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Virus transport in unsaturated porous media
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Abstract. A numerical model for one-dimensional virus transport in homogeneous,
unsaturated porous media was developed. The model accounts for virus sorption onto
liquid-solid and air-liquid interfaces as well as inactivation of viruses suspended in the
liquid phase and viruses attached at both interfaces. The effects of the moisture content
variation on virus transport in unsaturated porous media were investigated. In agreement
with previous experimental studies, model simulations indicated that virus sorption is
greater at air-liquid than liquid-solid interfaces. Available data from experiments of colloid
transport through unsaturated columns were successfully simulated by the virus transport
model developed in this study.

1.

Introduction

Most of the common viruses present in the subsurface originate from human and animal sewage through wastewater discharges, sanitary landfills, septic tanks, and agricultural practices. Experimental studies revealed that viruses survive a
considerable period of time in unsaturated porous media before they reach the water table [Schaub and Sorber, 1977].
Therefore it is important to understand fully the mechanisms
governing the transport and fate of these microorganisms in
unsaturated porous media.
Virus transport in unsaturated porous media is distinguished
from transport in saturated porous media, because virus sorption and inactivation are considerably influenced by the soil
moisture content and subsurface temperature fluctuations
[Vilker and Burge, 1980; Vilker, 1981; Thompson and Yates,
1999]. Unsaturated porous media consist of liquid, solid, and
air phases. For water-wet solid surfaces, both liquid-solid and
air-liquid interfaces exist. Virus sorption within unsaturated
porous media is significantly affected by the presence of these
two interfaces. An illustration of the three phases present in
unsaturated porous media together with viruses in the liquid
phase and at the associated two interfaces is shown in Figure 1.
Although viruses may undergo sorption onto liquid-solid
interfaces via physical adsorption, chemical sorption, or ion
exchange, virus sorption onto liquid-solid interfaces mainly
results from electrostatic double-layer interactions and van der
Waals forces [Teutsch et al., 1991]. It should be noted that virus
sorption behavior evaluated from batch studies is not consistent with results from column or field experiments [Powelson
and Gerba, 1994]. However, Jin et al. [1997] indicated that virus
sorption is determined more effectively with a well-controlled
column flow system. Furthermore, Vilker [1981] suggested that
nonequilibrium kinetic sorption is appropriate for models describing virus attachment onto liquid-solid interfaces and for
viruses with size relatively small or similar to the size of solutes.
This sorption process represents the rate of approach to equilibrium between adsorbed and liquid phase virus concentrations, accounting for virus transport to the outer layer of a solid
particle by mass transfer, followed by virus immobilization.
Numerous investigations suggest that virus sorption is
Copyright 2000 by the American Geophysical Union.
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strongly correlated with the degree of soil moisture. Lance et
al. [1976] and Lance and Gerba [1984] reported that decreasing
the moisture content enhances virus sorption onto the solid
matrix by forcing viruses to move into a thin film of water
surrounding soil particles. However, Powelson et al. [1990,
1991] and Poletika et al. [1995] indicated that the enhanced
removal of viruses at low soil moisture content is due to the
sorption of viruses onto air-liquid interfaces in addition to virus
sorption onto liquid-solid interfaces. Wan and Wilson [1994a,
b] also experimentally demonstrated that colloids such as viruses strongly adsorb onto air-liquid interfaces. Powelson et al.
[1990] suggested that virus sorption is greater at air-liquid than
liquid-solid interfaces.
Virus sorption at air-liquid interfaces is mainly controlled by
virus particle surface hydrophobicity, solution ionic strength,
and particle charge [Wan and Wilson, 1994a]. The primary
forces controlling virus sorption at air-liquid interfaces are van
der Waals and interactions between hydrophobic groups on
viruses and solid surfaces. Virus sorption at an air-liquid interface is essentially irreversible because of the strong binding
exerted by capillary forces. Consequently, viruses at an airliquid interface may be desorbed only under high interfacial
shear stresses induced by fast interstitial fluid flow [Wan and
Wilson, 1994a; Poletika et al., 1995]. Virus sorption onto airliquid interfaces in unsaturated porous media is governed by
temporal and spatial variations of the moisture content; however, the nonlinear relationship between moisture content and
virus sorption at air-liquid interfaces is not well understood.
Virus inactivation is defined as a loss of viral titer with time
due to disruption of coat proteins and degradation of nucleic
acid [Gerba, 1984]. Virus inactivation is controlled by many
factors, including temperature, microbial activity, moisture
content, pH, and soil properties, to mention a few [Yates and
Yates, 1988]. Virus inactivation is often considered as a firstorder irreversible sink mechanism [Yates and Yates, 1988; Sim
and Chrysikopoulos, 1996]. The inactivation rate coefficient is
smaller for viruses attached at a liquid-solid interface than
viruses suspended in the liquid phase [Hurst et al., 1980; Vilker,
1981; Gerba, 1984; Yates and Yates, 1988]. Consequently, recent mathematical models for virus transport in saturated porous media account for different inactivation rates for viruses
in different phases [Chrysikopoulos and Sim, 1996; Sim and
Chrysikopoulos, 1995, 1998].
Viruses sorbed at air-liquid interfaces undergo enhanced
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Figure 1. Schematic illustration of viruses distributed in an
unsaturated porous medium, where C represents viruses in the
liquid phase, C* viruses sorbed at liquid-solid interface, and
C { viruses sorbed at air-liquid interface.

