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ABSTRACT 

Ground-water recharge and septic tank releases are

sources of viruses that can contaminate ground water.

This study was designed to characterize the movement of

MS-2 virus, through two saturated, sandy soils. Virus

suspended in tap water was used to conduct adsorption and

tracer experiments in soil columns at 4 and 24 0C. Results

that showed adsorption of virus ranged from 0 to 68% were

significantly less than the previously reported adsorption

of human enteric viruses to soils. The movement of MS-2

through soil columns was compared to that of the

conservative tracer bromide. MS-2 moved at approximately

the same mean velocity as the water and the bromide,

unlike the greater mean velocity for MS-2 observed in a

previous study. The low dispersion observed in these

tracer studies may be attributable to the relatively fine

grain-size of the soils under study.
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INTRODUCTION 

Traditionally, ground water has been regarded as a

pristine source of high quality drinking water.

Approximately 20% of the current water supply in the

United States is ground water, and this proportion is

expected to reach 33% by the year 2000 (Freeze and Cherry,

1979). Ground water is the principal source of drinking

water for approximately half the population (Craun, 1984).

Many towns and cities, such as Tucson, Arizona, rely

completely on ground water for domestic water supply.

Clearly, ground water is an important resource which

needs to be managed carefully, particularly in view of

recent discoveries of ground-water pollution. Serious

public concern has been raised over the contamination of

ground water from organic chemicals, toxic heavy metals,

and microbial pollutants. Publicity related to hazardous

waste disposal and ground-water contamination has caused

concern for chemical pollution to overshadow that for

microbiological contamination. It has been shown that

risk of disease or fatality resulting from long-term

exposure to organic compounds such as trichloroethylene

(TCE) at the ppb (part per billion) level presents

significantly less risk than exposure to one pathogen in

drinking water (Gerba, 1987a). Thus, it is important to

understand thoroughly the sources, types, pathways,
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survival, and transport of harmful microorganisms that are

capable of entering ground water.

Waterborne Diseases and Ground Water 

Approximately 60% of all waterborne disease outbreaks

in the United States are attributed to ground water

(Grosser, 1984). Of the 673 documented outbreaks from

1946 to 1978, 425 (63%) were probably caused by viruses,

but this figure probably only represents a fraction of the

actual number because of the difficulties involved in

proving a viral etiology of a waterborne disease outbreak

(Gerba and Goyal, 1985). Thus, although the microbial

quality of ground water is generally regarded as high, the

potential for disease related to ground water is

significant.

A large variety of pathogenic (disease-causing)

microorganisms, including bacteria, viruses, and protozoa,

are present in domestic wastewater, and the number of

individual species for each is high (U.S.E.P.A., 1977).

For example, Melnick et al. (1978) reported that more than

100 different enteric viruses are known to be excreted in

human feces. The average density of enteric viruses in

domestic sewage in the United States is estimated to be

about 7000 viruses per liter, but concentrations as high

as 500,000 infectious virus particles per liter have been

detected in raw sewage in some parts of the world.

2



Table 1 lists human enteric viruses, a subset of a larger

category of animal viruses, that may be present in water

and the disorders associated with each.

The most important pathogenic bacteria and viruses

which might be transported in ground water are Salmonella 

sp., Shigella sp., Escherichia cou, Vibrio sp., and

viruses, hepatitis, Norwalk-like agent, echovirus,

poliovirus, and coxsackievirus (Gerba, 1981). The

disease-causing parasites Giardia lamblia and

Cryptosporidium, which are often detected in surface

waters, could potentially be transported to ground water

as well (Gerba and Rose, 1987). The existence of

pathogens in wastewater, that can eventually find their

way into ground-water supplies, is reason enough to

generate concern over the threat they can pose to human

health via the waterborne route.

Sources of Pathogens with Potential to Contaminate Ground

Water

Conceivably, viruses are capable of traveling to

ground water from any waste disposal area which is not

entirely self-contained. Potential sources of ground-

water pathogens include sewage lagoons, sludge drying

beds, unlined oxidation ditches, leaky sewer lines, septic

tank leach fields, cesspools, garbage dumps, cemeteries,

land application systems for wastewater, infiltration of

3



TABLE 1

HUMAN ENTERIC VIRUSES THAT MAY BE PRESENT IN WATER

4

Number
Virus group
	 of types Disease or sign caused

Enterovi ruses
Poliovirus

Echovi rus

Coxsackievirus A

Coxsackievirus B

New enteroviruses

Hepatitis type A
(probably an
enterovirus)

Norwalk agent

3	 paralysis, meningitis,
fever

34	 meningitis, respiratory
disease, rash,
diarrhea, fever

24	 herpangina, respiratory
disease, meningitis,
fever

6	 myocarditis, congenital
heart anomalies, rash,
fever, meningitis,
respiratory disease,
pleurodynia

4	 meningitis, encephalitis,
respiratory disease,
acute hemorrhagic,
conjunctivitis, fever

1
	

infectious hepatitis

gastroenteritis

Rotavi rus
	

4
	 epidemic vomiting and

diarrhea, chiefly of
children

Reovi rus
	

3
	 not clearly established

Adenovirus
	

41	 respiratory disease, eye
infections

Sources: Melnick et al. (1978) and Gerba (1987a)



polluted water from streams and lakes, and infiltration of

urban runoff (Bouwer, 1978). Figure 1 depicts some of

these sources in a natural setting.

The most frequently reported sources of microbial

contamination of ground water are septic tank releases and

land application of municipal wastewater (Corapcioglu and

Haridas, 1987). It has been estimated that leakage of

sewage into ground water from septic tanks, treatment

lagoons and leaky sewers is over a trillion gallons per

year in the United States (Keeley, 1977; as cited by Gerba

and Goyal, 1985). Ground water contaminated by overflow

from septic tanks and cesspools is believed to be

responsible for 42% of the outbreaks and 71% of the

illness reported in the United States (Gerba, 1983b).

The emergence of a strong commitment to land

application of municipal wastewater has been strongly

encouraged by the U.S. Environmental Protection Agency

(U.S.E.P.A., 1977) policy that land application must be

evaluated as an alternative for all wastewater treatment

systems funded by the federal government, which was

prompted by the following section of the Federal Water

Pollution Control Act Amendments of 1972: "it is the

national goal that the discharge of pollutants into

navigable waters be eliminated by 1985" (Corapcioglu and

Haridas, 1984).

5
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The presence of pathogens in raw sewage which is

treated/disposed by land application can lead to

contamination of the ground water in an underlying

aquifer. Treated sewage effluent (wastewater) is now

commonly used to irrigate turf areas (golf courses, parks,

etc.), irrigate crops, recharge ground water, and in other

land application practices, most of which apply large

volumes of potentially contaminated water to soil

overlying aquifers at some depth. Concern for ground-

water contamination from land application arises because

pathogenic microorganisms, particularly viruses, are

capable of surviving conventional wastewater treatment,

and thus can be present as wastewater is applied to the

soil. This is because conventional wastewater treatment

plants have been designed specifically to eliminate

bacteria, such as coliforms, and not viruses. Studies

have shown that when treated domestic sewage is used for

recharge or irrigation, between 50 and 99.999% of the

viruses are inactivated (rendered incapable of causing

disease), depending on the type of treatment processes

used (Gerba, 1981). If pre-treatment concentrations of

virus are high enough, even extensive treatment of

wastewater prior to application to soil will not remove

all potentially infectious virus particles (Yates et al.,

1985).

7



Important Properties of Viruses 

Of all the pathogenic microorganisms that are capable

of ending up in ground water, viruses are of greatest

concern. As mentioned previously, viruses are much more

resistant to the disinfection processes in wastewater

treatment plants, e.g. chlorination, than bacteria, and

are more resistant to environmental stresses as well.

Furthermore, while ingestion of 10 8 enteropathogenic E.

cou i or V. cholera, 10 4 to 10 9 Salmonella, or 10 1 to 10 2

Shigella organisms is necessary to cause infection in man

(Hoadley and Goyal, 1976), it has been shown in the

laboratory that as little as one virus infectious unit for

a host cell system is capable of producing infection in

man (Gerba et al., 1975b). This fact, coupled with the

aforementioned severity of the illness/disease associated

with most waterborne viruses, emphasizes the widespread

concern for viral contamination of drinking water

supplies. Furthermore, virus particles are significantly

smaller than bacteria, and, as such, are not prone to be

filtered out in soils the way bacteria often are. Thus,

the evidence implies that current concern and research

efforts related to viruses in ground water are

justifiable.

Because the focus of this study is on viruses, it is

appropriate to describe their relevant properties.	 The

8



enteric viruses, those which are excreted in the feces of

humans and animals, are the group which are most commonly

detected in contaminated ground water. Viruses are

ultramicroscopic, intracellular parasites, incapable of

replication outside a host organism (Gerba et al., 1975b).

Vilker (1981) reported that viruses are typically 10 to

300 nm (nanometers) in size, whereas bacteria and larger

pathogens are typically several hundred nm in size. They

consist of a nucleic acid genome enclosed in a protective

protein coat, called a capsid. According to Gerba (1984),

these protein polypeptides contain amino acids such as

glutamic acid, aspartic acid, histidine, and tyrosine,

which are composed of weakly acidic and basic groups,

(e.g. carboxyl and amino). The ionization of these groups

gives the viral capsid an electrical charge.

Most viruses have net charges that vary continuously

with the pH of their surrounding medium, due to the

variation of the dissociation constants among the various

polypeptides. The isoelectric point (pi) is the

characteristic pH at which the ionization of the virion

(complete infectious virus particle) exists in a state of

zero net charge. Although localized pockets of positive

and negative charge exist on the virion, reflecting the

charge distribution of the various carboxyl and amino

groups, the isoelectric point only reflects the overall

9



10

charge of the virion at this pH. Isoelectric points of

some of the more relevant viruses to this study include:

MS-2 bacteriophage (3.9), Polio 1 (4.5 to 7.2, depending

on strain), Polio 2 (4.5 to 6.5), Echo 1 (5.0 to 6.4,

depending on strain), and Coxsackie A21 (4.8 to 6.1).

Viruses are positively charged at a pH below their

isoelectric point and negatively charged at a pH above it.

The implications of viral surface charge and isoelectric

points for adsorption to and migration through soil are

discussed later on.

Bacteriophage as a Model for Enteric Viruses

The isolation of enteric viruses from water and

wastewater samples has the following disadvantages: 1)

Much time may elapse before one strain of virus is

identified as the virus present in a sample of

contaminated water; 2) isolation techniques are costly (as

high as US$1000 per sample), delicate, and time consuming;

3) working with primary tissue culture for the viral

assays is expensive, and requires a well-equipped central,

laboratory and highly-qualified technicians; 4) days (or

weeks) elapse between inoculation and obtaining results;

5) the sample volume needed is very large (Kott et al.,

1974; Kott, 1981; and Gerba, 1987a). Bacteriophages are

an attractive alternative as pollution indicators because

of their ease of detection, much lower cost for assaying,



and because the results can be quantified within 24 hrs,

as compared to days or weeks for enteric viruses (Gerba,

1987b). The emergence of gene probe technology as a

faster, less expensive means for detecting enteric viruses

than tissue culture is very promising, but bacteriophage

assays are easier and less expensive (Rose, 1987).

According to Adams (1959), the first discovery of

bacteriophage was reported by the Canadian bacteriologist

Felix d'Herelle in 1917, who gave the name to a

bacteriolytic substance he isolated from feces. The term

bacteriophage literally means "eater of bacteria", and

today is commonly referred to simply as phage.

Bacteriophages are viruses that are obligately parasitic

on bacteria. Specifically, when a phage particle infects

a susceptible bacterial cell, it may be transformed either

to the vegetative state leading to destruction of the host

cell, or to the prophage state in which it enters into the

hereditary symbiotic relationship with the host cell known

as lysogeny. The infective process involves the following

steps: 1) adsorption of the phage to the host cell; 2)

penetration of the phage particle to the host cell; 3) the

intracellular multiplication of the virus; and 4) the

lysis of the host cell and release of phage progeny.

Phages are typically 20 nm in size (Kott, 1981) and range

from 4 to 18 x 10 -16 g (grams) in dry particle weight

11



(Adams, 1959). Phages possess the same basic structure as

all viruses, with a nucleic acid core surrounded by a

protein coat.

All bacteriophages possess a basic hexagonal "head",

and can either have an appendage (tailed phage) or not

(tailless phage), depending on the species. According to

Bradley (1967), there are six basic morphological types of

bacteriophages. Three of the tailed groups contain a

double-stranded DNA (deoxyribonucleic acid) core, while

one group consists of only a tail with a single-stranded

DNA core, and the two tailless groups contain either a

single-stranded DNA or RNA (ribonucleic acid) core. The

bacteriophage used in this study, MS -2, is classified as

tailless with a hexagonal head (See Figure 2) and a

single-stranded RNA core. The use of RNA tailless phages,

such as MS-2 or f2, probably should be the better

alternative for modeling the behavior of enteric viruses

(Bitton, 1980).

MS-2 bacteriophage (or virus) was first isolated by

John Clark as a phage which attacks an F+ strain of E.

coli (Escherichia cou) and has a polyhedral structure

with a diameter of 24 nui (Davis et al., 1961). It belongs

to the Levivirus species of the Leviviridae family, and is

commonly classified simply as a single-stranded RNA

(ssRNA) phage (Coetzee, 1987). As an RNA phage, MS-2

12



Figure 2. Transmission Electron Micrograph of Negatively
Stained MS-2 Bacteriophage

Photo Courtesy of Dr. Robert B. Thurman
Environmental Research Laboratory, Tucson, AZ.
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specifically infects the male strains of E. cou i (Furuse

et al., 1983). Sources for isolation of RNA phage, such

as MS-2, include sewage from domestic drainage, raw sewage

from treatment plants, and animal faeces including those

of man, cows, pigs, and several animals in zoological

gardens (Furuse, 1987). According to Furuse, MS-2 has a

buoyant density in cesium chloride (CsC1) of 1.457 g/cm 3

(grams/cubic centimeter), contains two virion proteins

(one maturation and one coat), and has an optimum growth

temperature of 37°C.

As suggested previously, bacteriophages could serve

as reliable indicators of pollution for enteric viruses.

According to Stetler (1984), the following criteria have

been proposed for an ideal microbial indicator of

pathogens: 1) An indicator should always be present when

pathogens are present and absent when pathogens are

absent; 2) The persistence and growth characteristics of

both indicator and pathogen should be similar; 3) The

pathogens and indicator should occur in constant ratio so

that counts of the indicator give a good estimate of the

numbers of pathogens present; 4) Preferably, the indicator

should be present in the source of pollution at levels far

in excess of the pathogen concentration; 5) The indicator

should be resistant to the environment and disinfectants

at the same rate as pathogens; 6) The indicator should be

14



nonpathogenic and easily quantifiable; 7) The test for the

indicator should be applicable to all types of water; and

8) The test should detect only the indicator organism and

not give false-positive reactions.

Stetler (1984) reported that studies have shown that

coliphages (phage which infect E. coli) and enteroviruses

are removed at comparable rates during treatment of

drinking water and wastewater, that certain coliphages are

at least as resistant to environmental stresses and

chlorination as enteroviruses, that coliphages exhibit a

seasonal variation similar to that of enteroviruses, and

that both have been detected in chlorinated drinking

water. His study of a drinking-water treatment plant

found that enterovirus isolates from various stages of

treatment were better correlated with coliphages than

conventional indicator bacteria and concluded that

coliphages have good potential as indicators of

enteroviruses during water treatment.

In a two-year study in Czechoslovakia, enterovirus

and coliphage recovery rates from "clean water systems"

with varying levels of pollution were compared (Simkova

and Cervenka, 1981). They found that long-term survival

of the two virus types was similar and suggested, based on

coliphage recovery rates and decreases in coliphage titer

with increasing distance from the source of pollution,

15



that coliphages are a good indicator of the degree of

fecal pollution in water systems.

