwater wells in a pathogen
source area to show pathogen occurrence given sufficient
sampling over time. It is rare, however, for all wells to
show simultaneous occurrence. The degree of pathogen-
related illness in a human population is well recognized as
being temporally variable (e.g., “flu season”). Moreover,
low-level pathogen contamination is also more dynamic
than toxic solute contamination because mobilization of
pathogens can vary over time. Bradbury et al. (2013) not-
ed that times of expected high groundwater recharge were
commonly followed within weeks by virus presence in
municipal well water. Moreover, the type of virus at the
well was similar to what was seen in the waste stream
(sewerage system) near the time of the groundwater re-
charge. This suggests that unsaturated zone transport may
be limiting, where the unsaturated zone may serve as a
holding reservoir between pathogen mobilization events
(e.g., Tafuri and Selvakumar 2002), where the mobiliza-
tion becomes rapid during recharge (e.g., McCarthy and
McKay 2004; Bradford et al. 2013; Gotkowitz et al.
2016). As a result of these factors, pathogen sources can
be very dynamic and not suited for more stable source
terms appropriate for many solute contamination applica-
tions. This lack of stationarity holds true even if the
source location itself is not variable, as is the case of a
wastewater-treatment-plant outfall or a recurring leak in
an urban sanitary sewer system.

Transport of pathogens versus solutes: underlying
nanoscale mechanisms

This section examines attributes of pathogens that originate in
nanoscale interactions but which influence their macroscale
transport and produce well-noted contrasting behaviors for
pathogens relative to solutes. A primary property of pathogens
is their large size relative to solutes, which ripple to additional
characteristics that influence their transport. The range in sol-
ute sizes is 0.1 nm for simple ions (e.g., chloride) to several
nm for proteins. Excluding prions (pathogenic proteins), vi-
ruses are the smallest among pathogens (27—75 nm). Using an
average size of 50 nm, viruses are about 20 times larger than
proteins and ~500 times larger than simple ions. Bacteria
(~1 pm) are about 400 and 10,000 times larger than proteins
and simple ions, respectively, while Cryptosporidium oocysts
(~5 wm) and Giardia (~10 um) are larger still. The large size
of'these “colloids” relative to solutes yields two primary char-
acteristics that govern their contrasting transport to solutes: (1)
low diffusion rates relative to solutes, which limits their ability
to get near, or “find”, surfaces; and (2) longer time for inter-
actions with surfaces relative to solutes, which holds, or
“lands”, them on surfaces. Note that another impact of the
large size of pathogens relative to solutes is their potential to
be strained, that is, removed from water by entrapment in pore
throats too small to pass. Straining depends primarily on col-
loid and pore throat size, and is discussed further in the fol-
lowing. In this section, non-straining removal is described: the
nanoscale interactions that contribute to contrasting transport
behaviors of pathogens versus solutes even when both are far
smaller than the smallest pore throats in a porous medium.

The “finding” of surfaces in porous media is often a
direct function of diffusion. The relatively high diffusion
rates associated with solutes results in random trajectories
that are not predictable at the pore scale. Although diffu-
sion occurs in the direction from higher to lower solute
concentration, this directed flux is driven by the small-
scale random motion of solutes that causes the molecular
“cloud” to spread from higher to lower solute concentra-
tion. The greater range of diffusive motion of solutes (rel-
ative to pathogens) ensures they will reach grain surfaces
under typical groundwater conditions (e.g., pore widths in
the ~100-um size range and average pore-water velocities
in the ~1-m/day range or less). Although the highly diffu-
sive nature of solutes makes their trajectories random and
unpredictable at the pore scale, it makes their macroscale
transport relatively simple to simulate. In contrast, the rel-
atively low diffusion of pathogens and other colloids makes
their pore-scale transport predictable, because their likeli-
hood of reaching grain surfaces largely depends on whether
they are situated on a fluid streamline that brings them to a
sufficiently close proximity to grain surfaces to intercept
them and allow attachment.
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A primary concept of pore-scale fluid flow fields is the
forward flow stagnation zone (FFSZ) of a grain (Yao et al.
1971; Rajagopalan and Tien 1976), where flow diverges as it
approaches the upstream grain surface (Fig. 1). At the pore
scale, the fluid streamlines most likely to allow colloids to
intercept the grain surface are those closest to the FFSZ axis.
Coupled to this influence of fluid streamlines on colloid de-
livery to grain surfaces is the ability of colloids to cross
streamlines to reach surfaces via diffusion and gravitational
settling. Colloid filtration theory (CFT) predicts particle at-
tachment rate constants based on particle trajectories deter-
mined via a mechanistic force and torque balance involving
diffusion, settling, fluid drag, and colloid-surface interaction
forces in a flow field representing porous media (Yao et al.
1971; Rajagopalan and Tien 1976).