inactivation [Thompson et al., 1998]. When a fluid (i.e., water)
is in contact with another immiscible fluid (i.e., air), the difference between the inward attraction of the molecules within
each immiscible fluid and those at the interface of the two
fluids leads to interfacial tension [Bear, 1972, p. 441]. Thus, for
viruses sorbed at air-liquid interfaces, the interfacial tension
along the virus particles creates a deforming force, which results in disruption of coat proteins and consequently promotes
virus inactivation [Trouwborst et al., 1974].
Only a few mathematical models are available in the literature describing virus transport in unsaturated porous media.
These models employ invariant virus sorption and inactivation
parameters and do not account for the effect of soil moisture
content variation on virus sorption at liquid-solid and air-liquid
interfaces. Tim and Mostaghimi [1991] developed a numerical
model for water flow and virus transport in variably saturated
formations assuming that virus sorption is an equilibrium process and that the virus inactivation rate is identical for adsorbed as well as liquid phase viruses. Park et al. [1992] developed a semianalytical/numerical model (Viralt) for both steady
state and transient vertical virus transport in the unsaturated
zone and along the flow lines in the saturated zone, accounting
for equilibrium sorption and first-order inactivation. Yates and
Ouyang [1992] developed a one-dimensional numerical model
(Virtus) that couples the flow of water, viruses, and heat in
unsaturated porous media accounting for moisture-independent sorption, filtration, and temperature-dependent inactivation.
This work provides a mathematical model for virus transport
in one-dimensional, homogeneous, unsaturated porous formations. Virus sorption onto liquid-solid as well as air-liquid interfaces is accounted for. Furthermore, inactivation of viruses
suspended in the liquid phase and viruses attached at both
interfaces are incorporated into the transport model. The effect of moisture content variation on virus transport in unsaturated porous media is investigated. The model is applied to
available experimental data.

2.
2.1.

Model Development
Virus Transport

The vertical virus transport in one-dimensional, unsaturated
porous media accounting for virus sorption and inactivation is
governed by the following partial differential equation:
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where C(t, z) is the virus concentration in the liquid phase;
C*(t, z) is the adsorbed virus concentration at the liquid-solid
interface; C { (t, z) is the adsorbed virus concentration at the
air-liquid interface; q is the specific discharge (Darcian fluid
flux);  m is the moisture content (moisture volume divided by
the total volume of the porous medium); , *, and { are the
inactivation rate coefficients of viruses in the liquid phase,
viruses sorbed at the liquid-solid interface, and viruses sorbed
at the air-liquid interface, respectively;  is the bulk density of
the solid matrix; t is time; and z is the spatial coordinate in the
vertical direction ( z increases in the downward direction). The
last three terms on the right-hand side of (1) represent the
inactivation of liquid phase viruses, viruses sorbed at the liquid-solid interface, and viruses sorbed at the air-liquid interface, respectively. Furthermore, the second and third terms on
the left-hand side of (1) represent virus accumulation at the
liquid-solid and air-liquid interfaces, respectively. The vertical
hydrodynamic dispersion coefficient D z is defined as [Nielsen et
al., 1986]
Dz ⫽ ␣z

q
⫹ Ᏸ e,
m

(2)