Chlorination experiments using an experimental

oxidation pond showed that MS-2 was very resistant, and,

in general, coliphages more resistant than attenuated

poliovirus 1 (Kott et al., 1974). Yates et al. (1985)

found no significant difference in the persistence of

echovirus 1, poliovirus 1, and MS-2 in ground water, and

concluded that MS-2 coliphage might be used as a model of

enteric virus survival in ground water. Some studies on

the fate of viruses in water, wastewater, and soil

environments have been done with f2, MS-2, and 1x174

phages, whose shape and size closely approximate those of

enteric viruses (Vilker, 1981), but there can be

difficulties in relating the fate of phages to that of

enteroviruses during percolation through soil (Gerba et

al., 1975a). The 24 nm size of MS-2, makes it very

comparable to the 27 nm size of poliovirus (Gerba and

Goyal, 1985), for example. This comparison is of

particular significance since tests under a wide variety

of laboratory and field conditions suggest that poliovirus

type 1 behavior is not significantly different from that

of the other enteroviruses studied in long soil columns

(Lance et al., 1982). The results of several other

studies suggest that indicator coliphages are not always
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adequate in predicting the behavior of enteric viruses in

soil systems; however before rejecting coliphages,

additional studies are needed using alternative indicators

or a wider range of such candidates as well as a variety

of soils, geohydrologic conditions, and climatic

conditions (Sobsey and Shields, 1987).

Fate of Viruses in Subsurface Environments 

Having established that viruses pose a serious health

and ground-water contamination threat and that they can be

transported to ground water through soil from a variety of

sources, it is appropriate to discuss their environmental

fate in the subsurface. According to Yates et al. (1987),

the two major factors controlling virus fate are migration

and survival. Studies have shown that viruses can

travel as far as 67 in (meters) vertically (Keswick and

Gerba, 1980) and 900 m laterally (Yates and Gerba, 1984)

in soil, and still remain infective. Viruses can survive

for 7 days to 6 months in soils, while enteric viruses

have been shown to survive from 2 to more than 188 days in

fresh water (Loehr et al., 1979). Migration and survival

of viruses are influenced a by number of common factors,

as shown in Table 2.

Mechanisms of Viral Adsorption to Soils

Since adsorption is the factor most responsible for

controlling virus migration, a close examination of the
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Factor

TABLE 2

FACTORS INFLUENCING VIRUS FATE IN SOILS 

Influence on:

Survival
	

Migration

18

Temperature

Microbial
activity

Moisture
content

pH

Salt species
and concen-
tration

Virus asso-
ciation with
soil and ot-
her particu-
late matter

Viruses survive longer
at lower temperatures.

Some viruses are in-
activated more readily
in the presence of cer-
tain microorganisms;
however, adsorption to
the surface of bacteria
can be protective.

Some viruses persist
longer in moist soils
than dry soils.

Most enteric viruses
are stable over a pH
range of 3 to 9; sur-
vival may be prolonged
at near-neutral pH
values.

Some viruses are pro-
tected from inactiva-
tion by certain ca-
tions; the reverse is
also true.

In many cases, survival
is prolonged by adsorp-
tion soil; however the
the opposite has also
been observed.

Unknown.

Unknown.

Generally, virus
migration inc-
reases under sa-
turated flow con-
ditions.

Generally, low pH
favors virus ad-
sorption and high
pH results in vi-
rus desorption
from soil par-
ticles.

Generally, inc-
reasing the con-
centration of
ionic salts and
increasing cation
valencies enhan-
ces virus adsorp-
tion.

Virus movement
through the soil
is slowed or
prevented by as-
sociation with
particulates.



Organic
matter

Hydraulic
conditions

Presence of organic
matter may protect vi-
ruses from inactiva-
tion; others have
found that it may
reversibly retard
virus infectivity.

Unknown.

TABLE 2 (CONTINUED) 
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Retards move-
ment.

Greater virus
migration in
coarse-textured
soils; there is a
high degree of
virus retention
by the clay frac-
tion of the soil.

Virus adsorption
to soils is pro-
bably related to
physicochemical,
differences in
virus capsid sur-
faces.

Soluble organic
matter competes
with viruses for
adsorption sites
on soil par-
ticles.

Generally, virus
migration inc-
reases with inc-
reasing hydraulic
loads and flow
rates.

Viral agg-
regation

Soil
properties

Enhances survival.

Effects on survival
are probably related
to the degree of virus
adsorption.

Virus type Different virus types
vary in their suscep-
tibility to inactiva-
tion by physical,
chemical, and bio-
logical factors.

Source: Modified from Sobsey, 1983; as cited by Yates et
al., 1987.



relevant mechanisms is appropriate. An excellent review

of the mechanisms involved in the adsorption of viruses to

solid particles was prepared by Gerba (1984), from which

much of the following discussion is taken.

Colloidal particles range in size from 0.001 to 1.0

um (1 to 1000 rim) , are large compared to the size of small

molecules, and have a large electrical charge relative to

their surface areas (Freeze and Cherry, 1979). Because

viruses are of a colloidal nature, theories governing the

behavior of colloids in a dispersion medium, such as

water, are assumed applicable. Dispersed particles carry

an electrical charge, but a colloidal system as a whole

remains electrically neutral. A virus immersed in water

develops a surface charge by adsorbing ions onto its

capsid. These ions partially neutralize the original

charge on the virus and make up the so-called Stern layer.

A fixed, diffuse layer of oppositely charged ions,

extending for some distance into the solution and serving

to maintain an electrically neutral system, develops

outside the Stern layer, and forms the so-called Gouy

layer. The existence of the Stern and Gouy layers on the

virion constitutes the so-called "double-layer" (See

Figure 3).

Pursuant to the theories of colloidal stability,

interactions between two particles (a virion and a soil
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particle, in the case of adsorption) in dispersion are

believed to result from a balance between repulsive

double-layer interactions and attractive van der Waals

forces (electrical force between instantaneous dipole

moments within different molecules or particles).

Increases in the concentration of counterions in the bulk

solution, by addition of cationic salts or decreasing the

pH, cause the thickness of the Gouy layer to decrease

because less volume is needed to contain enough

counterions to neutralize the surface charge of the Stern

layer. The reduced thickness of this layer prompts two

particles to approach each other, enables the attractive

van der Waals forces to have an effect, and can result in

adsorption. Hydrophobic effects (repulsion of a virus

from water molecules so as to become closer to soil

particles) have also been studied as a mechanism for

adsorption, but the chaotropic ions (ions which disrupt

the structure of water molecules) which tend to bring

about this effect are not usually associated with natural

soil/water systems.

The degree to which a suspended virus is adsorbed to

a soil particle is often expressed as the distribution of

the virus between the surface and liquid phase. By

nature, sorption (interaction between a virus and a soil

particle, in this case) is a dynamic process of adsorption
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and desorption of virus particles, which tends toward an

equilibrium state when the adsorption rate equals the

desorption rate. Although the Langmuir isotherm (constant

temperature adsorption) model has been used, the

Freundlich isotherm model is more commonly applied to

virus adsorption. This model, which assumes monolayer

coverage of a surface (soil particle) by adsorbate

(virion) and no homogeneity among active sites for

adsorption is expressed in the following linear form:

log X = log K + n*(log C) (1)

where: X = the amount of adsorbed virus/weight of

adsorbent (soil), C = the virus in suspension at

equilibrium, and n and K are constants. A plot of log X

against log C gives a line having slope n and y-intercept

log K, if the model applies. The Freundlich isotherm has

been successfully applied to enteric viruses and

bacteriophages, including MS-2. In a study of the

kinetics of bacteriophages MS-2, T2, and f2, Preston and

Farrah (1987) described their adsorption to solids

thermodynamically, as a physical process with an energy of

activation of less than 40 Kcal/mole.

Factors Affecting Viral Adsorption to Soils

Considerable laboratory research, in the form of

batch and soil column studies, has been conducted in order

to characterize the adsorption of viruses to soils, and
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has established that the following factors are most

important: the nature of the soil, the type and strain of

virus, the pH, the presence of cations, the concentrations

of soluble organics, and the hydraulic conditions of the

system (Bitton and Gerba, 1984). A discussion of the

specific effects of these parameters on virus adsorption

follows.

Fine-textured soils are generally better for

adsorption than sandy soils because the clay mineral

fraction exhibits a high sorptive capacity toward viruses

as a result of its high surface area and ion-exchange

capacity (Gerba and Goyal, 1985).

Studies by Landry et al. (1979) in soil columns,

Hazard and Sobsey (1985) and Sobsey et al. (1987) in soil

suspensions and unsaturated soil columns, Goyal and Gerba

(1979) and Gerba et al. (1980) in soil suspensions, and

Gerba et al. (1981) in a statistical evaluation of earlier

data, have clearly shown that adsorption of viruses to

soils is highly type and strain dependent.

Physicochemical differences in virus capsid surfaces are

the most likely explanation for these virus-specific

differences (Gerba and Goyal, 1985). Furthermore, Hurst

et al. (1980) and Lance et al. (1982), showed that batch

studies of virus-water-soil suspensions, possibly due to

the highly controlled conditions, often may not correlate
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with less-controlled soil column and field studies.

Studies by Drewry and Eliassen (1968), Duboise et al.

(1976), Burge and Enriki (1978), Goyal and Gerba (1979),

and Sobsey et al. (1980) have all clearly demonstrated

that virus adsorption to soil increases as pH decreases.

According to Gerba and Goyal (1985), at the near-neutral

pH's typically encountered in soil-water systems, most

viruses and soil particles are negatively charged, which

tends to favor a virus being repulsed from, rather than

adsorbed to, a soil particle. Protonation, caused by

lowering of the pH of the soil-water system, causes

decreased ionization of the virion carboxyl groups and

increased ionization of the amino groups, and renders the

virus less electronegative or even electropositive. Soil

particles, though becoming more electropositive themselves

at lower pH's, generally have lower isoelectric points

than viruses, which has the effects of making a virus

particle more negative relative to a soil particle and

promoting adsorption.

The presence of cations (ionic strength) in the soil-

water environment tends to increase adsorption, while a

decrease in ionic strength does not favor adsorption and

can promote desorption of viruses already adsorbed to soil

particles. Positively charged ions (cations) help to

reduce the repulsive negative forces between a virus and a
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soil particle, and hence promote adsorption. Studies by

Lefler and Kott (1974) showed that the divalent cations

calcium (Ca+) and magnesium (Mg) were very effective in

promoting virus adsorption to sandy soil. In studies

using soil columns, Lance and Gerba (1984a) found that the

salt content of tap water and sewage water promoted

adsorption and reduced migration distances of viruses.

Studies by Lance et al. (1976), Duboise et al. (1976), and

Sobsey et al. (1980) all showed that the low ionic

strength of rain water decreased virus adsorption to and

caused virus desorption from soil cores under controlled

laboratory conditions. Adsorbed viruses are not

inactivated and may remain viable for months in the soil

matrix, until proper conditions for desorption develop

(Gerba et al., 1975). Landry et al. (1980) showed that

viruses penetrated further in rain-rinsed soil cores than

in wastewater-rinsed soil cores.

Soluble organic materials, such as humic and fulvic

acids, are known to compete with viruses for adsorption

sites (Gerba and Goyal, 1985). Studies by Bitton et al.

(1976), Scheuerman et al. (1979), Bixby and O'Brien

(1979), Sobsey et al. (1980), and Moore et al. (1982) all

showed that increased levels of soluble organics in soil-

water systems reduced the adsorption of viruses. Bixby

and O'Brien (1979) specified that complexation of fulvic



acids with MS-2 bacteriophage prevented its adsorption to

soil.

Flow rate, soil permeability, and degree of

saturation can have a significant effect on the adsorption

of viruses to soils. Studies by Vaughn et al. (1981),

using a ground-water recharge system, and Lance and Gerba

(1980) and Wang et al. (1981), using soil columns, found

that the rate of virus removal (adsorption) was negatively

correlated with flow rate. Lance and Gerba (1984b) found

that virus movement during unsaturated flow was much less

than during saturated flow, but the topic requires further

study.

Gerba et al. (1981) used a statistical analysis to

categorize viruses based on the effects of various

conditions on their adsorption to soils. The study

classified the adsorption of MS-2 and 1x174 bacteriophages

and various strains of coxsackie B4 and echo 1 viruses as

being most influenced by pH, organic matter, and

exchangeable iron content of the soil. These results led

to the conclusion that MS-2 and 1x174 phages could be used

as potential models for the adsorptive behavior of the

animal viruses in this category.

Survival of Viruses in Soil-Water Environments

The main factors which influence survival of viruses

in the environment include pH, temperature, microbial
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antagonism, presence of soluble organics, interaction with

solid surfaces, type of virus, and type of soil (Keswick

and Gerba, 1980). The presence of dissolved oxygen does

not have any effect on the survival of viruses at

temperatures below 37°C (Akin, 1971). The mechanisms

whereby these factors influence virus survival have not

been explained in many instances, and, undoubtedly,

interactions between the factors occur (Yates et al.,

1987). When a virus does not survive, it is said to be

inactivated. Inactivation refers to loss of infectivity

toward host cells, and therefore loss of ability to cause

disease (Vilker, 1981), and is often referred to as die-

off. According to Yates et al. (1987), viral inactivation

is often modeled as a first-order reaction and expressed

as an inactivation rate, in the form:

Inactivation Rate = dC/dt = -K*C (2)

where: C is the infective virus concentration at time t

and K is the first-order inactivation constant (time -1 ).

Inactivation rates for viruses in ground water have been

studied by Keswick et al. (1982), Bitton et al. (1983),

and Yates et al. (1985).

Hurst et al. (1980a) studied the effects of

temperature, soil moisture content, presence of aerobic

microorganisms, degree of virus adsorption to the soil,

soil-levels of resin-exchangeable aluminum, and soil pH,
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and found that overall, temperature and virus adsorption

to soil were the most important factors affecting virus

survival. They suggested that the effect of soil pH upon

virus inactivation might be mediated through adsorption to

the soil. Thus, because temperature and virus adsorption

to soil have been determined to be the main factors

affecting virus survival of viruses in soil-water systems

(Gerba, 1984), only these factors will be discussed here.

Studies by Bagdasar ' yan (1964) in soil at

temperatures of 3°C to 10 0C and 18°C to 23°C; Lefler and

Kott (1974) of poliovirus type 1 and f2 bacteriophage in

sandy soil in Israel; Yeager and O'Brien (1979) of

coxsackie virus Bi in sandy loam soils suspended in river

water, ground water, and septic wastewater at temperatures

from 4°C to 37 0C; Larkin et al. (1976) and Tierney et al.

(1977) in field studies of soils irrigated with sewage

effluent from Cincinnati, Ohio during summer and winter;

Hurst et al. (1980b) at a rapid-infiltration site during

fall and winter; Yates and Gerba (1984) in ground water

collected from various sites throughout the United States

at the characteristic temperature of the source; and

Duboise et al. (1976) of poliovirus in a sandy forest soil

at temperatures of 4°C and 20°C have all shown that, in

general, virus inactivation is directly correlated with

temperature.
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Studies by Green (1976) of poliovirus adsorbed to

soil at room temperature, Hurst et al. (1980b) at a rapid-

infiltration site, Gerba et al. (1981) using a statistical

analysis of earlier data to compare survival of different

viruses based on their ability to adsorb to soils, and

Sobsey et al. (1980) of poliovirus adsorbed to certain

soils all found that adsorption of a virus to soil tended

to increase its ability to survive. Gerba (1984) reported

that the protective effect of virus association with

particulate matter or other surfaces includes protection

from proteolytic enzymes or other substances which

inactivate viruses, increased stability of the viral

capsid, prevention of aggregate formation, and blocking of

ultraviolet radiation.

Transport of Viruses Through Saturated Soils 

According to Yates et al. (1987) transport of viruses

in ground water can be viewed as a three-step modeling

process: additions (or losses) of virus to the system,

the fluid flow process, and modeling the virus transport

given the first two steps. Grosser (1984), in summarizing

the work of several other authors, identified the

following four factors on which the transport of viruses

through porous media is dependent: 1) Advection: the

average velocity of the water as it passes through the

porous media; 2) Dispersion: related to advection and is
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the result of the fact that the actual pore velocities

differ from the average velocity of the particles and the

effect of Brownian motion of the virus particles; 3)

Adsorption: the removal of viruses from the ground-water

flow through adhesion to soil particles; and 4) Decay of

inactivation: the natural "die-off" of the virus

particles due to environmental stresses. Brownian motion

refers to a random motion caused by the thermal motion of

molecules following their collision with other molecules

or with colloids (Corapcioglu and Haridas, 1984). A

colloidal particle, such as a virus, moves in response to

the instantaneous difference in impact made by bombarding

molecules on different sides of the particle. Adsorption

and inactivation have already been discussed in some

detail, so the balance of this section focuses on the

advection and dispersion properties of fluid transport, as

they relate to viruses.

Several mathematical models have been proposed for

modeling virus transport through saturated porous media.