The predominantly used representative flow field is the
Happel sphere-in-cell (Happel 1958), a spherical fluid enve-
lope with thickness scaled to represent desired porosity, and
with flow divergence and convergence on its upstream and
downstream sides, respectively, and radial symmetry about
the flow stagnation axis (Fig. 1). Performing mechanistic tra-
jectory simulations for many starting locations in a plane up-
stream of the grain results in a pore-scale collector efficiency
(1), which represents the number of particles intercepted rela-
tive to the number of particles introduced for a given set of
conditions (colloid size, fluid velocity, etc.). Heuristic expres-
sions to predict 7 across ranging conditions have been devel-
oped to approximate the mechanistic simulations (e.g., Nelson
and Ginn 2011). The collector efficiency is upscaled to an

SRR ® 4
: ° o o C
YY Yy 1 ‘ 1op=21
N J < K C(]
CI
C
@
1
CZ
Cn-l
C
Pobo N, ’ 1—7,:671
2K 28 2K n-1
Collector efficiency (7) = ¢
# intercept / # introduced
from ADE

N, c k c

k= T Ln(l—mv <— Lnz-= —7fL and o= (1~ 7)Ne
Fig. 1 a Schematic of a Happel sphere in cell flow field geometry, and b
scale-up of the Happel collector efficiency (7) to the continuum rate
constant (k), using the relationship for relative concentration (C/Cy) from
the advection-dispersion equation (ADE) under steady-state conditions.
N, number of collectors, L length of transport, and v average pore-water
velocity. Modified from Johnson and Hilpert (2013)
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attachment rate constant (k¢) for use in the continuum
advection-dispersion equation assuming that all interception
equals attachment and that porous media can be represented as
a series of Happel collectors as shown in Fig. 1. CFT predicts
well k¢ for colloids of opposite charge to porous media sur-
faces (Elimelech and O’Melia 1990), with the presumption
that colloids and porous media grains are spheroidal and uni-
formly sized (Long and Hilpert 2009; Pazmino et al. 2011).

Because pathogens and other colloids themselves occupy a
range of sizes spanning more than two orders of magnitude
(e.g., ~50-10,000 nm), the smallest colloids have relatively
high diffusion, whereas the largest colloids have relatively high
gravitational settling. Both of these processes enhance intercep-
tion of grain surfaces. The result is that, under typical ground-
water conditions, the ~1,000-2,000-nm colloid size range is
predicted to undergo the least interception because this size
range is least assisted by combined diffusion and settling that
enhance interception at surfaces. In the laboratory, CFT predicts
well the observed non-linear relationship between fluid velocity
and colloid breakthrough, at least under conditions where no
colloid-surface repulsion exists, and all colloids “land” upon
“finding” the surface (e.g., Tong and Johnson 2006).