where Ᏸ e ⫽ Ᏸ/  is the effective molecular diffusion coefficient in the unsaturated porous medium (where Ᏸ is the molecular diffusion coefficient and  ⱖ 1 is the tortuosity coefficient) and ␣ z is the vertical dispersivity.
The virus inactivation rate coefficients , *, and { are
time- and temperature-dependent [Sim and Chrysikopoulos,
1996]; however, in this study they are assumed to be constant.
Furthermore, Yates and Ouyang [1992] suggested that the inactivation rate coefficients of viruses sorbed onto a liquid-solid
interface are approximately one half of the coefficients for
liquid phase viruses (* ⫽ /2) owing to the protective effect of
the solid matrix. Although virus sorption at the air-water interface enhances virus inactivation [Thompson et al., 1998],
there is no quantitative relationship between  and { available in the literature. Consequently, in the present study it is
assumed that { ⫽ .
The initial and boundary conditions for the transport system
examined here are
C共0, z兲 ⫽ C*共0, z兲 ⫽ C {共0, z兲 ⫽ 0,
⫺D z m
⫽
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where C 0 is the pulse-type source concentration and t p is the
duration of the pulse. The condition (3) establishes that there
is no initial liquid phase and adsorbed virus concentrations
within the porous medium. The flux-type boundary condition
(4) for pulse injection implies concentration discontinuity at
the ground surface (inlet) and leads to material balance con-
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servation [Parker and van Genuchten, 1984; Chrysikopoulos et
al., 1990a, b]. The downstream boundary condition (5) preserves concentration continuity for a vertical, semi-infinite porous medium.
2.2.

Virus Sorption Onto Interfaces

The accumulation of deposited viruses at solid-liquid and
air-liquid interfaces is described by the following expressions
[Sim and Chrysikopoulos, 1999]:
⭸C*
⫽ k  m共C ⫺ C g兲 ⫺  *  C*
⭸t

(6)

⭸
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⭸t m
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where k and k { are the liquid to liquid-solid and liquid to
air-liquid interface mass transfer rates, respectively, and C g (t,
z) is the liquid phase concentration of viruses in direct contact
with solids. It is assumed that the following linear equilibrium
relationship is valid [Sim and Chrysikopoulos, 1996]:
C* ⫽ K dC g,

(8)

where K d is the partition or distribution coefficient. Furthermore, the liquid to liquid-solid interface mass transfer rate is
expressed as
k ⫽  a T,

(9)

where  is the liquid to liquid-solid interface mass transfer
coefficient and a T is the specific liquid-solid interface area,
defined as the ratio of total surface area of soil particles to the
bulk volume of the porous medium [Fogler, 1992]
aT ⫽

3共1 ⫺  s兲
,
rp

(10)

where r p represents the average radius of soil particles and  s
is the water content of a saturated porous medium. It should
be noted that the transfer of viruses from the bulk liquid to a
liquid-solid interface is assumed to be governed by virus diffusion through an outer liquid layer surrounding the soil particle. The thickness of this liquid layer depends on local hydrodynamic conditions [Vilker and Burge, 1980; Fogler, 1992].
Virus sorption onto solids occurs if the liquid phase virus
concentration (C) is greater than liquid phase virus concentration in direct contact with solids (C g ), whereas desorption
occurs when C is smaller than C g .
The liquid to air-liquid interface mass transfer rate is defined
as
k { ⫽  {a T{,

(11)

where { is the liquid to air-liquid interface mass transfer
coefficient and a {
T is the specific air-liquid interface area, defined as the ratio of the total air-liquid interface area to the
bulk volume of the porous medium [Cary, 1994]
2
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where  and b are empirical, soil type specific constants;  r is
the residual or monolayer moisture content; and r 0 is the
effective pore radius at air entry which can be evaluated by the
capillary rise equation with zero contact angle as follows [Guymon, 1994, p. 43]:
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where  is the surface tension of water;  w is the density of
water; g is the gravitational constant; and h 0 is the air-entry
value, defined as the pore water head where air begins to enter
water-saturated pores [Guymon, 1994]. Note that a {
T is a function of moisture content and takes a zero value when  m ⫽  s .
Thus (11) and (12) suggest that the liquid to air-liquid interface
mass transfer rate k { decreases with increasing moisture content. Consequently, the transfer of viruses at the air-liquid
interface is controlled by the moisture content level. Furthermore, it should be noted that for a given moisture content the
accumulation of viruses at air-liquid interfaces, as described by
(7), is governed by irreversible virus sorption onto the air-water
interface and subsequent virus inactivation. Therefore the
model presented in this work implicitly assumes that the timescale associated with aquifer saturation due to progressive increase in moisture content (rewetting) is substantially larger
than the timescale associated with complete virus inactivation.
Consequently, viruses previously sorbed at air-water interfaces
are not expected to partition back into the liquid phase.
2.3.