Vilker and Burge (1980) proposed an adsorption mass

transfer model to describe the virus association with

soils and soil components, with the objective of

describing the breakthrough or concentration history of

virus in the effluent from soil beds. The approach is

based on the reversible association between virus
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particles and soils and soil components and incorporates

adsorption isotherms, batch adsorption, and adsorption in

soil columns. The model requires the knowledge of several

theoretical parameters such KL (an adsorption equilibrium

coefficient), Q (the maximum number of adsorption sites),

and k ^ f, c (the mass transfer coefficient), which place it

beyond the scope of this study.

Grosser (1984) presented a one-dimensional, ground-

water, flow-mass, transport model representing the

migration of viruses from a septic system to a private

water supply well. The outputs from the model are

relative virus concentrations at various points downstream

of the septic system at different times until steady-state

is reached. Because the model requires inputs of the

separation distance between the well and septic system,

pumping rate of the well, aquifer characteristics, and the

adsorption and inactivation coefficients for the virus, it

is not applicable to this study.

Corapcioglu and Haridas (1984) presenteda

macroscopic model for virus transport, based on the three-

dimensional, mass-conservation equation for particles in a

porous medium. The model presents a series of equations

for transport of both bacteria and viruses, emphasizing

removal mechanisms and decay and growth kinetics. This

mass conservation model is also beyond the scope of this
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research.

Advection, mechanical dispersion, and diffusion

represent the key factors, yet to be discussed, for

modeling the transport of viruses through saturated soils.

Advection represents the average velocity of the water as

it affects the movement of the virus particles. According

to Grosser (1984), the concept of dispersion encompasses

both mechanical dispersion and diffusion, but diffusion is

neglected because it is many orders of magnitude less than

mechanical dispersion for the time periods being

considered. Dispersion is a macroscopic effect of the

varying flow velocities constituting the average velocity,

a statistical parameter about which the actual pore

velocities are distributed. Dispersion is a measure of

the variance of this distribution and can be represented

as a function of the average velocity CScheidegger, 1961)

in the following equation:

D = a*v	 (3)

where:	 D = the coefficient of dispersion, a = the

dispersivity, and v = the average velocity.	 Only

longitudinal dispersion (parallel to the direction of

flow) is considered in a one-dimensional transport model.

Longitudinal dispersivity is very difficult to

measure directly, and is most commonly determined through

the calibration of a mass transport model. The one-
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dimensional mass-transport equation which combines all the

important factors affecting virus transport through porous

media and gives the concentration of viruses at a point in

space and time was presented by Bear (1979) as follows:

dC/dt = (D/Rd)(d 2C/dx 2 ) - (V/Rd)(dC/dx) - hC (4)

where: C = virus concentration, t = time, D = coefficient

of longitudinal dispersion, Rd = retardation factor due to

adsorption following a linear Freundlich isotherm, x =

distance from source, V = average velocity of fluid flow,

and h = biological decay factor.

Applicability of Soil Columns to Virus Transport

Numerous studies, using soil columns, have been

undertaken to assess the factors affecting virus transport

through saturated soils.	 These models generally

incorporate the following simplifying assumptions: 1)

Percolate flow applied to the soil is steady and

continuous, 2) Applied virus concentration (C 0 ) is

constant with time, 3) Soil packing density is

homogeneous, and 4) Soil is initially saturated with

percolate solution containing no virus (Vilker, 1980).

Many of the factors affecting the transport of viruses in

saturated soils listed in Table 2 have been studied to

date, including soil permeability by Wang et al. (1981),

virus type by Lance et al. (1982), water composition by

Lance et al. (1976), Lance et al. (1980) and Dizer et al.
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(1984), and a comprehensive study of the effects of virus

concentration, virus type, flow rate, water composition,

and soil type (Lance and Gerba, 1979), among others.

Several studies, including Lance et al. (1976), Lance et

al. (1982), Hurst et al. (1980), Lance and Gerba (1979)

met with considerable success in comparing soil column

studies with field studies at the Flushing Meadows

Wastewater Renovation Project near Phoenix, Arizona.

Objectives 

A detailed understanding of the transport of viruses

through saturated soils is necessary in order to predict

travel times and migration distances. Such information is

necessary for planning the proximity of wastewater

recharge areas, septic systems, and other potential

sources of pathogens to drinking-water supply wells.

Mathematical models have been proposed by Vilker and Burge

(1980), Grosser (1984), and Corapcioglu and Haridas (1984)

for describing the transport of viruses, based on their

colloidal properties, using modified advection-dispersion

equations. Soil columns have been shown to be good models

for virus migration in certain field situations. MS-2

virus has been described as a potentially good model for

the behavior of human enteric viruses in subsurface

environments.

The adsorptive behavior of various animal viruses in
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saturated soil columns at room temperature has been

previously studied by Lance et al. (1980), Wang et al.

(1981), Lance et al. (1982), Dizer et al. (1984), and

Lance and Gerba (1984a). Because virus removals in soil

columns at room temperature may reflect inactivation as

well as adsorption, this study was initially conducted at

4°C, the optimum temperature for bacteriophage survival

and the temperature at which phage stocks are stored, in

order to minimize phage inactivation and determine more

accurately the extent to which MS-2 bacteriophage adsorbs

to soil. One major objective of this project was to

characterize the adsorption of MS-2 virus in saturated

soil columns, in order to determine if MS-2 is an accurate

model for adsorption of other animal viruses to soils.

The rate at which a virus moves through soil relative

to the rate of water movement is important for predicting

the travel times of viruses between a source of

contamination and a drinking-water supply well. A basic

understanding of these relative velocities can be gained

through laboratory soil column studies. Viruses have been

shown to move faster through soil than the average

velocity of the water transporting them, in a previous

study by Grondin (1987). The second major objective of

this project was to determine the movement of MS-2 virus

relative to a conservative tracer through saturated soils
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and, in so doing, clarify the previous findings.

The specific objectives of this research were as

follows:

1) To characterize the transport of viruses in saturated

soil columns. A basic understanding of the transport of

viruses through saturated soils, as a function of

adsorption, survival, and velocity, is necessary for the

prediction of travel times for viruses between sources of

contamination, such as septic tanks and areas where

wastewater is used for irrigation or ground-water

recharge, and drinking-water supply wells.

2) To characterize virus removal in saturated soil columns

by adsorption alone, by minimizing the effects of

temperature on virus inactivation. Virus removal through

soil columns has not been previously studied at low

temperatures, in order to distinguish between inactivation

and adsorption.	 In addition, the effects of temperature

on adsorption of virus to soil in columns have not been

previously studied and are currently unknown.	 The

applicability of the results of virus adsorption studies

to a variety of climates is greater if the influence of

temperature is included.

3) To assess the effects of dispersion on virus transport

by comparing the movement of viruses to that of a

conservative tracer. An understanding of virus movement
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relative to that of a conservative tracer provides an

understanding of virus travel times relative to that of

the water, and can be used to assess the ability of the

tracer to model the movement of viruses.

4) To determine the effects of temperature on dispersion

of viruses during transport.	 Temperature effects on

dispersion can cause changes in the velocity of viruses

relative to that of water, and consequently should be

characterized so that the results are applicable to a

variety of climates.

5) To assess the overall applicability of MS-2 virus for

modeling the transport of pathogenic viruses.	 Previous

studies have suggested MS-2 virus as a possible model for

other viruses, but this possibility needs to be confirmed

by laboratory studies.
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MATERIALS AND METHODS 

Soil Column Preparation 

The soils used for this study were the Flushing

Meadows (FM) loamy sand from Arizona and the Corolla fine

sand from North Carolina. Table 3 shows the properties of

each soil.

Soil columns consisted of clear, polyvinyl chloride

tubes, 105 cm (centimeters) in length and 4 cm inner

diameter. Each column contained sampling ports at depths

of 5, 15, 20, 30, 40, 50, 60, 80, and 100 cm, which

extended into the center of the column (See Figure 4).

Each sampling port was made of copper tubing, with a

porous, ceramic plug at the end inside the column, in

contact with the soil. The ceramic plugs were of the 1900

series, manufactured by Soil Moisture Equipment

Corporation in Santa Barbara, CA, as described by Wang et

al. (1980). The 100 cm depth port did not contain a

ceramic plug.

A 6 cm layer of pea gravel was first packed into each

column. Three fine aluminum screens were placed above the

gravel. The gravel and screens allowed water to flow

freely out the bottom of the column and prevented soil

from clogging or flowing out through the outflow port.

Soils were air-dried and sieved through a 0.45 cm sieve to

remove any large clods or gravel. The Corolla Sand was
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TABLE 3

SOIL CHARACTERIZATION

Description or Value by Soil

Property
Flushing
Meadows' Corolla2

Class
	 loamy sand
	

fine sand (mixed,
thermic Aquic
Quartzip-
samments)

% Sand 89 100

% Silt 8 0

% Clay 3 0

% Organic Matter 0.9 <0.1

Saturation pH 7.8 7.5-7.6

Surface Area
( 112/g)

Locale

Source

18.3 3

Flushing Meadows
Wastewater Reno-
vation Project
(Salt River Bed)
near Phoenix, AZ

Dr. C.P. Gerba
University of
Arizona
Tucson, AZ   

Northern Tip of
Topsail Island
West Onslow
Beach, NC

Dr. M.D. Sobsey
University of
North Carolina
Chapel Hill, NC

1 --Data mostly from Hurst et al. (1980) and Wang et al.
(1981)

2 --Data from Sobsey (1987)
3 --Data from Thurman, (1987)
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further sieved through a 0.85 mm (millimeter) or 850 um

(micron) U.S.A. Standard Testing Sieve, AS TME - 1 1

Specification Tyler Equivalent 20 mesh, (W.S. Tyler, Inc.,

Mentor, Ohio), in an attempt to reduce the flow rate.

Soils were uniformly packed by slowly pouring measured

weights of soil through a 1 cm inner diameter funnel,

until a soil column length of 85 cm was filled. This soil

column length seemed adequate, pursuant to the

recommendation by Keswick and Gerba (1980) that virus-soil

interactions be studied in columns at least 50 cm in

length to model field-site conditions.

Bulk Density 

The packing bulk density of the soils in g/cm 3 was

determined by measuring the total mass of the soil added

and dividing by the volume it occupied in the column.

Porosity 

Porosity was determined using two methods. Porosity

(f) was obtained from the bulk density (Pb) using the

relation described by Hillel (1980):

f = 1 - Pb/Ps	 (5)

where:	 the particle density (p s ) is taken as 2.65 g/cm3 .

This porosity-value was used for characterizing the

packing in the soil columns and for velocity calculations.

In order to verify results from the first method,

porosity was also measured by flooding a column with a

42



known volume of water. Several experiments were done to

determine the average volume of water contained in the pea

gravel/screening drainage layer. Columns were flooded

with Tucson tap water from the bottom up to minimize

entrapment of air, with a measured volume of water. The

volume of water in the pea gravel was subtracted from this

amount to give the volume of water occupying the voids in

the soil. This volume was then divided by the volume

occupied by the soil and voids and multiplied by 100 to

give the porosity in % (percent).

Procedure for Column Experiments 

Soil columns were flushed with Tucson tap water for

3-4 days prior to the introduction of virus. Steady-state

flow conditions were established using a Mariott siphon

device (See Figure 4). Head differences between the

standing water in a soil column and the reservoir were

adjusted until the desired flow rate was achieved. Flow

rates were obtained by collecting the outflow in a

graduated 50 ml centrifuge tube for a measured time period

and converting to ml/hr. Flow rates were then converted

to 1/day and cm/day. Flow rates expressed in cm/day were

calculated by dividing the daily flow in cm 3/day or ml/day

by the cross-sectional area in cm 2 and porosity (expressed

as a fraction) of a column.
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Water reservoirs containing virus were prepared using

dechlorinated Tucson tap water in volumes of 20 liters at

4 0 C to minimize die-off. Tucson tap water was

dechlorinated by adding at least 2 mg/1 of Na2S203-5H20

(sodium thiosulfate). Dechlorinated Tucson tap water was

used for all experiments in this study, unless otherwise

noted, and is referred to as simply tap water from hereon.

Virus stock was diluted in sterile Tris buffer (described

in the Preparation of Media section), then seeded into 3.5

liters of tap water in at 4°C, and magnetically stirred

for approximately 5 minutes. This seeded volume was then

added to the remaining 16.5 liters and shaken vigorously

in a nalgene-plastic water jug for several minutes,

creating an approximate seeded titer of 3 x 10 5 PFU/ml

(plaque forming units/milliliter).

Experiments run at 4°C were conducted in a walk-in

refrigerator. The reservoir for these experiments was an

18 liter nalgene-plastic water jug, to the top of which

was connected a large rubber stopper with the Mariott

siphon tube.

Experiments run at 24°C were conducted in the

laboratory at room temperature. The reservoir for these

experiments was a 2800-ml, glass erlenmeyer flask, which

was periodically replenished from the 20-liter seeded

supply kept at 4°C. The 2800-ml reservoir was kept in a

44



styrofoam cooler and encased in ice packs in order to keep

it at 4°C and to minimize virus die-off.

Before adding virus to a column, a background sample

was collected in order to determine if there was any virus

already in the column. Initial reservoir and initial

inflow samples were also collected prior to an experiment.

Initial reservoir samples were collected with a sterile

pipette. Initial inflow samples were collected directly

from the Mariott siphon tube. Daily samples were

collected from the reservoir, inflow, and outflow.

Reservoir samples were collected with either a sterile

pipette or a sterile syringe with surgical tubing on the

end, when the reservoir level was low. Inflow samples

were collected with a sterile pipet from the standing

water above the column, so as not to interrupt the flow of

the syphon. Outflow samples were collected by holding a

sterile, glass dilution tube under the outflow port. Day

1 samples were collected after enough time had elapsed,

based on the measured flow rate, for virus to pass through

a column. Successive samples were usually collected in

the middle of the day. ' Sample volumes of 1 to 5 ml were

collected in sterile, chilled, glass dilution tubes,

capped with sterile rubber stoppers, and stored at 4 0C

until assayed. Samples were always assayed the same day

they were collected. Samples were stored at 4 0C after
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assaying so that they could be reassayed the next day, if

necessary.

The original reason for having sampling ports located

at various depths in the column was to define virus

adsorption as a function of depth. Several experiments

were conducted whereby virus samples were extracted

through rubber septa from the porous cup ports, using

sterile syringes. Highly variable results from soil

column studies and supporting experiments which drew virus

directly through the porous plugs showed that MS-2 was

adsorbed and or filtered out by the ceramic samplers.

Thus, attempts at defining virus adsorption as a function

of depth were abandoned, and only inflow and outflow data

for 85 cm of soil were used.

Water Quality Characterization 

Water used as a transport medium for virus through

the columns (influent) was treated with 2-3 mg/1, sodium

thiosulfate (Na2S203-5H20) to remove any free chlorine

that might kill off virus, and stored at 4°C. Water was

analyzed for hardness, alkalinity, pH, turbidity, total

dissolved solids (TDS), electrical conductivity, and, in

some cases, copper.

Hardness (total, calcium, and magnesium) was measured

in mg/1 CaCO 3 (calcium carbonate) by digital titration

with a Total and Calcium Hardness Test Kit, Model HAC-DT
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(Hach Company, Loveland, CO, U.S.A.).

Total alkalinity (OH - , CO3 -2 , and HCO3 - ) was measured

in mg/1 CaCO3 by digital titration with an Alkalinity Test

Kit, Model AL-DT (Hach Company, Loveland, CO, U.S.A.).

Measurements of pH were done with a Beckman 170 pH

meter (Beckman Instruments, Inc., Irvine, CA).

Turbidity was measured in nephelometer turbidity

units (N.T.U.) with a Model 2100A Turbidimeter (Hach

Company, Loveland, CO, U.S.A.).

Total dissolved solids (TDS) and suspended solids

were measured in mg/1, using procedures outlined in

Standard Methods for the Examination of Water and

Wastewater (American Public Health Association et al.,

1981).

Electrical conductivity was measured in umhos

(micromhos), using a Model RC-20 Altex Conductivity Bridge

(Beckman Instruments, Inc., Irvine, CA).

Copper (mainly Cu++ ) was measured in ppb (parts per

billion), by the Atomic Adsorption Method (AOAC Methods,

1984), using a Hitachi 180-70 Atomic Absorption

Spectrophotometer (Hitachi, Denver, CO).