Colloid “landing” on surfaces after “finding” them, how-
ever, is an extremely complex process that is difficult to pre-
dict. Colloids interact with grain surfaces via a complex com-
bination of forces that vary with colloid-surface separation
distance. These processes include van der Waals attraction
and electric double-layer repulsion which act across tens to
hundreds of nm separation distances, as well as other shorter-
range forces (e.g., Born, steric, Lewis acid-base; Israelachvili
2011). All of these forces influence whether a colloid will
experience net attraction or repulsion to a surface, and because
they have different distances over which they extend, they
together produce a complex profile of net attraction and repul-
sion that varies with colloid-grain separation distance
(Israelachvili 2011; Fig. 2). Because most pathogens and en-
vironmental surfaces are negatively charged, the electric
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Fig. 2 Colloid-surface interactions emanating from van der Waals
attraction, electric double layer repulsion, and Born repulsion producing
the repulsive energy barrier, primary minimum attraction, and secondary
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double layer interactions are typically repulsive, leading to a
profile for which colloid-grain interactions are net attractive at
the largest separation distances where weak van der Waals
attraction dominates (e.g., tens to hundreds of nm) to form a
zone of “secondary minimum” attraction (Fig. 2). At closer
separation distances, electric double layer repulsion dominates
creating a “barrier” to attachment. At still closer separation
distances (e.g., within a few nm) van der Waals attraction is
sufficiently strong to overwhelm electric double repulsion,
forming a strongly attractive “primary minimum” wherein a
colloid may attach to “land on” the surface (Fig. 2).

For given surface and solution properties, the magnitudes
of the forces increase directly with colloid size such that col-
loids experience stronger primary minimum attraction relative
to solutes. For a given colloid size and surface properties, the
barrier magnitude is inversely proportional to solution ionic
strength (Israelachvili 2011). This classic description of col-
loid surface interactions shows qualitative correspondence
with many observed influences of surface and solution chem-
istry on colloid transport in porous media; e.g., colloid break-
through concentrations are inversely proportional to solution
ionic strength (e.g., Elimelech and O’Melia 1990; Li et al.
2004; Tufenkji and Elimelech 2004). However, this classic
approach assumes that measured surface properties are ho-
mogenous such that bulk repulsive surfaces are everywhere
repulsive. As such, this “mean field theory” fails to predict
colloid attachment to grain surfaces under environmental con-
ditions because it fails to recognize the nanoscale surface
chemical heterogeneity and roughness that change the balance
of attraction and repulsion experienced by colloids interacting
with surfaces. This complex subject will not be further de-
scribed here, but suffice it to say that chemical heterogeneity
and roughness on surfaces in both field and laboratory settings
create local nanoscale zones of attraction that allow colloids to
“land” on bulk repulsive surfaces (e.g., Johnson et al. 2010;
Pazmino et al. b), and colloid transport theory is now catching
up to these observations (e.g., Bhattacharjee et al. 1998; Hoek
et al. 2003; Duffadar et al. 2009; Ma et al. 2011; Bendersky
and Davis 2011; Pazmino et al. 2014a, b; Trauscht et al. 2015).

Transport of pathogens versus solutes: macroscale
behaviors

Pore-scale trajectories of solutes are random and unpredict-
able; however, high diffusion largely guarantees that solutes
will reach porous media surfaces under many groundwater
conditions. Furthermore, the high diffusion and relatively
short-range attractive interaction forces holding solutes to sur-
faces allows them to rapidly swap onto and off of surfaces,
facilitating equilibrium for the distribution of solute between
water and the porous media. Such equilibrium is well ob-
served for ion exchange or hydrophobic partitioning

processes, which are commonly described by linear equilibri-
um distribution coefficients (K) that are measured in the lab-
oratory for a given solute with a given porous medium.
Incorporation of Ky into the advection-dispersion equation
for transport produces a retardation factor (R), which describes
the longer travel time of a sorbing solute relative to bulk
groundwater (Fig. 3). This process is often described using
breakthrough to a given relative concentration (C/Cy) in an
aquifer with a given volumetric water content (¢) and bulk
density (p), and a constant source concentration of contami-
nant (Cp).