Variably Saturated Flow

The one-dimensional water infiltration into effectively semiinfinite, homogeneous, unsaturated, rigid porous media is described by the following nonlinear equation which is a modified
form of the Richards equation [Philip, 1969; Bear, 1972, p.
511]:
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where  is the pressure head potential and K(  ) is the unsaturated hydraulic conductivity. The preceding equation neglects
possible effects on variably saturated flow due to the presence
of air and perhaps any thermal gradients. Several empirical
functions are available in the literature for the estimation of
the unsaturated hydraulic conductivity; however, the relationship developed by van Genuchten [1980] based on the predictive conductivity model of Mualem [1976] is employed here:
K共  兲 ⫽ K sS 1/e 2关1 ⫺ 共1 ⫺ S 1/e 兲 兴 2,

(15)

where K s is the saturated hydraulic conductivity and S e is the
effective saturation defined as
Se ⫽

m ⫺ r
,
s ⫺ r

(16)

where the moisture content  m and its derivative with respect
to  are determined by
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respectively, where ␣, ␤, and  ⫽ 1 ⫺ 1/␤ are empirical coefficients. For example, ␣ ⫽ 0.0547 cm⫺1, ␤ ⫽ 4.26, and  ⫽
0.765 for Dune sand [Gillham et al., 1979].
The initial and boundary conditions used for the variably
saturated flow system are

 共0, z兲 ⫽  i,

(19)
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Table 1. Model Parameters for Simulations
Parameter

Value

b
Ᏸe
g
h0
Kd
rp
␣z

s




2
1.542 ⫻ 10⫺5 cm2 h⫺1
980 cm s⫺2
2 cm
20 cm3 g⫺1
0.1 cm
0.5 cm
160
0.45
0.006 cm h⫺1
1.5 g cm⫺3
74.2 ⫻ 10⫺3 N m⫺1

冉

⫺K

⭸
⫹K
⭸z

Reference
Cary [1994]
Tim and Mostaghimi [1991]
Cary [1994]
Vilker and Burge [1980]
Vilker and Burge [1980]
Domenico and Schwartz [1990]
Cary [1994]
Cary [1994]
Vilker and Burge [1980]
Yates and Ouyang [1992]
Guymon [1994]
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where  i is the initial pressure head potential and q 0 is the
prescribed net specific discharge (positive flux corresponds to
downward flow). Condition (19) indicates that the initial pressure head potential is uniformly distributed within the porous
medium. Condition (20) signifies that the water flux at the
ground surface is prescribed, whereas condition (21) implies a
free draining bottom boundary. It should be noted that the
specific discharge (Darcian fluid flux) is defined as q ⫽
⫺K(⭸  /⭸ z ⫺ 1).
The governing equations for virus transport (1) and variably
saturated flow (14) in conjunction with the relationships (6)–
(13) and (15)–(18) are solved numerically subject to initial/
boundary conditions (3)–(5) and (19)–(21). The numerical solutions are obtained by using appropriate International
Mathematics and Statistics Libraries, Inc. [1991] one-dimensional partial differential equation solvers.

3.

Model Simulations

In order to illustrate the effect of moisture content variation
on virus fate and transport in unsaturated porous media,
model simulations are performed for a variety of situations.
Because appropriate values for { are not available in the
literature, it is assumed that { ⫽ 5. This assumption is based
on experimental observations suggesting that colloid particles
are sorbed more strongly onto air-liquid interfaces than onto
liquid-solid interfaces [Wan and Wilson, 1994a]. Unless specified otherwise, all fixed model parameter values used for
model simulations are listed in Table 1. The values for the
empirical coefficients  , b, h 0 , and  r for sand are adopted
from Cary [1994]. All virus concentrations are conveniently
normalized by the source concentration.
For the special case of a one-dimensional, homogeneous
aquifer with uniform moisture content and negligible virus
inactivation, model-predicted virus concentration breakthrough curves and snapshots are presented in Figures 2a and
2b, respectively. Three different aquifer moisture content levels are examined. The case of  m ⫽ 0.45 represents the case
of complete water saturation. Clearly, Figure 2 indicates that
decreasing the aquifer moisture content from complete saturation to partial saturation leads to a substantial reduction in

Figure 2. Normalized liquid phase virus distributions for
various moisture content levels as a function of (a) time and
(b) vertical distance (t ⫽ 8 hours, x ⫽ 30 cm, t p ⫽ 3.3 hours,
U ⫽ 4.8 cm h⫺1, { ⫽ 5, and  ⫽ * ⫽ { ⫽ 0).

the liquid phase virus concentration. This is attributed to the
increased virus transfer from the liquid phase to the air-liquid
interface caused by the decrease in moisture content as described by relationships (11) and (12).