Survival Studies

Virus survival studies were carried out in Tucson tap

water, sterile Tucson tap water, sterile 18 mv (millivolt)

deionized water (Sybron-Barnstedd NANOpure II, Boston,
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MA), and University of Arizona Martin St. well water. In

the interest of being consistent with previous virus

survival studies, the protocol used by Yates et al. (1986)

and Yates and Gerba (1984) was followed. Because of the

relatively short duration of the column studies to which

the survival data were to be applied, survival experiments

were conducted for considerably shorter time periods than

those used by the previous authors. MS-2 virus stock was

diluted in sterile Tris buffer and inoculated into new,

sterile 50 ml conical, polypropylene tubes filled with

water. For studies conducted at 4°C, water was chilled to

this temperature prior to inoculation with virus. Tubes

were shaken vigorously on a Vanlab Vortex Mixer

(Scientific Industries, Inc., Bohemia, NY) for 30 s

(seconds) prior to withdrawing a 1 to 2 ml sample, with a

constant sample volume for a given experiment. Samples

were placed in sterile, chilled, glass dilution tubes,

capped with rubber stoppers, and stored at 4 0C until

assayed.

Batch Adsorption Isotherm Studies 

Studies were conducted to attempt to develop

adsorption isotherms for MS-2 virus under controlled

conditions, in order to clarify the results of soil column

adsorption studies. A ratio of 1 g of soil to 1 ml of

virus suspension was used in the batch studies, following



the same protocol used by Burge and Enriki (1978), Gerba

and Goyal (1979), and Gerba et al. (1981). The

soil/water/virus mixture was shaken on a rotary shaker at

200 rpm (revolutions per minute) for 30 and 60 min., as

described in the previous studies by Goyal and Gerba

(1979) and Gerba et al. (1981). MS-2 stock was diluted in

dechlorinated Tucson tap water, with the final dilution

into 60 to 70 ml of tap water in a 225-ml erlenmeyer

flask. The suspension was then magnetically stirred for

about 3 min. Typically, initial titers of 1 x 10 2 to 6 x

10 5 PFU/ml were used. Seven ml of virus suspension were

added to 7 g of soil in new, sterile, 15 ml, polypropylene

conical tubes (Sarstedt, W. Germany) or (Miles Scientific,

Division of Miles Laboratories, Inc., Naperville, IL).

Control samples of 7 ml of virus suspension in similar

tubes were maintained for all sampling times, typically 0,

30, and 60 min. Measurements of pH were taken from the

erlenmeyer flasks, with a Beckman 170 pH meter (Beckman

Instruments, Inc., Irvine, CA), at the beginning of an

experiment, and from all the tubes after the assay. All

sample tubes were handshaken to create a soil/water slurry

and then placed on a Gyrotory Shaker--Model G2 (New

Brunswick Scientific Co., Inc., Edison, NJ).

A time-rate experiment was conducted to determine

when suspended and adsorbed virus had reached equilibrium.
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Based on these results and the previous work of Goyal and

Gerba (1979), sampling times of 30 min and 60 min were

used throughout the batch studies. Thus, a typical

experiment consisted of 3 suspensions of different

dilutions of virus, with time 0, 30, and 60 min control

tubes and time 30 and 60 min virus suspension/soil mixture

tubes for each.

All samples, except the time 0 min controls and

others as noted, were spun for 5 min at approximately 3500

rpm (setting #7) on an International Clinical Centrifuge

Model CL, (International Equipment Co., Needham Heights,

MA). Samples were taken from the supernatants in the

tubes with sterile pipets and assayed immediately after

the shaking step for the time 60 min sample. Studies were

conducted at 4 0C and 24°C in to evaluate any temperature

effects. Tap water for isotherm experiments was brought

to the appropriate temperature prior to the beginning of

each experiment.

Soil Buffering Capacity Study

In order to lower the pH of the soil/tap water

mixtures in the adsorption isotherm studies, in hopes of

increasing the adsorption of the virus to the soil,

attempts were made to counteract the high alkalinity of

the Flushing Meadows sand with acid. Based on previous

work on poliovirus and reovirus at pH = 5 by Floyd and
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Sharp (1978), CH3COOH (acetic acid) was selected to lower

the pH and to have minimal effect on the virus.

A 1 M (molar = moles/liter) CH3COOH stock was_

prepared from glacial acetic acid (Fisher Scientific Co.,

Fairlawn, NJ) by the procedure outlined by Perrin and

Dempsey (1983).	 The 1 M CH3COOH stock was diluted in_

dechlorinated Tucson tap water to 0.05 M, as used by Floyd

and Sharp (1978), 0.1 M, and 0.2 M in the first_

experiments. The 60 ml acid preparations were normalized

to a pH of approximately 5 by the addition of NaOH (sodium

hydroxide) and constant magnetic stirring in 250 ml or 125

ml erlenmeyer flasks. The pH of each flask was recorded

immediately prior to conducting adsorption isotherm

experiments. All experiments in this buffering capacity

study were conducted at 24°C and followed all the

procedures for adsorption isotherm studies outlined

previously, except no virus was used. The pH of each

sample was measured and recorded after 60 min of shaking,

and 3 hrs after removal from the shaker, to simulate the

elapsed time required for the assay of the samples prior

to measuring the final pH's. Because these concentrations

of CH3COOH were only partially successful at overcoming

the buffering capacity of the soil, the experiments were

repeated at acid concentrations of 0.3, 0.4, 0.5, 0.6,

0.7, 0.8, 0.9, and 1.0 M.
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Soil Column Tracer Studies 

Soil columns were packed and prepared as described

previously. Prior to beginning each experiment, hydraulic

conductivity was measured using the falling head

permeameter method (Todd, 1980), and repeated until two

comparable hydraulic conductivities (K) were arrived at.

Each soil column was used as a falling head permeameter,

giving an average hydraulic conductivity for the 85 cm of

soil and some 4.5 cm of pea gravel between the standing

water and the outflow sampling port (See Figure 5).

The upper soil surface was used as a datum, from

which all head measurements were made. Specifically, a

column was filled with standing water to just below the

base of the uppermost sampling port and the height of the

standing water recorded, representing the initial head in

cm. The fall of the water level and corresponding head

was recorded as a function of time, giving several head

(Hi) values/time data points. The following equation, as

described by Freeze and Cherry (1979) was used to

calculate the hydraulic conductivity from falling head

permeameter data:

K = (aL/A)1n((Hi-H0)/(H2-H0))/(t2-ti) (6)

where: K = hydraulic conductivity in cm/sec, a = the

cross-sectional area of the standing water (cm 2 ), L = the

length of the porous material (cm), A = the cross-
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Figure 5. Column Apparatus Without a Mariott Siphon, Used
as a Falling Head Permeameter to Determine
Hydraulic Conductivity
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sectional area of the porous material (cm 2 ), H1 = the

hydraulic head (cm) at time t1 (sec), Ho = the head

(elevation) difference between the bottom of the porous

material and the outflow tube/collection container (cm),

and H2 = the hydraulic head (cm) at time t2 (sec). In the

case of using the soil column as a permeameter, the cross-

sectional areas a and A are equal and Ho = 0 because the

outflow occurs at the base of the porous medium in the

column, reducing the equation to:

K = (L(ln(Hi/H2)))/(t2-ti) (7).

In order to confirm the existence of laminar flow

conditions in the soil columns, Reynolds numbers (Re ) were

calculated. The Reynolds number, a dimensionless

quantity, was calculated from the following equation:

Re = pqd/u (8).

where: p = the density of the fluid (g/cm 3 ), q = the

specific discharge or Darcian velocity of the fluid

(cm/sec), u = the dynamic viscosity of the fluid (g/cm-

sec), and d = the "d10 value", i.e. the grain-size

diameter (cm) at which 10% by weight of the soil particles

are finer and 90% are coarser (Freeze and Cherry, 1979).

According to Bear (1972), flow through granular media is

laminar for an Re that does not exceed some value between

1 and 10. Because (310 grain-size values were not readily

available, they were estimated by comparing the known
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particle size distributions (See Table 3) with the grain-

size classification figure and particle-size distribution

curves for various soil types reported by Hillel (1980).

The importance of the d10-value in the equation for Re is

relatively small, such that errors in its estimation would

not change the value of R e significantly.

Once hydraulic conductivities were established,

tracer studies were conducted first with MS-2, and then

flushed with Tucson tap water until at least 1 column

volume had passed through. The flushing was immediately

followed by a bromide tracer experiment to ensure that

column flow regimes were the same in the column for each

tracer. Hydraulic conductivities and flow rates for each

column were carefully established prior to beginning all

tracer experiments. Changes in hydraulic conductivity

were offset by changing the applied pressure head, so as

to keep the flow rate constant for MS-2 and bromide runs

in the same trial.

Tracers were prepared in a sterile, 2-liter

erlenmeyer flask by adding the appropriate volume of

diluted tracer stock to 1 liter of tap water at the

temperature corresponding to that of the experiment. The

solution was magnetically stirred for about 5 min, prior

to the gradual addition of another liter of tap water,

creating an initial suspended tracer volume of 2 liters.

55



The flask was kept covered with foil to prevent

contamination. Approximately 1 1/2 liters of the tracer

suspension was then transferred to a 2800-ml wide-mouth

erlenmeyer flask, for use as the reservoir for the

columns. The tracer suspension in the reservoir was kept

at a constant 1 to 1 1/4-liter volume (applied hydraulic

head) at all times, in order to maintain a constant flow

rate through the column, by periodic replenishment from

the 2-liter erlenmeyer flask.

The MS-2 tracer was prepared at 1 x 10 4 to 5 x 10 4

PFU/ml in dechlorinated Tucson tap water and the bromide

tracer prepared at a concentration of 1 x 10 -3 M

(moles/liter), or 80 mg/1 (milligrams/liter), in Tucson

tap water which had not been dechlorinated. This was done

to prevent any possibility of the Na2S203-5H20 used to

remove free chlorine (dechlorinate water) for virus

suspensions, interacting with or affecting the

concentration of bromide. All virus and bromide samples

were collected in sterile glass dilution tubes and capped

with sterile rubber stoppers until assayed. Sample

volumes were 6 to 7 ml, taking approximately 30 sec to

collect from the Corolla sand column and 8 min for the

Flushing Meadows sand column. Samples were labeled and

stored at 4°C until assayed.

Background samples collected from the outflow port
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were collected prior to beginning each tracer test. An

initial inflow sample was also collected, with a sterile

pipette, from the reservoir prior to each experiment.

Flow rates were measured to predict the arrival time of

the tracer, by measuring a volume collected in a plastic

centrifuge tube over a specified time period. Flow rates

in cm/day were used to estimate the arrival time of the

water at the outflow port.

The initial experiment included 10 experimental

samples, with 5 samples collected prior to the predicted

arrival, and 5 collected after. Subsequent experiments

included at least 18 experimental samples, with typically

11 to 12 samples collected prior to the estimated arrival

of the tracer and 7 or 6 six samples after. Sampling time

intervals were generally uniform, 15 min for all

experiments through Flushing Meadows sand and 3 min and 1

1/2 min for trials 1 and 2, respectively, through Corolla

sand. All experiments were timed with a VWR # 623344-756

100-Hour Timer (VWR Scientific, Phoenix, AZ). Samples

were collected and stored in sterile, glass dilution tubes

sealed with rubber stoppers until assayed. Soil columns

were flushed with tap water for 1 to 2 days after each MS-

2/Bromide tracer experiment. Tracer studies were

conducted at 4°C for both soils and 24°C for the Flushing

Meadows sand only, with the reservoir kept at the ambient



temperature of the experiment-

MS-2 Bacteriophage Assays 

Most of the procedures related to the assay of MS-2

bacteriophage are adapted from those outlined in the

Laboratory Manual for Environmental Virology (1983),

prepared by C.P. Gerba, as modified from the original agar

overlay procedure outlined by Adams (1959).

Preparation of Media

Media were prepared for growing the MS-2

bacteriophage virus stock, growing the E. coli 

(Escherichia cou i # ATCC 15597) virus host, and assaying

the MS-2 virus stock and experimental samples. Tris

buffer (tris buffered saline solution) for dilution of

virus stock and samples and other purposes, was prepared

by dissolving 63.2 g of Trizma Base (Sigma Chemical Co.,

St. Louis, MO), 163.6 g of NaCl (sodium chloride), 7.46 g

of KC1 (potassium chloride), 1.13 g of Na2HPO4 (anhydrous

sodium phosphate) into 1600 ml of distilled water by

shaking. This solution was then adjusted to pH = 7.2 to

7.4 by the addition of approximately 40 ml of 12 N

(normal) HC1 (hydrochloric acid), to create a base stock

of TBS I. Tris buffer was then prepared by diluting 160

ml of TES I into 1840 ml of distilled water. Tris buffer

for dilution of virus was dispensed into screw-cap test

tubes in 2.7-ml volumes with a 5 or 10 ml B-D Cornwall
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continuous pipetting outfit (Becton, Dickinson and

Company, Rutherford, NJ). The screw-caps were then

lightly screwed on the test tubes and the Tris buffer was

sterilized by autoclaving for 20 min. The screw-caps were

then tightened and the Tris buffer was stored at 4°C until

needed.

TSB (Tryptic Soy Broth) for growth of E. cou i was

prepared by dissolving 30 grams of Tryptic Soy Broth

Powder (Gibco Laboratories, Madison, WI or Difco

Laboratories, Detroit, MI) into one liter of distilled

water, using a magnetic stir bar and hot plate/magnetic

stirring instrument. TSB was dispensed into screw-cap

test tubes in 3-ml amounts and into 250-ml erlenmeyer

flasks, capped with tin foil, in 100-ml amounts. The TSB

was sterilized by autoclaving for 20 min and then stored

at 4°C until needed.

Overlay medium was prepared by dissolving 30 g of TSB

Powder and 10 g of Bactoagar (Difco Laboratories, Detroit,

MI) into 1 liter of distilled water using a magnetic stir

bar and hot plate/magnetic stirring instrument. The

overlay medium was dispensed in 3-ml amounts with a 5 or

10-ml B-D Cornwall continuous pipetting outfit into glass

test tubes (overlay tubes), which were then covered with

vented metal or plastic caps. Overlay medium was

sterilized by autoclaving for 20 min and then stored at
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4°C until needed.

Bottom agar was prepared by dissolving 40 g of

Tryptic Soy Agar powder (Gibco Laboratories, Madison, WI

or Difco Laboratories, Detroit, MI) into 1 liter of

distilled water in a large erlenmeyer flask, using a

magnetic stir bar and hot/plate magnetic stir plate. The

mouth of the flask was then covered with tin foil, and the

mixture and a 10-ml B-D Cornwall continuous pipetting

outfit were sterilized by autoclaving. The bottom agar

was then cooled to approximately 49°C in a water bath and

dispensed with the sterile 10-ml B-D Cornwall continuous

pipetting outfit into sterile Falcon 1029, 100 x 15 mm,

plastic petri dishes (Becton Dickinson Company, Lincoln

Park, NJ) in the amount of 10 ml per petri dish (TSA

plate). Upon dispensing the agar petri dishes were

swirled and allowed to solidify for a few hours on a

laboratory bench top. The TSA plates were then inverted

and the bottoms propped up on the lids to allow air to

enter and dry out the condensation. After drying, the

plates were placed in their original plastic wrappers and

stored at 4°C until needed.

Preparation of E. cou i Stock

E. coli stock was grown by inoculating approximately

10 sterile screw-cap test tubes of 3 ml TSB, each with a

drop of a purified laboratory culture (# ATCC 15597)
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suspended in glycerol. The test tubes were then incubated

at 37°C over night (over night E. cou i culture), for 24

hrs, until stable cultures had grown up. The cultures

were then removed from the incubator and 3 ml of 80%

glycerol (a 1:1 volume ratio) was added to each test tube

with a sterile pipette. The sealed test tubes were then

mixed vigorously on the vortex mixer, and stored in a

walk-in freezer at -20°C until needed.

Preparation of the E. cou i host was further refined

by making spread plates from the stock suspended in

glycerol in order to ensure purity. Specifically, a wire

loop was flame-sterilized, allowed to cool, immersed in

the glycerol/E. coil  stock and spread on 2 TSA plates in 4

directions to dilute the bacteria to single colonies. The

spread plates were then inverted and incubated for 18 to

24 hrs at 37°C until individual, pure, white bacterial

colonies were visible. Spread plates were stored inverted

at 4°C and replaced every two weeks.

Preparation of MS-2 Bacteriophage Stock

For the initial experiments, a test tube of 3 ml of

sterile TSB was inoculated with E. coli, using a drop of

the glycerol stock directly from the test tube. Later on,

a flame-sterilized, cooled wire loop was used to remove an

E. coli colony from a TSA spread plate and to immerse the

colony in 3 ml of sterile TSB. Contamination never
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occurred with either method, but the use of spread plates

was initiated to ensure the purity of the bacterial

cultures.