In contrast, retention of pathogens and other colloids on
surfaces is largely irreversible (in the absence of perturbations
in flow or chemistry) due to strong van der Waals attraction
and relatively weak back diffusion for colloids relative to sol-
utes (Johnson et al. 2010; Pazmino et al. 2014a). Therefore,
pathogens (and other colloids) do not rapidly swap onto and
off of surfaces like solutes. Thus, rather than the equilibrium
K4 representative of a solute, the predicted likelihood of col-
loids finding and landing on attachment sites is represented by
an irreversible attachment rate constant (k). The rate constant,
kg, 1s derived by upscaling the likelihood of colloids finding
surfaces (via interception as already described and in Fig. 1)
and conceptualizing macroscale porous media as a series of
FFSZs (Nelson and Ginn 2011; Johnson and Hilpert 2013).
When k; is employed in the advection-dispersion equation, it
produces a reduced steady-state breakthrough that always re-
sults in C/C < 1. That is, for colloids, the concentration pass-
ing a given transport distance will be lower than the source
concentration even under steady-state conditions (Fig. 3), and
this relative concentration will be further reduced with in-
creasing transport distance. With sufficient distance, the mo-
bile concentration is effectively reduced to zero.
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Fig. 3 Typical breakthrough curve profiles that illustrate how
equilibrium partitioning (i.e., retardation; solid green line) and filtration
(i.e., kinetic removal; blue line) impact breakthrough behavior relative to
a conservative tracer (red line). The variables in the equations are defined
as: C effluent concentration; v pore-water velocity; ¢ time; x position; 6
porosity; D dispersivity; Ky partition coefficient; p, bulk density; R
retardation coefficient; k¢ filtration rate coefficient; C, initial (injection)
concentration; and L transport distance. Reproduced from Molnar et al.
2015
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These concepts form an important conceptual difference
between many solutes and pathogens: equilibrium (fully re-
versible) linear sorption that retards contaminant breakthrough
to later times is not characteristic of pathogenic contaminants.
Rather, irreversible pathogen “landing” on grains results in
contaminant pathogen breakthrough to steady-state concentra-
tions that are lower than the source (Fig. 3). The concepts
discussed here are most easily seen during steady-state flow
conditions with constant source concentration; transient flow
and/or source concentration, however, can complicate these
distinctions. Furthermore, the aforementioned contrast in be-
haviors between solutes and pathogens blurs when one con-
siders irreversible processes for solutes (e.g., degradation,
chemical precipitation). Still, understanding these contrasts
in “textbook” behavior is useful for describing the contrasting
transport behaviors of pathogens versus solutes.

Although it is true that pathogen sorption is typically con-
sidered irreversible, this association can be reversed by per-
turbations such as increased flow and reduced solution ionic
strength (Hahn and O’Melia 2004; Shen et al. 2007; Pazmino
et al. 2014a). Mechanistic simulations (e.g., Pazmino et al.
2014a) demonstrate that reduced ionic strength can increase
net colloid-grain repulsive interactions, and increased fluid
velocity increases the torque driving colloid mobilization.
Such a nanoscale phenomenon likely contributes to the mac-
roscale observation that disease outbreaks are typically asso-
ciated with heavy rainfall (e.g., citations in Pazmino et al.
2014a). These processes likely act in concert with hydrologic
impacts such as enhanced unsaturated zone transport resulting
from higher precipitation-driven infiltration (e.g., McCarthy
and McKay 2004).

