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Assessment of Viral Attenuation in Soil Using Probabilistic Quantitative Model
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Abstract : The objective of this study was to analyze VIRULO model, a probabilistic quantitative model, which had been developed
by US Environmental Protection Agency. The model could assess the viral attenuation capacity of soil as hydrogeologic barrier
using Monte Carlo simulation. The governing equations used in the model were composed of unsaturated flow equations and viral
transport equations. Among the model parameters, those related to water flow for 11 soil types were from UNDODA data, and
those related to 5 virus species were from the literatures. The model compared the attenuation factor with threshold of attenuation
to determine the probability of failure and presented the exceedances and Monte Carlo runs as output. The analysis indicated that
among 11 USDA soil types, the viral attenuation capacity of loamy sand and sand were far lower than those of clay and silt soils.
Also, there were differences in the attenuation in soil among 5 viruses with poliovirus showing the highest attenuation. The viral
attenuation capacity of soil decreased sharply with increasing soil water content and increased nonlinearly with increasing soil
barrier length. This study indicates that VIRULO model could be considered as a useful screening tool for viral risk assessment
in subsurface environment.
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Table 1, Symbols used in VIRULO model

Symbol Description
a  water retention curve fitting parameter
a.  Vertical hydrodynamic dispersivity
6,  soil water content
6,  residual soil water content
0,  saturated soil water content
x  suspended to solid sorbed virus mass transfer coefficient
x  suspended to air-sorbed virus mass transfer coefficient
A suspended phase virus inactivation rate
A" solid-sorbed phase virus inactivation rate
A" air sorbed phase virus inactivation rate
u  viscosity of water
p  soil bulk density
pw  density of water
o surface tension of water
7 unsaturated soil water tortuosity
C  concentration of viruses in suspended phase
C" concentration of viruses in solid-sorbed phase
C’ concentration of viruses in the air-sorbed phase
D molecular virus diffusivity
D,  effective molecular virus diffusivity
D. vertical hydrodynamic dispersion coefficient

K(0,) unsaturated hydraulic conductivity
ka  equilibrium distribution coefficient
K,  saturated hydraulic conductivity
S.  effective soil water saturation
a7 air-water interfacial area
ar  solid-water interfacial area
g  acceleration due to gravity
h soil capillary pressure head
k  suspended to soil sorbed virus mass transfer rate
k" suspended to air-sorbed virus mass transfer rate
n  water retention curve fitting parameter
g  flux of percolating water
r,  Mmean soil particle radius

virus radius

distance downward from top of proposed hydrogeologic barrier
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Table 2, Flow parameters for USDA soil types used in the Monte Carlo simulation of VIRULO model

Parameter clay clay loam loam  |loamy sand| sand sandy clay sandy loam silt silt loam | silty clay sitty clay
loam loam
9,(m3/m3) 0.1£0.01 008+001 | 006+001 | 005+001 | 005+000 | 006+001 | 004+001 | 006+001 | 006+001 | 009+001 [0.09+0,01
Gs(ms/ma) 052+009 | 046+009 | 042+007 | 039+004 | 037+003 | 039+004 | 037+004 | 043+003 | 041+005 | 048+005 [0.50+0.01
(lcl)zg‘o:s/sh) 200+048 | 2274065 | 199045 | 12022 | -069+003 | 2274033 | 1874034 | 184011 | 2164038 | -243+045 |-2.21+0.63
10
(Iciggf/ér]n) 028+0.13 | 0,13+0.11 | 004+016 | 004+016 | 053+003 | 034+009 | 049+013 | -024+002 | -021+£007 | 0.09+006 [0.03+0 11
10
logior(-) | 011£002 | 014+£003 | 017+£003 | 057+006 | 048+008 | 0.12+003 | 0.15+003 | 022+000 | 021£002 | 0.14£001 |0.16+0,02
(/mg) 1.29E6+ 141E6+ 1.34E6+ 150E6+ 158E6+ 150E6+ 153E6+ 1.39E6+ 143E6+ 120E6+ 1.29E6+
, 1.68E5 2.39E5 2.75E5 167E5 1.42E5 2 24E5 169E5 2 90E4 1.48E5 25765 2.22E5
1o (m) 9.96E-5+ 168E-4+ 2.15E-4+ 4 20E-4+ 471E-4+ 3.08E-4+ 3.35E-4+ 4 53E-5+ 118E-5+ 4.07E-5+ 5 78E-5+
L 6.15E-5 3.72E-5 3.38E-5 2 20E-5 160E-5 4 20E-5 4 59E-5 2.36E-5 5.50E-5 2 45E-5 2 95E-5
a.(m) 8.75E-5+ 8.75E-5+ 8.75E-5+ 5569E-3+ 559E-3+ 8. 75E-5+ 8.76E-5+ 8.76E-5+ 8.75E-5+ 8.75E-5+ 8.75E-5+
‘ 10E-4 10E-4 10E-4 10E-4 10E-4 10E-4 10E-4 10E-4 10E-4 10E-4 10E-4
Table 3, Virus parameters used in the Monte Carlo simulation of VIRULO model
poliovirus hepatitis A virus reovirus coxsackievirus echovirus
(Ic|>2191://1h) 0.605+0.608 -3.941+0.782 -3.941+0.782 -2.515+0.212 -2.406+0.162
10
“g’sﬂ;’}h) 0.304++0,608 -3.446+0.782 -3.446+0.782 2774+0.212 -2.684-0.163
10
x (m/h) 1.834E-3+1,80E-3 1.34E-3+1 80E-3 1.34E-3+1 80E-3 1.34E-3+1 80E-3 1.34E-3+1 80E-3
«°(m/n) 9.27E-3+1.80E-3 9.27E-3+1.80E-3 9.27E-3+1.80E-3 9.27E-3+1.80E-3 9.27E-3+1.80E-3
(M) 1.375E-8+1 25E-9 14E-8+1 25E-9 3.5E-8+5,0E-9 1.375E-10+1,0E-11 1.375E-10+1 ,0E-11
Ks(m/g) 7.2E-4+974E-4 (Clay) 1.9E-3+4 059E-6 (clay) 1,.203E-3+3.188E-3 (clay)8.657E-5+1.956E-4 (clay) 4 535E-4+7 655E-4 (clay)