This overnight E. cou i culture was incubated at 37°C

for 12 to 18 hrs, during which the bacteria entered into a

stationary phase. One ml of the stationary culture was

then transferred by sterile pipette to 100 ml of sterile

TSB in a 125-ml or 250-ml erlenmeyer flask, which was then

covered with a plastic screw-cap or tin foil. The flask

was then either placed in a 37°C shaker table water bath

set at a speed of 150 to 180 rpm, or placed on a shaker

table at the same speed in a walk-in 37 0C incubator. The

flask was removed after approximately 2 1/2 hours, during

which the bacteria had multiplied into a log phase and

were ready for use.

Approximately 1 hour prior to removing the 100-ml E.

cou i culture from the shaker, some 20 TSA plates were

placed in a 37 0C incubator to be warmed. Approximately 15

min. before the culture was ready, an MS-2 virus stock of

known titer (virus concentration in PFU/ml) was

successively diluted by pipetting 0.3 ml of virus stock

into 2.7 ml of sterile Tris buffer, decreasing the titer

by an order of magnitude with each dilution. Dilution

tubes were shaken on a vortex mixer between each dilution.

Separate, sterile pipettes and dilution tubes of Tris
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buffer were used for each dilution. Stock was diluted to

the 10 5 PFU/ml order of magnitude. About 5 min before the

culture was ready, several overlay tubes were melted in an

Arnold steamer for 5 min or so and placed in a 49°C water

bath. A 1-ml volume of the bacterial culture was

inoculated into no more than 4 overlay tubes at a time,

followed by the addition of 0.1 ml of diluted virus. Each

overlay tube was then shaken on the vortex mixer and

poured onto a TSA plate, placing a virus titer in the 10 4

PFU/ml range on each plate. Each plate was then swirled

on the bench top to ensure even coverage of the overlay

media. The plates were allowed to solidify, inverted, and

then placed in a 37°C incubator for at least 18 hrs, until

confluent plaques (a lacy texture) were apparent. Plates

were then inoculated with 5 ml of sterile Tris buffer,

swirled, and allowed to sit at room temperature for about

2 hrs to permit diffusion of the MS-2 bacteriophage off

the plates and into the liquid.

The liquid was then aspirated off the plates, placed

in centrifuge tubes, and centrifuged in a Beckman Model

J2-21 Centrifuge (Beckman Instruments, Inc., Irvine, CA)

at 10,000 rpm for 10 min in order to pellet out agar,

bacteria, and other impurities. The supernatant was then

carefully removed with a sterile pipette and put into a

clean glass bottle. A sterile 0.45 um (micron) filter
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(Millipore Corporation, Bedford, MA) was prepared by

filtering 10 ml of sterile TSB followed by 20 ml of

sterile Tris buffer. The supernatant virus suspension was

then filtered through the 0.45 um filter, into a sterile

glass bottle. The filter acts to remove unlysed bacteria

and debris larger than bacteriophage. The bottle was then

tightly capped with a screw-cap and stored at 4°C.

Typically, this procedure produced virus titers in

the 10 11 to low 10 12 PFU/ml range. After assaying the MS-

2 stock (see next section for the procedure), the virus

was dispensed into sterile glass vials, with a sterile

pipette, in 1 to 4-ml volumes. Because MS-2 is

inactivated at a rate of up to 1 order of magnitude per

month, new MS-2 stocks were prepared every 3 to 3 1/2

months. MS-2 stock prepared in this manner was used in

all but one experiment.

Preparation of Highly-Purified MS-2 Stock

MS-2 stock was further purified by centrifuging in a

Beckman Model L8-70 ultracentrifuge (Beckman Instruments,

Inc., Irvine, CA) at 25,000 rpm for 2 hrs, in order to

pellet out the virus. All but 1 out of about 30 ml of the

supernatant was removed from each centrifuge tube. One ml

of sterile Tris buffer was added to each tube, and the

virus pellet was resuspended by pipetting action. The

virus suspension was then removed with a sterile pipette
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and placed in a sterile glass bottle. The centrifuge tube

was then rinsed with a small volume of Tris buffer, which

was also pipetted in to the bottle of virus.	 An

appropriate volume of sterile Tris buffer was then added

to cause a 1:10 dilution of the virus. 	 The highly-

purified MS-2 stock was then capped and stored at 4°C.

Bioassay for MS-2 Bacteriophage

The procedure for assaying MS-2 virus and stocks is

essentially the same as described for producing virus

stock. An over night culture of E. coli was prepared, and

then a 2 1/2 hr culture was prepared to ready the bacteria

for use. Virus samples and stock were diluted in prepared

Tris buffer dilution tubes as described previously during

the 2 1/2 hr bacterial culture growth period. TSA plates

were warmed in a 37°C incubator and labeled with sample

designations and dilution factors on the bottom of each

plate. Typically, 3 dilutions were assayed for each virus

sample. The most dilute sample assayed was one order of

magnitude greater than the assumed titer of the sample,

e.g. for a sample of titer in the 10 5 PFU/ml range,

dilutions of 10 2 , 10 3 , and 10 4 PFU/ml were assayed.

Overlay tubes were melted and placed in the 49°C water

bath. Overlay tubes were each inoculated with 1 ml of the

2 1/2 hr E. cou i culture, 2 at a time, followed by the

addition of 0.1 ml of diluted virus per tube. Each
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overlay tube was then shaken on a vortex mixer and poured

on the corresponding TSA plate, as described previously.

Thus, for every virus sample, 2 plates were poured for

each of 3 dilutions, for a total of at least 6 plates per

sample.

A control plate of just the E. cou i culture was

poured for each assay to check for contamination.

Periodically a control plate of pure Tris buffer and E.

cou i was poured to check for contamination of the lots of

prepared dilution tubes of Tris buffer. The TSA plates

were inverted and incubated at 37°C for at least 18 hrs.

Plaques (clear, round spots on the plates) were then

counted on an automatic plaque counter (Model #C-100, New

Brunswick Scientific Co., New Brunswick, NJ). Typically,

plaque counts in the 20 to 350 range from the replicate

plates of one dilution were averaged to represent the

titer of sample, with preference given to counts of 100 or

more. All plaque counts were recorded.

Assay for Bromide 

Assays for bromide were conducted with a bromide

specific ion electrode (Catalog # 476128, Corning Glass

Works, Corning, NY), a double junction reference electrode

(Catalog # 476370, Corning Glass Works, Corning, NY), and

a Beckman 170 pH meter (Beckman Instruments, Inc., Irvine,

CA). Bromide standard solutions for calibration of the
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electrodes were prepared at concentrations of 1 x 10 -5 , 5

x 10 -5 , 1 x 10 -4 , 5 x 10 -4 , 1 x 10 -3 , 5 x 10 -3 , and 1 x

10 -2 M (moles/liter) by dissolving appropriate amounts of

KBr (potassium bromide) into the same Tucson tap water

(that had not been dechlorinated) that was used for the

bromide tracer studies. All samples and standards were

ionic strength buffered by the addition of an equal volume

of 0.2 M KNO3 (potassium nitrate), prior to measuring

bromide concentrations. Samples and standards were

prepared by adding 5 ml of sample or standard to 5 ml of

KNO3 and mixing vigorously on a vortex mixer, for a total

of 10 ml of sample in which the electrodes could be

immersed.

Bromide was measured in mV (millivolts) on the

Beckman 170 pH meter, using the "absolute mV" function

key. A separate calibration curve of voltage readings

(mV) vs bromide concentration (mg/1) was plotted for each

bromide tracer experiment, on semi-log graph paper. The

bromide concentration was plotted on the log scale and

voltage on the linear scale, based on procedures outlined

in the Corning Bromide Electrode Operating Instructions

and Technical Specifications Manual. Sample bromide

concentrations were measured in mV, and the concentrations

in M were in turn read off from the calibration curves.

The electrodes were calibrated immediately prior to
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assaying each set of samples. All samples were warmed to

room temperature prior to assay.

Corning Glass Works reports that the bromide specific

ion electrode detects free bromide ion (Br - )

concentrations in the range of 5 x 10 -6 to 1 M. A 4%

change in bromide concentration is equivalent to a 1 mV

change in the voltage reading. The long term drift of the

bromide electrode is 1 to 2 mV per day.
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RESULTS

Column Studies 

All figures are plotted in terms of log Nt/No -values,

where Nt is the number of plague-forming units per

milliliter (PFU/ml) measured in the column outflow at

elapsed time t and N o is the number of PFU/ml measured in

the inflow at elapsed time t. This convention of

expressing the data as log Nt/N o is used throughout the

results of this project because microbiological studies

are usually based on order-of-magnitude changes in

population size. Previous studies on virus removal by

soils have usually presented results in this manner and

usually considered a one-log reduction in virus titer to

be significant. Percent reduction in titer was included

in the data tabulations because, for the low reductions in

titer observed in this study, they are easier to

comprehend.

Results from studies on the removal of MS-2 by soil

columns are shown in Figures 6 through 8, and Tables 4

through 8. Removal of MS-2 in Flushing Meadows soil

ranged from 0 to 33% at 4 0C and 44 to 68% at 24°C.

Removal of MS-2 in Corolla sand varied from 0% to 26% at

4 0C and was not tested at 24 0C because results from the

Flushing Meadows soil, which was expected to remove more

virus because of its composition, did not show a strong
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Figure 7. MS-2 Removal by Flushing Meadows Soil at 24°C
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Figure 8. MS-2 Removal by Corolla Sand at 4°C
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TABLE 4

MS-2 REMOVAL BY A FLUSHING MEADOWS SOIL COLUMN AT 40C

Trial 1

Percent
Day Sample	 Log N	 Log Nt/No	Removal (%)

1	 Inflow	 5.3064
Outflow	 5.1477	 -0.2252	 30.6

2	 Inflow	 5.4014
Outflow	 5.2648	 -0.1366	 27.0

3	 Inflow	 5.4150
Outflow	 5.2380	 -0.1769	 33.5

4 *	Inflow	 5.4150
Outflow	 5.2636	 -0.1513	 29.4

--Denotes that Day 4 sample was taken 2 hours after Day 3
sample was taken, for verification.

Bulk Density = 1.60 g/cm 3
Porosity: Based on Bulk Density = 39.62%

Based on Column Flooding = 40.82 %
Mean Flow Rate = 39.4 cm/hr = 0.9456 liters/day

= 189.93 cm/day

MS-2 concentration in a 300 ml simulated rainfall volume
of distilled water outflow from the column
= 3.56 x 10 2 PFU/ml

Water Type: Dechlorinated Tucson Tap Water (DTTW)
collected 4/7/87
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MS-2 REMOVAL BY

TABLE 5

SOIL COLUMN AT 40CA FLUSHING MEADOWS

Day Sample

Trial

Log N

2

Log Nt/No
Percent
Removal	 (%)

1 Inflow 5.6946
Outflow 5.6232 -0.0714 15.2

2 Inflow 5.1156
Outflow 5.1658 +0.0502 -12.3

3 Inflow 4.7412
Outflow 4.8267 +0.0856 -21.8

4 Inflow 4.8004
Outflow 4.7243 -0.0761 16.1

5 Inflow 5.3243
Outflow 5.3493 +0.0250 -5.9

6 Inflow 5.2443
Outflow 5.2405 -0.0037 0.9

Bulk Density = 1.60 g/cm 3
Porosity: Based on Bulk Density = 39.62%

Based on Column Flooding = 40.82 %
Mean Flow Rate = 87.08 ml/hr = 2.09 liters/day

= 419.78 cm/day

Water Types: Dechlorinated Tucson Tap Water (DTTW)
collected 7/8/87 for Days 1-5.

Dechlorinated Tucson Tap Water (DTTW)
collected 7/12/87 for Day 6.
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MS-2 REMOVAL BY

TABLE 6

SOIL COLUMN AT 24°CA FLUSHING MEADOWS

Day Sample

Trial

Log N

1

Log Nt/No
Percent
Removal	 (%)

1 Inflow 5.1732
Outflow 4.9217 -0.2515 44.0

2 Inflow 5.7084
Outflow 5.3701 -0.3383 54.1

3 Inflow 5.7701
Outflow 5.3847 -0.3854 58.8

4 Inflow 5.6749
Outflow 5.3075 -0.3674 57.1

Bulk Density = 1.60 g/cm 3
Porosity: Based on Bulk Density = 39.62%

Based on Column Flooding = 40.82%
Mean Flow Rate = 42.54 ml/hr = 1.0210 liters/day

= 205.07 cm/day
MS-2 concentration in 3 ml sample taken towards the end of

the outflow of 300 ml simulated rainfall volume of
distilled water = 5.53 x 10 3 PFU/ml

Water Type: Dechlorinated Tucson Tap Water (DTTW)
collected 4/7/87
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MS-2 REMOVAL BY

TABLE 7

SOIL COLUMN AT 24°CA FLUSHING MEADOWS

Day Sample

Trial

Log N

2

Log Nt/No
Percent
Removal	 (%)

1 Inflow 4.1461*
Outflow 3.6556 -0.4905 67.68

2 Inflow 4.5099
Outflow 4.1553 -0.3545 55.80

3 Inflow 5.4362
Outflow 5.1847 -0.2515 43.96

4 Inflow 5.1973
Outflow 4.8976 -0.2997 49.84

--Denotes that log N based on less than 20 plague counts;
is probably low.

Bulk Density = 1.60 g/cm 3
Porosity: Based on Bulk Density = 39.62%

Based on Column Flooding = 40.82 %
Mean Flow Rate = 104.79 ml/hr = 2.5150 liters/day

= 505.14 cm/day

MS-2 concentrations in 3 ml samples taken two hours apart
towards the end of the outflow of a 300 ml simulated
rainfall volume of distilled water = 5.00 x 10 3 and
3.70 x 10 3 PFU/ml

Water Type: Dechlorinated Tucson Tap Water (DTTW)
collected 4/7/87
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Day

MS-2 REMOVAL

TABLE 8

SAND COLUMN AT 4 0CBY A COROLLA

Sample Log N Log Nt/No
Percent
Removal (%)

1 Inflow 5.6844
Outflow 5.6410 -0.0434 9.51

2 Inflow 5.1271
Outflow 5.1538 +0.0267 -6.34

3 Inflow 4.8306
Outflow 4.9243 +0.0937 -24.08

4 Inflow 4.8976
Outflow 4.9069 +0.0662 -16.46

5 Inflow 5.3010
Outflow 5.3711 +0.0701 -17.50

6 Inflow 5.4401
Outflow 5.3075 -0.1326 26.32

7 Inflow 5.5119
Outflow 5.3892 -0.1227 24.62

Bulk Density = 1.56 g/cm 3
Porosity: Based on Bulk Density = 41.13%

Based on Column Flooding = 46.06 %
Mean Flow Rate = 744.17 ml/hr = 17.86 liters/day

= 3,455.52 cm/day

Water Type: Dechlorinated Tucson Tap Water (DTTW)
collected 7/8/87 for Days 1-5.

Dechlorinated Tucson Tap Water (DTTW)
collected 7/12/87 for Days 6 and 7.
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effect with increased temperature. Viewing the data in

the context of log-removals and considering the fact that

the MS-2 assay technique has at least a 20% variability,

virus removal in all column experiments was minimal.

Batch Adsorption Studies

The results from the batch adsorption studies are

presented in Tables 22 through 31 in Appendix A.

Temperature, pH, soil type, initial virus titer, and

degree of purification of virus stock were tested as

possible variables affecting virus. No significant virus

adsorption was observed in any of the batch studies. In

almost every sample, the control (virus and water) showed

greater loss in virus concentration (ranging from 0 to

84%) than the experimental sample (virus, water and soil).

Thus it was impossible to distinguish between any

adsorption to the soil and inactivation in or adsorption

to the control container. Nevertheless, the lack of any

adsorption prevented any attempts at applying Freundlich

isotherms to the data, and confirmed the lack of

significant adsorption in the column studies.

Because pH-values during the experiments were

consistently in the 7.8 to 8.5 range, and pH-values in

this relatively high range are not considered conducive to

virus adsorption, attempts were made to lower the pH

levels in the batch studies by adding 1N HC1 (hydrochloric
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acid). In experiments with water adjusted to pH = 5 and

6, the high buffering capacity of the soil caused the

final pH's to rise to the 7.7 or greater range, and no

adsorption was observed. The results of a buffering

capacity experiment using acetic acid in Flushing Meadows

Soil are shown in Table 32 in Appendix A. The results

showed that at least a 0.5 M solution of acetic acid would_

be required to only observe a pH change from 5 to 6. This

high an acid concentration would kill most viruses, and

thus attempts at promoting virus adsorption to Flushing

Meadows Soil at lower pH levels were abandoned.