To this point the focus has been on CFT physicochem-
ical filtration of pathogens (colloids) as a means of
explaining their macroscale transport behaviors relative
to solutes; however, in natural porous media with fine or
non-uniform grain sizes, one can expect straining to serve
as an important mechanism of colloid capture.
Furthermore, although CFT physicochemical filtration
may be the primary capture process in clean porous me-
dia, the continued capture of colloids on surfaces will
eventually constrict pore throats, and the mechanism of
capture will evolve toward straining. It should be noted
that straining is a purely physical process related to the
pore size being smaller than the colloid. The influence of
pore-scale flow field attributes such as FFSZs, diffusion/
settling, and colloid-surface interaction, as captured in
CFT (the “finding” of and “landing” on surfaces), is not
relevant to straining. Simply put, colloids larger than pore
throats will get stuck, unequivocally. The most fundamen-
tal driver of the straining process is the pore-throat-size
distribution. Because straining further closes pore throats,
flow through a porous medium will eventually be reduced
and require greater driving pressure, which is why

@ Springer

engineered granular filters must eventually be back-
flushed.

With respect to capture mechanisms for pathogens in gran-
ular aquifers, physicochemical filtration versus straining pro-
cesses may seemingly result in contrasting outcomes.
Although not representative, for simplicity let it be assumed
that no repulsion exists between pathogens and grain surfaces
in aquifers. In that case physicochemical filtration would pre-
dict that colloids in the size range of bacteria (~1,000—
2,000 nm) should be most prevalent in groundwater because
of their relatively low combined diffusion and sedimentation
relative to smaller (e.g., viruses) and larger (e.g., protists) col-
loids. In contrast, straining as the primary capture mechanism
predicts the greatest mobility for the smallest colloids because
they are least likely to be strained. In fact, viruses are com-
monly observed in porous media and drinking water wells
when larger pathogens are not (e.g., Borchardt et al. 2004;
Wau et al. 2011), which supports straining as a primary capture
mechanism in aquifers. However, when one no longer as-
sumes that repulsion is absent between pathogens and surface,
physicochemical filtration may not predict 1,000-2,000-nm-
sized bacteria to be most prevalent once repulsion (and influ-
ence of heterogeneity) is accurately incorporated into models.
Furthermore, in practice, the different source concentrations,
longevities, and ecological differences between viruses versus
bacteria may increase the prevalence of smaller pathogens.

One practical result of the difference in processes is this: if
straining is the primary capture mechanism operating in natu-
ral granular aquifers, then the long-term removal of pathogens
in aquifers and/or hyporheic zones necessarily involves regen-
eration of clogged pores via degradation and/or flushing of
accumulated material (e.g., during dynamic conditions such
as flooding). Likewise, the association of disease outbreaks
with heavy rainfall would be interpreted as being more closely
related to hydrologic processes (e.g., mobilization of vadose
zone water) than physicochemical processes such as changes
in ionic strength; however, the effect of lower ionic strength
likely assists pathogen mobilization, working in concert with
more strictly physical processes. As might be now readily
apparent from this discussion, opportunities to better under-
stand the relative roles of physicochemical filtration versus
straining in pathogen removal in natural media, and the pro-
cesses that support this ecosystem service over the long-term,
are vast and our understanding is rapidly evolving.

Solute and pathogen transport differs also in macroscopi-
cally heterogeneous media (e.g., heterogeneity arising from
stratigraphy, fractures, and bioturbation resulting from root
traces and burrows) that are characterized by preferential flow
paths. Pathogen transport in preferential flow paths is demon-
strably rapid and robust relative to the transport of solutes
(McKay et al. 1993; McKay 2011; Borchardt et al. 2011).
Notably this contrast arises for the same reasons as the con-
trasting transport behaviors described in the preceding section
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at the pore scale in relatively uniform media. Advective flux in
heterogeneous media may occur predominantly within the
preferential flow paths; hence, the relatively low diffusion of
colloids largely prevents their mass transfer from fractures into
the matrix pore space, whereas the relatively high diffusion of
solutes facilitates their entry into matrix pore space. Moreover,
the matrix pore advection is relatively slow despite it typically
occupying a significant or even large portion of the overall
porosity of the media; therefore, colloids in heterogeneous
media often show early breakthrough relative to solutes
(e.g., Powelson et al. 1993; Bales et al. 1989, and Deborde
et al. 1998). Notably, even in uniform media, colloids may
show somewhat faster transport than solutes because their size
(and bulk repulsion) tends to keep them at least one radius
from grain surfaces such that they do not experience the low-
est fluid drag at the closest distances to grain surfaces, whereas
the lowest fluid drag is experienced by solutes diffusing rap-
idly across the pore fluid (e.g., Zhang et al. 2001a).