3.77E-4+7 16E-4 (silt)

2.113E-3+1.648E-3 (silt)

4 42E-4+2 76E-3 (silY)

2 43E-4+5 66E-4 (sand) 4.68E-6+4.059E-6 (sand) 3.0E-3+9,068E-3 (sand) 6.15E-4+2 35E-3 (sand) 7.44E-4+2 525E-3 (sand)

ZAE(flow parameters)¥} H}o]2 A 0] FH

= ZAE(virus parameters)Z Uz 5
ek =9 353 ¥ElH weprlE g5 UNSODA d|o]
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SHA] Foh= SHE(p)o] 2R ETh YR, HEHIIER
HARBI4(Monte Carlo runs)@t =32 HX|ghof] =EshA] 25t
3l<4=(exceedances) 7} 5| A~E 1 (histogram)} $HA| A&
(output) = A At}

¥

Select soil type;
flow parameters
automatically given
from the database

!

Insert temperature (T),
soil barrier length (L)

v

Select virus type;
virus parameters
automatically given
from the database

N/

Set
threshold of attenuation (€)

|

Run
Monte Carlo simulation

l

Determine attenuation
factor (A) <10®

{

Compute probability of
failure (p)

Output: Histogram
(Exceedances : Monte Carlo runs)

Fig. 1. Procedures for the simulation of VIRULO model,
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Table 4, Exceedances after Monte Carlo runs (1,000,000) for 11 USDA soil types in VIRULO model (virus species = poliovirus;
Om = uniformly random; T = 10+1C; L = 0501 m; ¢ = 4)

Soil clay clay loam loam  |loamy sand sand

sandy clay
loam

silty clay

silt loam
loam

sandy loam silt silty clay

Exceedances|1.00+0.000.67 +0.5680.33+0,5844,33+7.02|1433.00+33.65/0.67 +1.15/3.00+1.00/0.67 +0.581.00+1,0000.000.001.67 +1.63
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Table 5, Exceedances after Monte Carlo runs (1,000,000) for five virus species with three soils in VIRULO model (0m = uniformly

random; T = 10+1C; L = 05+01 m; ¢ = 4)

poliovirus hepatitis A virus reovirus coxsackievirus echovirus
loamy sand 44 33+7.02 275.00+125 .87 252,00+36.72 269.00+65.05 2316712822
sand 1433.00+=33.65 2676.00+274.36 2484 33+111.18 2548.00+=186.68 2428 3382 59
sandy loam 3.00+£1.00 62.50+33.23 58.33+11,06 71.,00+£18.38 56.33+£6.03
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runs (1,000,000) in VIRULO model (0m = uniformly random;
T=10£1TC; L=05+01 m; e=4),
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poliovirus hepatitis A virus reovirus coxsackievirus echovirus
family Picornaviridae Picornaviridae Reoviridae Picornaviridae Picornaviridae
genus enterovirus hepatovirus resg:;a;;:y\/?rr::nc enterovirus enterovirus
host kingdom animalia animalia animalia animalia animalia
nucleic acid ribonucleic acid ribonucleic acid ribonucleic acid ribonucleic acid ribonucleic acid
(+)ssRNA (+)ssRNA dsRNA (+)ssRNA (+)ssRNA
head shape icosahedral icosahedral icosahedral spherical icosahedral
tail no tail no tail no tail no tail no tail
size (nm) 28 - 30 24 - 27 70 - 80 28 - 30 28 - 30
isoelectric point (pH) 38-83 28 39 48-61 51-64
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