Survival Studies

The results from virus survival experiments are shown

in Figures 9 through 13, summarized in Table 9 and found

in their entirety in Tables 33 through 42 in Appendix B.

It is obvious from the figures that in all trials, greater

inactivation (die-off) occurred at 24°C than at 4°C.

Trial 1 showed greater inactivation between the two

temperatures than Trial 2 for dechlorinated Tucson tap

water. Given the duration of the column studies, the

results suggest that inactivation during those

experiments, at least due to the Tucson tap water, was

minimal at 4°C.

Autoclaving of Tucson tap water did not have a

noticeable effect on inactivation. Autoclaved, deionized
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Figure 10. Effect of Temperature on NS-2 Survival in
Tucson Tap Mater: Trial 2
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Figure 12. Effect of Temperature on MS-2 Survival in
Autoclaved, Deionized Mater: Trial 4
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Figure 13. Effect of Temperature on MS-2 Survival in
University of Arizona Well Water: Trial 5
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SUMMARY OF

TABLE 9

Daily
Corr.

RESULTS OF MS-2 SURVIVAL VS.

TEMPERATURE OVER TIME

Water	 Temp. Trial Decay Rate Coef.
Type	 (0C) # -logioPFU/day*	 -logioPFU/hr r

DTTW	 4 1 -0.03371	 -0.0029 +0.3015
2 0.04681	 0.0016 -0.5503

24 1 1.08331	 0.0448 -0.9813
2 0.2693	 0.0099 -0.9943

ADTW	 4 3 -0.01723	 0.0002 +0.2664

24 3 0.8350	 0.0366 -0.9578

ADIW	 4 4 0.26852	 0.0096 -0.9412

24 4 1.50194	 0.0553 -0.9932

MSWW	 4 5 0 • 00774	 1.4016x10-5 -0.5873

24 5 0.20444	 0.0090 -0.9799

= Based on concentrations measured every 24 hours only.
1 = Based on a 3-day experiment.
2 = Based on a 4-day experiment.

= Based on a 6-day experiment.
4 = Based on a 7-day experiment.
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water showed somewhat greater inactivation rates than tap

water, possibly due to the lower pH.	 Inactivation rates

were lowest in the University of Arizona Martin St. well

water.	 Differences in inactivation rates are apparent

between experiments conducted with different water types,

and are possibly related to variations chemical

composition between the different waters.	 Chemical

characterizations of all waters used in this project are

found in Tables 43 and 44 in Appendix C.

Tracer Studies 

The results from the tracer studies are presented

graphically as breakthrough curves in Figures 14 through

18 and Tables 10 through 19. The breakthrough curves are

plotted as the ratio of the measured concentration of the

tracer at the outflow to the initial input concentration

of the tracer (Ct/C o ) versus the volume of water passed

through the column at a given time, expressed as a

fractional pore volume. Fractional pore volumes were used

in order to normalize the data between tracer experiments,

and were determined by dividing the recorded sampling time

by the estimated arrival time of one pore volume of water

through the column.

The virus breakthrough curves, when possible, were

plotted according to the actual initial and final

concentrations to give the most accurate representation of
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Figure 14. Comparative Movement of MS-2 and Bromide in
Flushing Meadows Soil at 4°C. Trial
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Figure 15. Comparative Movement of MS-2 and Bromide in
Flushing Meadows Soil at 4°C: Trial 2
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Figure 16. Comparative Movement of MS-2 and Bromide in
Flushing Meadows Soil at 24°C: Trial 3
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Figure 17. Comparative Movement of MS-2 and Bromide in
Corolla Sand at 4°C: Trial i

90

MS-2	 0 Bromide



0.0
0.6	 0.8	 1.0	 1.2

Fractional Pore Volume
1.4
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TABLE 10

MOVEMENT OF MS-2 THROUGH FLUSHING MEADOWS SOIL AT 4°C

Trial lA

Time
(hrs:min)

Fractional
Pore
Volume Nt Nt/No

Percent
Arrival	 (%)

N o 2.585E4
00:00 0.0000 0.0000 0.0000 00.00

09.14 0.9126 2.035E3 0.0787 7.87
09:29 0.9373 2,255E3 0.0872 8.72
09:44 0.9621 2.600E3 0.1006 10.06
09.59 0.9868 3.900E3 0.1509 15.09
10:14 1.0115 5.000E3 0.1934 19.34
10:29 1.0362 6.050E3 0.2340 23.40
10:44 1.0609 6.700E3 0.2592 25.92
10:59 1.0856 8.350E3 0.3230 32.30
11:14 1.1103 1.030E4 0.3985 39.85
11:29 1.1350 1.145E4 0.4429 44.29

Column Properties 

Estimated Pore Volume Arrival Time = 10.12 hrs = 10:07:02
Mean Flow Rate = 44.7 ml/hr = 1.0728 1/day = 8.84634 cm/hr
Hydraulic Conductivity (K) = 0.02019 cm/sec
Reynolds Number (Re ) = 0.000783
Bulk Density = 1.58 g/cm 3
Porosity: Based on Bulk Density = 40.21%

Based on Column Flooding = 38.94%
Column Length = 89.5 cm

Water Type: Dechlorinated Tucson Tap Water (DTTW)
collected 9/4/87
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TABLE 11

MOVEMENT OF BROMIDE THROUGH FLUSHING MEADOWS SOIL AT 4°C

Trial 1B

Time
(hrs:min)

Fractional
Pore
Volume Ct Ct/Co

Percent
Arrival	 (%)

C o 1.05E	 3
00:00 0.0000 0.0000 0.0000 00.00

08:14 0.8138 0.0000 0.0000 00.00

08:29 0.8385 0.0000 0.0000 00.00

08:44 0.8632 0.0000 0.0000 00.00

08:59 0.8879 1.40E-5 0.0133 1.33
09:14 0.9126 6.60E-5 0.0629 6.29
09:29 0.9373 1.55E-4 0.1476 14.76
09:44 0.9621 2.59E-4 0.2467 24.67
09:59 0.9868 3.51E-4 0.3343 33.43
10:14 1.0115 4.73E-4 0.4505 45.05
10:29 1.0362 5.40E-4 0.5143 51.43
10:44 1.0609 6.07E-4 0.5781 57.81
10:59 1.0856 7.00E-4 0.6667 66.67
11:14 1.1103 7.45E-4 0.7095 70.95
11:29 1.1350 7.80E-4 0.7429 74.29
11:44 1.1597 8.57E-4 0.8162 81.62
11:59 1.1845 1.05E-3 1.0000 100.00

12:14 1.2092 1.05E-3 1.0000 100.00

12:29 1.2339 1.05E-3 1.0000 100.00

Column Properties 

Estimated Pore Volume Arrival Time: 10.12 hrs = 10:07:02
Mean Flow Rate = 44.7 ml/hr = 1.0728 1/day = 8.84634 cm/hr
Hydraulic Conductivity (K) = 0.02019 cm/sec
Reynolds Number (Re ) = 0.000783
Bulk Density = 1.58 g/cm 3
Porosity: Based on Bulk Density = 40.21%

Based on Column Flooding = 38.94%
Column Length = 89.5 cm

Water Type: Tucson Tap Water (TTW) collected 10/11/87
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TABLE 12

MOVEMENT OF MS-2 THROUGH FLUSHING MEADOWS SOIL AT 4°C

Trial 2A

Time
(hrs:min)

Fractional
Pore
Volume Nt Nt/No

Percent
Arrival	 (%)

No 5.500E4
00:00 0.0000 0.0000 0.0000 00.00

07:04 0.7532 1.550E2 0.0028 0.28
07:19 0.7798 3.100E2 0.0056 0.56
07:34 0.8065 8.450E2 0.0154 1.54
07:49 0.8331 1.440E3 0.0261 2.61
08:04 0.8598 2.310E3 0.0420 4.20
08:19 0.8864 4.110E3 0.0747 7.47
08:34 0.9130 7.000E3 0.1273 12.73
08:49 0.9397 9.450E3 0.1718 17.18
09:04 0.9663 1.260E4 0.2291 22.91
09:19 0.9930 1.395E4 0.2536 25.36
09:34 1.0196 1.465E4 0.2664 26.64
09:49 1.0463 1.860E4 0.3382 33.82
10:04 1.0729 1.990E4 0.3618 36.18
10:19 1.0996 2.350E4 0.4273 39.36
10:34 1.1262 2.690E4 0.4891 48.91
10:49 1.1529 2.610E4 0.4745 47.45
11:04 1.1795 2.840E4 0.5164 51.64
11:19 1.2061 3.265E4 0.5936 59.36

Column Properties

Estimated Pore Volume Arrival Time = 9.38 hrs = 9:22:57
Mean Flow Rate = 48.2 ml/hr = 1.1586 1/day = 9.53901 cm/hr
Hydraulic Conductivity (K) = 0.02585 cm/sec
Reynolds Number (Re ) = 0.000844
Porosity: Based on Bulk Density = 40.21%

Based on Column Flooding = 38.94%
Bulk Density = 1.58 g/cm 3
Column Length = 89.5 cm

Water Type: Dechlorinated Tucson Tap Water (DTTW)
collected 9/4/87
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TABLE 13

MOVEMENT OF BROMIDE THROUGH FLUSHING MEADOWS SOIL AT 4°C

Trial 2B

Fractional
Time	 Pore
(hrs:min)	 Volume	 Ct

C o 	9.70E-4

Ct/Co
Percent
Arrival	 (%)

00:00	 0.0000	 0.0000 0.0000 00.00

07:04	 0.7688	 0.0000 0.0000 00.00

07:19	 0.7960	 0.0000 0.0000 00.00

07:34	 0.8232	 0.0000 0.0000 00.00

07:49	 0.8504	 0.0000 0.0000 00.00

08:04	 0.8776	 1.10E-5 0.0113 1.13
08:19	 0.9048	 5.60E-5 0.0577 5.77
08:34	 0.9320	 1.39E-4 0.1433 14.33
08:49	 0.9592	 2.32E-4 0.2392 23.92
09:04	 0.9864	 3.40E-4 0.3505 35.05
09:19	 1.0136	 4.19E-4 0.4320 43.20
09:34	 1.0408	 5.30E-4 0.5464 54.64
09:49	 1.0680	 5.90E-4 0.6082 60.82
10:04	 1.0952	 6.60E-4 0.6804 68.04
10:19	 1.1224	 7.18E-4 0.7402 74.02
10:34	 1.1496	 7.80E-4 0.8041 80.41
10:49	 1.1768	 8.47E-4 0.8732 87.32
11:04	 1.2040	 8.47E-4 0.8732 87.32
11:19	 1.2312	 9.30E-4 0.9588 95.88

Column Properties

Estimated Pore Volume Arrival Time =	 9.19 hrs =	 9:11:31
Mean Flow Rate = 49.2 ml/hr = 1.1808 1/day = 9.73691 cm/hr
Hydraulic Conductivity	 (K)	 = 0.02585 cm/sec
Reynolds Number	 (Re )	 = 0.000861
Bulk Density = 1.58 g/cm 3
Porosity:	 Based on Bulk Density =	 40.21%

Based on Column Flooding = 38.94%
Column Length = 89.5 cm

Water Type:	 Tucson Tap Water	 (TTW)	 collected 10/11/87
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TABLE 14

MOVEMENT OF MS-2 THROUGH FLUSHING MEADOWS SOIL AT 24°C

Trial 3A

Time
(hrs:min)

No

Fractional
Pore
Volume Nt

7.060E3*

Nt/No
Percent
Arrival	 (%)

00:00 0.0000 0.0000 0.0000 00.00

03:17 0.6600 8.000E1 0.0113 1.13
03:32 0.7102 1.450E2 0.0000 2.05
03:52 0.7772 1.850E2 0.0262 2.62
04:02 0.8107 4.000E2 0.0567 5.67
04:12 0.8442 1.110E3 0.1572 15.72
04:22 0.8777 2.430E3 0.3442 34.42
04:32 0.9112 3.170E3 0.4490 44.90
04:42 0.9447 5.400E3 0.7649 76.49
04:52 0.9782 5.850E3 0.8286 82.86
05:02 1.0117 6.700E3 0.9490 94.90
05:12 1.0452 6.900E3 0.9773 97.73
05:22 1.0787 6.950E3 0.9844 98.44
05:32 1.1122 5.800E3 0.8215 82.15
05:42 1.1457 5.750E3 0.8144 81.44
05:52 1.1792 6.950E3 0.9844 98.44
06:02 1.2127 8.650E3 1.2252 122.52
06:12 1.2462 6.400E3 0.9065 90.65
06:52 1.2686 8.150E3 1.1544 115.44

--Denotes that the initial titer (N o ) was taken as an
average of the final seven (5:22-6:52)
measurements.

Column Properties

Estimated Pore Volume Arrival Time = 4.97 hrs = 4:58:30
Mean Flow Rate = 90.9 ml/hr = 2.1817 1/day

= 17.98954 cm/hr
Hydraulic Conductivity (K) = 0.30948 cm/sec
Reynolds Number (Re ) = 0.002719
Bulk Density = 1.58 g/cm 3
Porosity: Based on Bulk Density = 40.21%

Based on Column flooding = 38.94%
Column Length = 89.5 cm

Water Type: Dechlorinated Tucson Tap Water (DTTW)
collected 9/4/87
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TABLE 15

MOVEMENT OF BROMIDE THROUGH FLUSHING MEADOWS SOIL AT 24 0C

Trial 3B

Fractional
Time	 Pore
(hrs:min)	 Volume	 Ct

Co 	1.00E-3

Ct/Co
Percent
Arrival	 (%)

00:00	 0.0000	 0.0000 0.0000 00.00

03:17	 0.6259	 0.0000 0.0000 00.00

03:32	 0.6735	 0.0000 0.0000 00.00

03:52	 0.7370	 0.0000 0.0000 00.00

04:02	 0.7688	 0.0000 0.0000 00.00

04:12	 0.8006	 0.0000 0.0000 00.00

04:22	 0.8324	 1.00E-5 0.0100 1.00

04:32	 0.8641	 3.30E-5 0.0330 3.30
04:42	 0.8959	 9.60E-5 0.0960 9.60

04:52	 0.9277	 1.60E-4 0.1600 16.00

05:02	 0.9594	 2.70E-4 0.2700 27.00

05:12	 0.9912	 3.80E-4 0.3800 38.00

05:22	 1.0230	 4.70E-4 0.4700 47.00

05:32	 1.0547	 5.60E-4 0.5600 56.00
05:42	 1.0865	 6.60E-4 0.6600 66.00
05:52	 1.1183	 7.20E-4 0.7200 72.00

06:02	 1.1500	 8.20E-4 0.8200 82.00
06:12	 1.1818	 8.60E-4 0.8600 86.00

06:52	 1.3089	 9.60E-4 0.9600 96.00

Column Properties

Estimated Pore Volume Arrival Time =	 5.25 hrs =	 5:14:46
Mean Flow Rate = 86.20 ml/hr = 2.0869 1/day

= 17.05938 cm/hr
Hydraulic Conductivity 	 (K)	 = 0.31310 cm/sec
Reynolds Number	 (Re )	 = 0.002578
Bulk Density = 1.58 g/cm 3
Porosity:	 Based on Bulk Density =	 40.21%

Based on Column Flooding = 38.94%
Column Length = 89.5 cm

Water Type:	 Tucson Tap Water	 (TTW) collected 10/11/87
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TABLE 16

MOVEMENT OF MS-2 THROUGH COROLLA SAND AT 4 0C

Trial lA

Time
(min:sec)

Fractional
Pore
Volume Nt Nt/No

Percent
Arrival	 (%)

Nt 2.785E4
00:00 0.0000 0.0000 0.0000 00.00

10:15 0.2509 0.0000 0.0000 00.00

13:15 0.3243 0.0000 0.0000 00.00

16:15 0.3978 0.0000 0.0000 00.00

19:15 0.4712 0.0000 0.0000 00.00

22:15 0.5446 0.0000 0.0000 00.00

25:15 0.6181 0.0000 0.0000 00.00

28:15 0.6915 0.0000 0.0000 00.00

31:15 0.7649 2.200E2 0.0076 0.79
34:15 0.8383 8.300E3 0.2980 29.80
37:15 0.9118 1.725E4 0.6194 61.94
40:15 0.9852 2.075E4 0.7451 74.51
43:15 1.0586 2.195E4 0.7882 78.82
46:15 1.1321 2.280E4 0.8187 81.87
49:15 1.2055 1.955E4 0.7020 70.20