Finally, recall that solute and pathogenic contaminants can
have differences in macroscale transport due to their potential
for degradation. Solutes may be degraded (e.g., hydrolyzed or
biodegraded by bacteria), transforming them to by-products
that may or may not be innocuous. Similarly, pathogens exist
within an ecological context in which they may be “preyed”
upon, for example, from below by viruses that are pathogenic
to bacteria, or from above by protozoa that use bacteria as a
food source (Zhang et al. 2001b; Kinner et al. 1998); however,
the degradation endpoint can be different because some sol-
utes have a relatively simple chemical structure compared to
the biochemical complexity of a pathogen. These simple sol-
utes might be returned in a form where it is recognizable even
after it is removed from the fluid (e.g., arsenic As, lead Pb, and
mercury Hg). However, when complex pathogenic molecules
are degraded, decayed, or consumed by other organisms at the
grain surface, the complex biological molecules are broken
down to simpler molecules that are not easily reconstituted
back to an infectious pathogen; thus, when a pathogen leaves
the fluid, it is more likely to be rendered innocuous.

Implications for groundwater and health

As shown, conceptual and practical differences between path-
ogen transport and traditional chemical contaminant transport
can be appreciable. Consequently, a practitioner interested in
pathogens needs an approach more encompassing than those
used for solute transport. First, the area of interest within the
plume is different. Solute contaminant transport often has a
focus on the travel of the plume center-of-mass and hot spots,
which reflect bulk properties of the aquifer and well-
understood concepts of retardation. Such a focus is appropri-
ate because the risk from solute contamination depends on
long-term/chronic exposure related to slowly moving plumes.

Pathogen transport, however, is different because adverse
health effects can only occur while a pathogen is still infec-
tious. As a result, assessment of pathogen transport is not
focused on long-term plumes where centers of mass move
from a source area of concern. Rather, it focuses on the poten-
tial emergence of a small fraction of the bulk contamination,
and transport in preferential flow paths that can quickly move
a low-concentration leading edge of a plume from a source to
a receptor. Rather than groundwater vulnerability being
assessed using decade-scale water movement, it is the fast
pathway properties of the aquifer that are most important for
understanding the vulnerability to pathogens and the risk for
disease transmission.