4.

Comparison With Experimental Data

The virus transport model presented is employed to simulate
the hydrophilic colloid breakthrough response from two column experiments published by Wan and Wilson [1994b]. Two
different water saturation levels (54% and 100%) were examined. It should be noted that despite the different water saturations both experiments were conducted under the same constant interstitial velocity ( U ⫽ q /  m ⫽ 1 0 cm h ⫺1 ).
Consequently, q and D z are constant parameters. Furthermore, the column experiments were conducted under the same
conditions, and identical colloid particles were used. For the
case of 100% saturation (  m ⫽  s ⫽ 0.43), given the values
of r p , U,  s , and  listed in Table 2, a nonlinear least squares
regression method [IMSL, 1991] was employed for the estimation of the unknown parameters D z , k, and K d by fitting the
virus transport model to the observed colloid concentrations.
The parameter k { was set to zero because at 100% water
saturation there are no air-liquid interfaces present. The parameter  was calculated by (9) with a value for a T estimated
by (10). The desired parameter values together with the corresponding residual sum of squared error (SSE) and correla-
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Table 2. Estimated and Calculated Parameters Corresponding to the Experimental Data
Parameter

54% Water Saturation
(  m ⫽ 0.232)

100% Water Saturation
(  m ⫽  s ⫽ 0.430)

rp
U
s


Experimental Parameters [Wan and Wilson, 1994b]
212 to ⬃315 m (average 263.5 m)
10 cm h⫺1
0.43
1.65 g cm⫺3

Dz
k
Kd
k{
SSE
CC

2.81 cm2 h⫺1
0.0282 hour⫺1
52.73 cm3 g⫺1
䡠䡠䡠
0.02748
0.993

aT
a{
T

{

65.8 cm⫺1
䡠䡠䡠
0.000428 cm h⫺1
䡠䡠䡠

Estimated Parameters

Calculated Parameters

212 to ⬃315 m (average 263.5 m)
10 cm h⫺1
0.43
1.65 g cm⫺3
䡠䡠䡠
0.0282 hour⫺1
48.55 cm3 g⫺1
0.0751 hour⫺1
0.02882
0.989
65.8 cm⫺1
28.74 cm⫺1
0.000428 cm h⫺1
0.00261 cm h⫺1

SSE is sum of squared error; CC is correlation coefficient.

tion coefficient (CC) are listed in Table 2. Figure 3 clearly
shows a good agreement between the model simulation (solid
curve) and the experimental data (circles) for the 100% saturation case.
For the 54% saturation case (  m ⫽ 0.232) the only unknown parameters are k, K d , and k { , because D z is essentially
the same as for the 100% saturation case. The parameter  was
calculated by (9) with a value for a T estimated by (10). It is
interesting to note that the calculated value for  ( ⫽
0.000428 cm h⫺1, see Table 2) is exactly the same for both
water saturation cases considered here. This result is expected
because both experiments were conducted under the same
interstitial velocity U and chemical conditions with identical
colloid particles. Apparently, these are the factors controlling
the liquid to liquid-solid interface mass transfer coefficient 
[Vilker and Burge, 1980; Fogler, 1992]. The parameter { was
calculated from the estimated value of k { by employing (11)
with a {
T as estimated by (12) with necessary values for b, h 0 ,  ,

and  r obtained from the work by Cary [1994], assuming that
the column packing material used by Wan and Wilson [1994b]
was similar to sand with r p ⯝ 263.5 m. The parameter values
for the 54% saturation case together with the corresponding
SSE and CC are also listed in Table 2. Overall, good agreement between the model simulation (dashed line) and the
experimental data (squares) for the 54% saturation case is
shown in Figure 3. It should be noted that the model underestimated slightly the small tail of the experimental breakthrough data (t ⱖ 7.5 hours). The difference between the
simulated concentration history and experimental data is
within the experimental error calculated by Wan and Wilson
[1994b] but does not necessarily exclude the possibility of inaccurate model prediction of colloid desorption. The calculated value of { is approximately 6 times larger than the one
for , because the air-liquid interface serves as a stronger
adsorbent than the liquid-solid interface, as suggested by available experimental studies [e.g., Wan and Wilson, 1994a]. Moreover, this result is quite consistent with our initial assumption
that { ⫽ 5, employed for the model simulations presented in
Figure 2.