52:15 1.2789 2.250E4 0.8079 80.79
55:15 1.3524 2.350E4 0.8438 84.38
58:15 1.4258 2.300E4 0.8259 82.59
61:15 1.4992 2.270E4 0.8151 81.51

Column Properties 

Estimated Pore Volume Arrival Time = 40.85 min = 40:51:15
Mean Flow Rate = 756.0 ml/hr = 18.1440 1/day

= 2.1908 cm/min
Hydraulic Conductivity (K) = 0.57895 cm/sec
Reynolds Number (Re ) = 0.023257
Bulk Density = 1.43 g/cm 3
Porosity: Based on Bulk Density = 46.04%

Based on Column Flooding = 46.25%
Column Length = 89.5 cm

Water Type: Dechlorinated Tucson Tap Water (DTTW)
collected 9/4/87
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TABLE 17

MOVEMENT OF BROMIDE THROUGH COROLLA SAND AT 4°C

Trial 1B

Time
(nin:sec)

Fractional
Pore
Volume Ct Ct/C0

Percent
Arrival	 (%)

Co 1.00E-3
00:00 0.0000 0.0000 0.0000 00.00
10:15 0.2509 0.0000 0.0000 00.00
13:15 0.3243 0.0000 0.0000 00.00
16:15 0.3978 0.0000 0.0000 00.00
19:15 0.4712 0.0000 0.0000 00.00
22:15 0.5446 0.0000 0.0000 00.00
25:15 0.6181 0.0000 0.0000 00.00
28:15 0.6195 0.0000 0.0000 00.00
31:15 0.7649 2.30E-6 0.0023 0.23
34:15 0.8383 3.65E-5 0.0365 3.65
37:15 0.9118 4.60E-4 0.2530 25.30
40:15 0.9852 6.55E-4 0.6550 65.50
43:15 1.0586 8.05E-4 0.8050 80.50
46:15 1.1321 8.80E-5 0.8800 88.00
49:15 1.2055 8.80E-4 0.8800 88.00
52:15 1.2789 9.70E-4 0.9700 97.00
55:15 1.3524 9.70E-4 0.9700 97.00
58:15 1.4258 9.70E-4 0.9700 97.00
61:15 1.4992 9.70E-4 0.9700 97.00

Column Properties

Estimated Pore Volume Arrival Time = 40.85 min = 40:51:15
Mean Flow Rate = 756.0 ml/hr = 18.1440 1/day

= 2.1908 cm/min
Hydraulic Conductivity (K) = 0.57895 cm/sec
Reynolds Number (Re ) = 0.023257
Bulk Density = 1.43 g/cm 3
Porosity: Based on Bulk Density = 46.04%

Based on Column Flooding = 46.25%
Column Length = 89.5 cm

Water Type: Tucson Tap Water (TTW) collected 10/11/87
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TABLE 18

MOVEMENT OF MS-2 THROUGH COROLLA SAND AT 4°C

Trial 2A

Time
(min:sec)

Nt

Fractional
Pore
Volume	 Nt

4.400E4*

Nt/No
Percent
Arrival (%)

00:00 0.0000 0.0000 0.0000 00.00

19:45 0.5111 0.0000 0.0000 00.00

22:45 0.5887 0.0000 0.0000 00.00
24:15 0.6275 0.0000 0.0000 00.00
25:45 0.6664 0.0000 0.0000 00.00
27:15 0.7052 8.000E1 0.0018 0.18
28:45 0.7440 1.470E3 0.0334 3.34
30:15 0.7828 8.100E3 0.1841 18.41
31:45 0.8216 1.280E4 0.2909 29.09
33:15 0.8605 2.300E4 0.5227 52.27
34:45 0.8913 2.230E4 0.5058 50.58
36:15 0.9381 2.425E4 0.5511 55.11
37:45 0.9769 2.815E4 0.6398 63.98
39:15 1.0157 3.170E4 0.7205 72.05
40:45 1.0545 3.385E4 0.7693 76.93
42:15 1.0934 3.755E4 0.8534 85.34
45:15 1.1710 4.050E4 0.9205 92.05
48:15 1.2486 4.130E5 0.9386 93.86
51:15 1.3263 4.400E4 1.0000 100.00

* --Denotes that the final sample (51:15) was used as N o
because the initial titer sample was botched.

Column Properties 

Estimated Pore Volume Arrival Time = 38.64 min = 38:38:24
Mean Flow Rate = 804.0 ml/hr = 19.2960 1/day

= 2.3161 cm/min
Hydraulic Conductivity (K) = 0.79763 cm/sec
Reynolds Number (Re ) = 0.024587
Bulk Density = 1.43 g/cm 3
Porosity: Based on Bulk Density = 46.04%

Based on Column Flooding = 46.25%
Column Length = 89.5 cm

Water Type: Dechlorinated Tucson Tap Water (DTTW)
collected 9/4/87
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TABLE 19

MOVEMENT OF BROMIDE THROUGH COROLLA SAND AT 4 0C

Trial 2B

Time
(min:sec)

Fractional
Pore
Volume Ct Ct/Co

Percent
Arrival	 (%)

C o 9.60E-4
00:00 0.0000 0.0000 0.0000 00.00

19:45 0.5321 0.0000 0.0000 00.00

22:45 0.6129 0.0000 0.0000 00.00

24:15 0.6533 0.0000 0.0000 00.00

25:45 0.6937 0.0000 0.0000 00.00

27:15 0.7341 0.0000 0.0000 00.00

28:45 0.7745 0.0000 0.0000 00.00

30:15 0.8150 2.25E-5 0.0234 2.34
31:45 0.8554 2.43E-4 0.2531 25.31
33:15 0.8958 4.50E-4 0.4688 46.88
34:45 0.9362 5.70E-4 0.5938 59.38
36:15 0.9766 6.65E-4 0.6927 69.27
37:45 1.0170 7.68E-4 0.8000 80.00

39:15 1.0574 8.10E-4 0.8438 84.38
40:45 1.0978 8.10E-4 0.8438 84.38
42:15 1.1382 8.80E-4 0.9167 91.67
45:15 1.2191 8.80E-4 0.9167 91.67
48:15 1.2999 9.25E-4 0.9635 96.35
51:15 1.3807 9.25E-4 0.9635 96.35
54:15 1.4615 9.60E-4 1.0000 100.00

Column Properties 

Estimated Pore Volume Arrival Time = 37.11 min = 37:07:08
Mean Flow Rate = 883.5 ml/hr = 21.2040 1/day

= 2.5451 cm/min
Hydraulic Conductivity (K) = 0.74168 cm/sec
Reynolds Number (Re ) = 0.024587
Bulk Density = 1.43 g/cm 3
Porosity: Based on Bulk Density = 46.04%

Based on Column Flooding = 46.25%
Column Length = 89.5 cm

Water Type: Tucson Tap Water (TTW) collected 10/11/87
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the data. Removal in the columns sometimes caused the

peak Ct/C o to be significantly less than one, but their

normalization to 1 to create a more typical tracer

breakthrough curve would have distorted the actual

results.

Dipsersivities, dispersion coefficients, and relative

velocities calculated from the tracer breakthrough data

are listed in Table 20. The parameters used to calculate

these values are listed in Table 21. The tracer

experiments conducted at 24°C were performed with the

assistance of Thomas Kroeger and Kristin Stocking, of the

University of Arizona Department of Hydrology and Water

Resources Administration. A discussion on the analysis of

the tracer breakthrough curves follows.

Because virus and bromide tracer runs were done

separately in each trial, all sampling times (t) were

converted to fractional pore volumes (FPV) by dividing by

the estimated arrival time of one pore volume (tpv ):

FPV = t/tp v (9).

This procedure of normalizing tracer sampling times to a

dimensionless time parameter, pore volume, is standard

practice in tracer studies. The average velocity (vw) of

water through a column was determined by the following

equation:

vw = Qa/A*ne 	(10)



TABLE 20

DISPERSIVITIES, DISPERSION COEFFICIENTS,

AND RELATIVE VELOCITIES 

FLUSHING MEADOWS SOIL

DISPERSION	 RELATIVE
DISPERSIVITY	 COEFFICIENT VELOCITY

TRACER-TRIAL	 (cm)	 (cm2/s)	 (Unitless)

MS-2-1A	 0.38435	 0.00092	 0.97222

Bromide-1B	 0.66892	 0.00159	 0.97024

MS-2-2A	 0.92436	 0.00238	 0.97001

Bromide-2B	 0.50152	 0.00132	 0.97571

MS-2-3A	 0.32438	 0.00177	 1.09200

Bromide-3B	 0.68504	 0.00316	 0.97419

COROLLA SAND 

MS-2-1A	 0.37656	 0.01587	 1.15339

Bromide-1B	 0.23783	 0.00910	 1.04805

MS-2-2A	 1.25545	 0.05449	 1.12433

Bromide-2B	 0.67278	 0.03150	 1.10389
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TABLE 21

PARAMETERS USED TO ANALYSE TRACER STUDIES 

FLUSHING MEADOWS SOIL

vw
TRACER-TRIAL (cm/hr)

vt	 dt
(cm/hr) (hr)

t50	 PVt
(hr)	(ml)

104

8.6006	 2.4174MS-2-1A

Bromide-1B

MS-2-2A

Bromide-2B

MS-2-3A

Bromide-3B

8.8463

8.5463

9.5390

9.7369

17.9895

17.0594

8.5831

9.2530

9.5004

19.6446

16.6191

3.1956

3.4846

2.4998

0.9723

1.6701

10.4062

10.4274

9.6724

9.4205

4.5560

5.3852

465.15

466.10

466.21

463.49

414.14

464.21 

COROLLA SAND  

vw
TRACER-TRIAL (cm/min) 

vt	 dt
(cm/min) (min)

t50	PVt
(nin)	 (m1)

MS-2-1A

Bromide-1B

MS-2-2A

Bromide-2B

Key:

	2.1908	 2.5268	 8.0965	 35.2114	 446.29

	

2.1908
	

2.2961	 7.1233	 38.9814	 494.07

	

2.3161
	

2.6041 13.9823	 33.3030	 460.55

	

2.5451
	

2.8095 10.3346	 33.6253	 469.08

vw = average velocity of the water
vt = average velocity of the tracer
dt = is explained in the RESULTS section
t50 = the arrival time of 50% of the final tracer

concentration
PVt = the pore volume required of the tracer in the column
PV = pore volume of water based on predicted arrival time;

for the Flushing Meadows Soil Column,
PV = 452.23m1; for the Corolla Sand Column,
PV = 517.81 ml

X = length of porous medium; 89.5 cm for both columns
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where:	 Qa = average of several measured values of

volumetric flow rate, A = cross-sectional area of the

column, and n e = porosity of the column (Davis et al.,

1985). Estimated arrival times (tpv ) of one pore volume

(the amount of water contained in the saturated length of

porous medium) were calculated from the column length

(89.5 cm) and average velocity as follows:

t	 = (89.5 cm)/v wpv	 (11).

The volume of one pore volume of water in the column (PV)

was determined from the following equation:

PVw = L*n e *A	 (12)

where: L = the length of the column.

The arrival time of the tracer peak concentration was

taken as the time when Ct/C o ((tracer concentration at

time t)/(tracer concentration at time 0)) reached its

maximum value ((Ct/Co) max), or an averaged value in the

event of scattered data. The mean arrival time of the

tracer was taken where Ct/C o = 0.5*((Ct/Co)max). This

value was calculated by linear interpolation of the data

points surrounding this 50% arrival point and is

designated as FPVt. The mean arrival time of the tracer

signifies the arrival of one pore volume of the tracer,

and is expressed as a fractional pore volume, which is

typically different from the arrival time of one pore

volume of the water, taken as FPV = 1. The volumetric
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pore volume of the tracer (PVt) was calculated relative to

the pore volume of the column by the following equation:

PVt = FPVt*PVw 	(13).

Thus, if the tracer arrives after the water, PVt > PV,

and vice versa. The mean velocity of the tracer (vt) was

then calculated from the following equation:

vt = vw*(PVw/PVt)	 (14).

Relative velocities were calculated from the ratio of the

velocities (vt/v w ), as described by Freeze and Cherry

(1979).

Dispersivities and dispersion coefficients were

estimated graphically, based on the method for determining

the longitudinal dispersion coefficient for a one-

dimensional system with continuous tracer injection (Yeh,

1987). The graphical approach involves drawing a line

tangent to the breakthrough curve at the 0.5*((Ct/C 0 ) max)

point. The distance between the intersection of this line

with the horizontal axis and the FPV corresponding to the

0.5*((Ct/C 0 ) max ) point is determined and designated as

dPV. The time period representing the transition zone of

the breakthrough curve (dt) is found by doubling this

value and converting the resulting FPV value to a time

value by multiplying by the estimated average arrival time

of one pore volume of water. The fractional pore volume

corresponding to the arrival of 0.5*((Ct/C 0 ) max) is then
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converted to a time value in the same manner and

designated as t50. The longitudinal dispersivity (in cm)

is then calculated from the following equation:

aL = (x/(4*PI))*(dt/t50)2	 (15)

where:	 x = the length of the column, and PI = the

mathematical constant.	 The longitudinal dispersion

coefficient (DL) is then calculated in cm 2 /s from the

equation described by Freeze and Cherry (1979):

DL = aL*vt	 (16).

The breakthrough curves for all tracer studies,

except for Trial 1 in the Flushing Meadows Soil show that

the first detectable virus concentration consistently

arrived before the the first detectable bromide

concentration. The breakthrough curves of both trials at

4°C in the Flushing Meadows soil suggest that the arrival

times for the mean bromide and MS-2 concentrations were

very similar. The trial in Flushing Meadows soil at 24°C

and Trial 1 Corolla sand at 4°C show that the mean MS-2

concentration arrived before the mean bromide

concentration, while bromide arrived before MS-2 in Trial

2 in the Corolla sand.

The calculated relative velocities for all bromide

trials in Flushing Meadows soil were slightly less than

one, indicating that the tracer was travelling slightly

slower than the average water velocity. This result also
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occurred for the MS-2 in Flushing Meadows soil at 4°C.

Relative velocities for MS-2 in Flushing Meadows soil at

24°C and Corolla sand at 4°C were all greater than than

one, indicating that the virus travelled faster than the

average water velocity. Dispersion coefficients were

relatively small for both tracers in Flushing Meadows

soil, ranging from 0.00092 to 0.00316 cm 2 /s, but were

generally an order of magnitude higher in Corolla sand.

The MS-2 showed greater dispersion than the bromide in the

Corolla sand.

Dispersivities were quite variable, ranging from

0.23783 to 1.25545 cm over all the experiments. This

variability is due to changes in the properties of the

soil in the columns, mainly hydraulic conductivity,

between experiments and errors associated with the

estimation of dispersivities graphically from the tracer

breakthrough curves.

All calculated Reynolds Numbers (Re ) for the tracer

studies were well below 1, indicating that laminar flow

occurred and that Darcy's Law was valid. The hydraulic

conductivity for the Corolla sand increased significantly

between Trials 1 and 2, but a comparable flow rate was

established by lowering the applied pressure head from the

Mariott siphon device. The flow rate of the Flushing

Meadows soil column was doubled in moving the column from
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4°C to 24 0C.	 This change in flow rate was expected

because the viscosity of water increases by about 3% per

1 0C rise in temperature and fluids of higher viscosity

flow less readily than those of lower viscosity (Hillel,

1980).



DISCUSSION 

Effects of Adsorption on the Transport of MS-2 

Previous studies on virus movement through soil have

been conducted using a refrigerated reservoir flowing into

a soil column at room temperature. The original purpose

of this study was to conduct these experiments at 4°C, in

order to eliminate any effects of viral inactivation due

to temperature and thus to obtain an accurate description

of virus adsorption through the Flushing Meadows and

Corolla soils. Because little adsorption was observed in

either soil at 4°C, the experiments were repeated at room

temperature (24°C), making them directly comparable to

some previous studies.

Dizer et al. (1984) observed 99% removal of

poliovirus 1, coxsackie viruses A9 and Bi, echovirus 7,

and rotavirus SA-11 at the 80 cm depth of a saturated

aquifer sand column. Lance et al. (1980) observed 100%

removal of poliovirus suspended in primary sewage effluent

at the 80 cm depth in a Flushing Meadows soil column.

Wang et al. (1981) reported >99.99% removal of poliovirus

1 and echovirus I suspended in secondary sewage effluent

at the 80 cm depth of a Flushing Meadows soil column.