Hunt et al. (2010) characterize this difference as follows:
traditional solute contaminant hydrology focuses on “high
yield-slow transport” pathways; pathogen transport requires
a focus on “low yield-fast transport” pathways. Yield, as used
by Hunt et al. (2010), refers to the percentage of the total water
moved in an aquifer or to a well, whereas “high yield” refers
to the dominant source of water and “low yield” is a non-
dominant source of water. Consequently, the ability to infect
at very low dose, and a limited time of infectivity in the sub-
surface, requires emphasis on fast pathways even if they con-
tribute a very low percentage of the total volume of water that
moves (e.g., red rectangle in Fig. 4). Rather than the slow
changes to the center of mass, the outermost edges of contam-
ination, and the temporal perturbations that may mobilize
pathogens, are most important for pathogen transport. Much
of applied solute transport work is less concerned with these
spatial and temporal “fringes” because that is not where the
risk associated with contamination traditionally resides.
Indeed, with pathogen transport’s focus on very small
amounts moving very quickly in preferential flow paths or
in response to perturbations, the concept of the plume edge
changes to one that cannot easily be defined by a smooth
isochemical-like contour.
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Extending this distinction further: how fast is “fast
transport”? For purposes of discussion, consider the approxi-
mately 3-year time for a virus to become undetectable in
groundwater reported by Seitz et al. (2011). For most aquifers,
distances traveled in many unstressed groundwater systems in
3 years are short, typically less than 100 m (e.g., Alley et al.
1999); however, distances on the order of kilometers can be
traveled in short timeframes in karst and fractured rock aqui-
fers (e.g., Borchardt et al. 2011). Even in porous media aqui-
fers, stress applied to the groundwater system such as that
resulting from high capacity pumping significantly depressur-
izes groundwater systems and can create large hydraulic gra-
dients. These gradients, in turn, induce faster local groundwa-
ter velocities than occur in unstressed groundwater flow sys-
tems. In such settings, travel times and transport are perhaps
better conceptualized as groundwater moving through prefer-
ential flow paths that act like a network of interconnected
pipes rather than the bulk aquifer. This could explain, in part,
why virus contamination frequency tends to be greater in high
capacity wells (e.g., 50% of samples, Borchardt et al. 2004)
than in private domestic wells (e.g., 8% of samples, Borchardt
et al. 2003). This conceptualization can also describe obser-
vations of virus transport to deep supply wells cased through
an aquitard occurring in several weeks (Bradbury et al. 2013).
Such fast travel times are rarely documented in solute contam-
ination, due to both the differences in transport described here,
as well as orders of magnitude higher minimum analytical
detection level of solutes (Hunt et al. 2010).

Episodic outbreaks of groundwater-borne pathogens dem-
onstrate that worrisome combinations of pathogen source and
transport conditions can happen given the right circumstances.
More concerning, long-term annual/quarterly monitoring of
the groundwater quality typically gave no indication of poten-
tial pathogen threats related to the groundwater (e.g., Hrudey
and Hrudey 2004, 2007). Predicting when and where drinking
water is vulnerable is difficult. Potential pathogen sources are
widely distributed; for example, most countries have many
kilometers of sanitary infrastructure adjacent or near to the
same infrastructure that supplies drinking water. In addition
to large potential source areas, rates of pathogen movement in
groundwater can vary widely. Also, different pathogens can
have different sizes and transportability, even in the same
aquifer; thus, periodic sampling of standard microbiological
indicators of water sanitary quality, total coliform bacteria and
E. coli, are rarely correlated with virus detection (Wu et al.
2011). Finally, accurate characterization of the edge of the
plume and extensive networks of preferential flow paths with-
in an aquifer is difficult.

Thus, true assessments of drinking water vulnerability are
difficult and costly. They must include both traditional solute
contamination moving through high yield/slow transport
paths and fast transport pathways even if those pathways com-
prise a very small amount of total water moved. Vulnerability
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must consider both the relatively stable threat of slow moving
solutes of a sufficient concentration and episodic and highly
variable pathogen concentrations that are difficult to evaluate
without an intensive sampling regime over an extended peri-
od. Vulnerability characterization must use both traditional
solute contaminant transport theory and extensions of less
formalized and widely understood pathogen transport con-
cepts described herein. Finally, vulnerability assessments of
groundwater supplies must encompass the well-accepted risk-
based epidemiology of solute contamination and the less
known epidemiological effects of pathogens. Although seem-
ingly overwhelming, it should be clear that pathogens require
an extension of existing approaches, not replacing them.

Fortunately, in one sense additional uncertainty added to
predictions of drinking water vulnerability can be addressed in
a straightforward manner by protecting the public through
multiple safety barriers, including relatively low-cost ap-
proaches such as chlorination. That is, as Hunt et al. (2010)
suggest: rather than costly and imperfect predictions of vul-
nerability at every drinking water supply, it may be more
expedient and effective for protection of public health to as-
sume that pathogen contamination is present at least some of
the time. Then societal efforts can leverage the understanding
presented in this work to optimize safety barriers that can be
used to protect drinking water rather than incorrectly asserting
that no safety barriers are needed at all.
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