5.

Figure 3. Normalized concentrations of hydrophilic colloid
breakthrough data (symbols) adopted from Wan and Wilson
[1994b] and simulated concentration histories (curves).
Squares and dashed curve represent experimental data and
model simulation, respectively, at 54% water saturation,
whereas circles and solid curve represent data and model simulation, respectively, at 100% water saturation.

Summary

A numerical virus transport model is developed to investigate the effects of moisture content variation on virus transport
in one-dimensional, homogeneous, unsaturated porous media.
The model accounts for moisture-controlled virus sorption
onto the liquid-solid as well as air-liquid interfaces and virus
inactivation in the liquid phase and at the interfaces. Model
simulations indicate that virus transport in unsaturated porous
media is highly sensitive to interstitial moisture variability. At
low moisture content levels the transport of viruses is significantly affected by the irreversible sorption of viruses onto
air-liquid interfaces. The virus transport model developed here
was used to successfully fit existing experimental data. In
agreement with previous experimental investigations published
in the literature, the results from this fitting exercise indicate
that the liquid to air-liquid interface colloid transfer is greater
than the liquid to air-liquid interface transfer.
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Notation
aT
a{
T
b
C
C0
C*
C{
Cg
Ᏸ
Ᏸe
Dz
g
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k
k{
K
Kd
Ks
q
q0
r0
rp
Se
t
tp
U
z

␣
␣z
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m
r
s

{

*
{




i

specific liquid-solid interface area, L 2 L ⫺3 .
specific air-liquid interface area, L 2 L ⫺3 .
empirical constant.
concentration of viruses in suspension (liquid phase),
M L⫺3.
source concentration, M L ⫺3 .
deposited virus concentration at the liquid-solid
interface (virus mass/solids mass), M M ⫺1 .
adsorbed virus concentration at the air-liquid interface,
M L⫺3.
concentration of viruses directly in contact with solids,
M L⫺3.
molecular diffusion coefficient, L 2 t ⫺1 .
effective molecular diffusion coefficient, L 2 t ⫺1 .
vertical hydrodynamic dispersion coefficient, L 2 t ⫺1 .
gravitational constant, L t ⫺2 .
air-entry value, L.
liquid to liquid-solid interface mass transfer rate, t ⫺1 .
liquid to air-liquid interface mass transfer rate, t ⫺1 .
unsaturated hydraulic conductivity, L t ⫺1 .
partition or distribution coefficient, L 3 M ⫺1 .
saturated hydraulic conductivity, L t ⫺1 .
specific discharge (Darcian fluid flux), L t ⫺1 .
prescribed specific discharge, L t ⫺1 .
effective pore radius at air entry, L.
average radius of soil particles, L.
effective saturation coefficient, defined in (16).
time.
duration of source pulse, t.
average interstitial velocity (U ⫽ q/  m ), L t ⫺1 .
spatial coordinate in vertical direction, L.
empirical coefficient, L ⫺1 .
vertical dispersivity, L t ⫺1 .
empirical coefficient.
empirical coefficient.
empirical coefficient, equal to 1 ⫺ 1/␤.
moisture content (liquid volume/porous medium
volume), L 3 L ⫺3 .
residual volumetric moisture content, L 3 L ⫺3 .
volumetric water content of a saturated porous
medium, L 3 L ⫺3 .
liquid to liquid-solid interface mass transfer coefficient,
L t ⫺1 .
liquid to air-liquid interface mass transfer coefficient,
L t ⫺1 .
inactivation rate coefficient of liquid phase viruses,
t ⫺1 .
inactivation rate coefficient of sorbed viruses at the
liquid-solid interface, t ⫺1 .
inactivation rate coefficient of sorbed viruses at the
air-liquid interface, t ⫺1 .
bulk density of the solid matrix (solids mass/aquifer
volume), M L ⫺3 .
surface tension of water, M t ⫺2 .
tortuosity ( ⱖ 1).
pressure head potential, L.
initial pressure head potential, L.
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