Lance et al. (1982) reported >99% removal of echovirus 1,

echovirus 29, and poliovirus 1 at the 80 cm depth of an

Anthony sandy loam soil column. Lance and Gerba (1984a)

110
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observed a minimum of 96.4% removal of poliovirus

suspended in sewage effluent at the 80 cm depth in a

Flushing Meadows soil column. Grondin (1987) observed no

adsorption of MS-2 bacteriophage in a 105 cm Tangue Verde

Wash gravelly sand column. Thurman (1987), in a study of

surface contact disinfectants in 20 cm Flushing Meadows

soil columns, reported average removals of MS-2

bacteriophage (suspended in Tucson tap water) of 1 to 2

logs (>99%) in control columns containing only soil.

The adsorption of MS-2 in Flushing Meadows soil

columns observed in this study ranged from 44 to 68%

removal, or 0.25 to 0.49 log reductions, at 24°C. The

column studies are supported by numerous batch adsorption

studies conducted at 24°C, which consistently showed no

adsorption. These results are supported by the findings

of Goyal and Gerba (1979), who reported 17% removal of MS-

2 in batch adsorption studies conducted with Flushing

Meadows soil. Recent studies by M.D. Sobsey at the

University of North Carolina at Chapel Hill have also

found that MS-2 does not adsorb significantly to Flushing

Meadows soil (Unpublished).

The higher removals reported by Thurman (1987) may

have been due to inactivation of the phage, adsorption of

the phage to the plastic in the column, aggregation of

viruses, differences in water quality, or some other
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unexplained mechanism, but probably were not due to

adsorption to the soil.	 Differences in water quality

could cause different degrees of virus inactivation, but

since Thurman (1987) only reports average values of pH =

7.91, Total Dissolved Solids = 200 mg/1, and Turbidity =

0.2 N.T.U. and does not report the other water quality

parameters determined for each water type used in this

study, a comparison of water qualities between the two

studies is not feasible. Comparisons of the other aspects

relevant to the removal discrepancies, such as virus

inactivation rates and batch adsorption study results,

between the two studies are not possible because the

appropriate information was not reported.

The lower removals of MS-2 through Flushing Meadows

soil columns at 4°C suggest that temperature may influence

adsorption, but this result was not able to be confirmed

by batch adsorption studies. Bartell et al. (1960)

reported that temperatures from 4 to 37 0C did not

significantly affect adsorption of several enteroviruses

to clays. Duboise et al. (1976) found that during the

survival period of poliovirus in their study, there was no

apparent change in the ability of the virus to migrate.

Based on the limited studies to date, the influence of

temperature on the adsorption of viruses to soils is

expected to be minimal. The observed differences in virus
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removals at 4 and 24°C are probably a reflection of virus

inactivation.

The results of this study confirm the conclusions of

previous authors, such as Hurst et al. (1980) and Lance et

al. (1982), that adsorption in batch studies often is not

indicative of adsorption in column studies. Flushing

Meadows soil columns were flooded with distilled water in

order to simulate a rainfall event and possibly elute any

adsorbed virus from the column, by lowering the ionic

strength. Assays of the effluent showed that elution of

virus from the columns was minimal, relative to the virus

titers of the inflow to the columns.

Adsorption through Corolla sand columns varied from 0

to 26% (0 to 0.4078 log reductions) at 4°C, but were not

tried at 24°C because of the lack of a significant

correlation between temperature and adsorption in the

Flushing Meadows soil. One batch adsorption study of

Corolla sand at 24°C confirmed that little adsorption of

virus occurred. These results for both soils also confirm

the categorization of MS-2 into a group of viruses

exhibiting low adsorption to soils by Gerba and Goyal

(1981). When compared with the typical 99% or greater

removals of enteroviruses, such as poliovirus, echovirus,

coxsackievirus, and rotavirus, the removals observed in

this study suggest that, based on its adsorptive



114

properties in soils, MS-2 bacteriophage is not a good

model for the migration of animal viruses in subsurface

environments.

The results of batch studies consistently showed

greater removal of virus in control samples than in

experimental samples. This observation suggests that

centrifuging of both control and experimental samples may

have caused greater reductions in titer in the control.

Because control and experimental samples were treated

identically throughout each experiment, it may be that for

some reason centrifugation caused aggregation,

inactivation, or adsorption to the conical tube walls when

soil was not present. These variations may also be due to

the variability of the assay or the technique of comparing

all experimental and control samples to one initial

control sample taken from a separate conical tube, instead

of comparing the time = 30 min or 60 min samples with a

control taken out of the same conical tube. The practice

of using new, sterile, polypropylene tubes was intended to

prevent these variations, but may not have succeeded.

The batch adsorption studies clearly demonstrated

that temperature, initial virus titer, soil type (of the

two studied), and degree of purification of virus stock

did not influence adsorption to soil. Concurrent with the

results of previous studies, pH was probably a major
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factor causing the lack of adsorption in these studies.

As noted in Table 2 and in the Introduction to this

report, adsorption is generally favored by low pH. As

mentioned previously in the Introduction, MS-2

bacteriophage has an isoelectric point of 3.9, which is

far below the pH = 8.0, typical of the batch adsorption

studies. At this pH, MS-2 should possess a strong

negative charge, based on the theory that a virus is

negatively charged at pH-values above its isoelectric

point, as described in the Introduction. The strong

negative charge on an MS-2 virus particle, at these pH-

values, most likely caused it to be electrostatically

repelled from the negatively charged soil particles.

In order to confirm this theory, attempts were made

to conduct batch adsorption studies at pH-values lower

than 8.0. Initial attempts determined that Flushing

Meadows soil has a very high pH-buffering capacity,

typical of the alkaline soils found in arid climates. In

order to overcome this strong buffering capacity of the

soil, high concentrations of acetic acid had to be added

to soil/water suspensions. Additions of such

concentrations of acid would have drastically changed the

ionic strength and quality of the water, and most likely

would have caused significant viral inactivation. Recent

studies conducted in this same laboratory with the same
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MS-2 virus stock, have demonstrated significant adsorption

in batch studies with various types of silica beads and

powders at pH = 5 and not at pH = 7 or greater (Kroeger

and Stocking, 1987).

The lowering of the pH increases the positively

charged hydrogen ion concentration, which in turn probably

decreases the thickness of and increases the positive

charge of the double-layer surrounding the soil particle,

and thus promotes adsoprtion of the negatively charged

virus by electrostatic attraction. The implication from

all of these studies is that MS-2 does not adsorb to soils

under the pH = 7 to 8 conditions typical of ground water

in natural subsurface environments, and that adsorption of

the virus to soil particles should not affect transport

significantly.

Effects of Survival on the Transport of MS-2

Inactivation of virus affects transport by reducing

observed virus concentrations over time, which, in terms

of removal in soil, can be misinterpreted as adsorption.

Thus, in terms of mass-balance approaches to virus

transport, inactivated viruses in soil column effluent may

be present, but not detected. Thus adsorption would be

falsely implied as the removal mechanism for these

viruses. Survival studies are intended to help

distinguish between inactivation and adsorption in a soil
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column.

Survival studies were conducted in the same tap water

used for the column experiments. Trials 1 and 2 represent

the survival of MS-2 as it was affected by the water at 4

and 24°C. Because the inactivation rates observed in

these trials and a preliminary survival study were

generally higher than those reported by Yates (1984), the

possibility of the presence of an antagonistic

microorganism in the tap water was tested by autoclaving

tap water and repeating the survival experiment (Trial 3).

The inactivation rates for MS-2 in Trial 3 were slightly

lower at 4°C and slightly higher at 24°C than the averages

of the inactivation rates in Trials 1 and 2. Sterility of

the tap water does not appear to have affected virus

survival. The inactivation rates from Trials 1 and 2 do

suggest that inactivation of virus due to the water

quality was not a factor in the column studies at 4°C.

Given the fact that the water entering the columns in the

24°C experiments was initially at 4°C and the approximate

10-hr residence time of the virus in the column, it is

doubtful that inactivation was significant. Based on this

study the average inactivation rate for MS-2 at 24°C would

be approximately 0.027 (-logloPFU/hr), giving a maximum

inactivation (apparent removal) of 0.27 logs during a

typical column experiment at room temperature. These
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results suggest that inactivation of MS-2 at this

temperature would not be significant in soils under the

conditions of this study.

A comparison of the decay rates reported by Yates

(1984) for MS-2 in Tucson well water at 23 0C with those

observed in this study for dechlorinated Tucson tap water

at 24 0C shows that the decay rates were lower in the study

by Yates (1984). Trials 1 and 2 of this study showed

decay rates of 1.0833 and 0.2693 (-logloPFUAml) in tap

water, respectively, whereas Yates (1984) reported a value

of 0.32537 (-log10PFU/m1) for Tucson well water at 23°C.

Inactivation rates at 4°C were -0.0337 and 0.0468 in

Trials 1 and 2, respectively, as compared to a rate of

0.025200 reported by Yates (1984) at the same temperature.

Because the survival experiments in this study were

of much shorter duration (3 to 7 days as opposed to 30

days) and the water samples were different (tap water as

opposed to well water), it is difficult to directly

compare the results of the two studies. Nevertheless, a

comparison implies that the decay rates in the tap water

may have been somewhat higher. As a result, a survival

experiment was conducted in water from the Martin St. well

on the University of Arizona campus, which is the same

well water that was used by Yates (1984). The results
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from this study showed decay rates of 0.0077 and 0.2044

(-1og1eFU/m1) at 4 and 24°C, respectively. These values

are slightly lower than those of Yates (1984) and

significantly lower than those observed in Trials 1 and 2.

Metals, such as copper and silver, have been found to

inactivate bacteria and viruses in water (Thurman, 1987),

and are currently being studied as disinfecting agents in

this laboratory. The possibility of metals or some other

virucidal agents being added to tap water between the time

it leaves the well and flows out the tap was tested by

determining the copper levels in several of the water

types used in this study. Tap water was found to contain

22 to 38 ug/1 of copper, while recent studies in the same

laboratory have shown copper levels in Martin St. well

water to be consistently below detection limits

(Unpublished). Although these results are inconclusive,

the increased levels of copper in tap water may have

caused the greater virus inactivation rates and are

probably due to leaching from the pipes in the

distribution system. These results and the water quality

data for the various waters used throughout this project

suggest that something which causes virus inactivation is

introduced into the ground water between the time it is

pumped and the time it reaches the tap.
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The overall results of the survival studies were

somewhat inconclusive, but do suggest that given the

duration of the experiments, virus inactivation did not

significantly affect observed removals. Thus, the

removals observed through the soil columns, low as they

were relative to the typical 99% removals reported in

previous studies, probably can be attributed to a small

amount of virus adsorption to the soil. Based on the

results of the survival and water quality studies, the use

of well water, as opposed to tap water, is strongly

recommended for future studies on virus transport in order

to reduce the variations in results due chemical

composition of the water.

Effects of Dispersion on the Transport of MS-2

Tracer studies were conducted with MS-2 bacteriophage

and bromide. Bromide is a conservative tracer (has a low

susceptibility to adsorption or ion exchange in natural

materials) which has been in general use for a long time

in a broad range of ground-water tracing applications

(Davis et al., 1980). As a conservative tracer, the

average velocity of bromide is expected to closely

approximate the average velocity of ground water.

The only published study to date which specifically

examined dispersion and transport of virus through soils

found that MS-2 virus moved 1.5 to 1.9 times faster than
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the average water flow velocity through a 105 cm column of

Tanque Verde Wash gravelly sand Grondin (1987), but did

not use a conservative tracer to verify the average

velocity of the water.	 The tracer experiments in this

study were conducted in order to better characterize

transport of viruses in subsurface environments and to

clarify the results of the previous study by Grondin

(1987).

The results of two tracer experiments conducted

through a Flushing Meadows soil at 4°C in this study

showed that velocities of MS-2 and bromide were slightly

lower than the average velocity of the water. The

relative velocities ranged from 0.972 to 0.976, and

dispersion coefficients from 0.00092 to 0.00238 cm 2/s in

these trials. Based on relative velocities, the MS-2

travelled 1.002 times as fast as the bromide and 0.97

times as fast (slower) as the water in Trial 1 and 0.97

times as fast (slower) as both the bromide and the water

in Trial 2. This variation is probably due to error

associated with the graphical method used to analyse the

breakthrough curves and in the estimation of the average

velocity of the water. Furthermore, the lack of a full

breakthrough curve and the fact that only 44% of the MS-2

tracer arrived at the outflow make the results of Trial I

somewhat questionable.
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A comparison with the results of Grondin (1987), the

only measure of comparison available in the literature,

suggests that the dispersion of MS-2 relative to the

average water velocity was minimal. Overall, the results

do indicate that both tracers travelled at approximately

the same velocity as the water and experienced very little

dispersion.

Klotz (1975) used the results of numerous tracer

studies with radioactive tracer solutions (NH482Br,

Na 131 I, and Cr-EDTA), NaC1 solutions, and the fluorescant

dye Uranine A in 50 to 400 cm length sand columns, to

generate plots of dispersion coefficients (cm 2/s) versus

mean water velocity (cm/s). The curves were used to

illustrate the effects of tracer type, temperature,

porosity, mean grain size, and degree of irregularity of

the grains on longitudinal dispersion in a soil column.

The study determined that dispersion increases with

increasing velocity of flow and increasing temperature.

The dependence of dispersion upon the kinematic viscosity

of the flow medium is the cause of this relationship with

temperature.

MS-2 and bromide tracer studies were conducted at

24°C in order to determine if these temperature-related

factors affected dispersion in Flushing Meadows soil. In

order to maintain a uniform temperature in the column
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during the experiment, the reservoir was not maintained at

4°C and significant virus inactivation, as expected, was

observed. Due to virus inactivation in the reservoir, the

initial MS-2 tracer concentration (C 0 ) was highly

variable, so the value for C o was estimated by averaging

the final 7 (peak) concentration values on the

breakthrough curve. The relative velocity for bromide,

0.97, was consistent with the values obtained in the 4°C

experiment, implying that it essentially modeled the

average flow of the water. The dispersion coefficients of

both tracers, 0.00177 cm 2/s for MS-2 and 0.00316 cm 2/s for

bromide, were consistent with those for Trials 1 and 2.

The breakthrough curves (Figure 16) however, clearly

indicate that the mean virus concentration arrived before

the mean bromide concentration. Based on relative

velocities, the MS-2 travelled 1.09 times as fast as the

water and 1.18 times as fast as the bromide.

Intuitively, the dispersion coefficient for MS-2

should be significantly higher than it was for Trials 1

and 2. Because of the lack of a true C o -value, the

breakthrough curve may not truly reflect the actual

dispersion that took place. These observations suggest

that, for the Flushing Meadows soil, the average

velocities and associated relative velocities of the

tracers are more accurate representations of the transport
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of the virus relative to the bromide and water in this

study, than the graphically estimated values of

dispersivity and dispersion coefficients.

The tracer experiment conducted at 24 0C showed that

the average velocity of the water in the column doubled,

compared to those observed in the same column under the

same applied pressure head at 4°C. The increase is

presumably due to the lower kinematic viscosity of water

at the higher temperature. Based on the results from

these studies, the Flushing Meadows soil column

experiments did not comply with the theories described by

Klotz (1975) on the effects of velocity and temperature on

dispersion.

Dispersion coefficients from the Flushing Meadows

tracer studies could not be compared with those of Klotz

(1975) because none of the curves reported included

velocities in the range of those in Trials 1 through 3. A

direct comparison with the 0.35 to 1.29 cm 2/s dispersion

coefficients and 1.5 to 1.9 relative velocities of MS-2

reported by Grondin (1987) however, indicates that

dispersion of the virus in these experiments was minimal.

The results from tracer experiments conducted through

Corolla sand columns showed that the average velocities

and dispersion coefficients of MS-2 were greater than

those observed for bromide, and for all other tracer
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studies.	 The relative velocities, show that MS-2 moved

1.12 to 1.15 times as fast as the water. Based on

relative velocities, MS-2 moved 0.93 to 1.10 as fast as

the bromide. The dispersion coefficients, 0.016 and 0.054

cm 2 /s, were at least an order of magnitude higher in

Corolla sand than those in the Flushing Meadows soil.

These results indicate that the MS-2 experienced greater

dispersion than it did in the Flushing Meadows soil,

particularly for Trial 1. The fact that the average flow

rate through the Corolla sand columns was more than 10

times that of the Flushing Meadows soil columns, suggests

that increased velocity was a major cause for the greater

dispersion and relative velocity of the MS-2 in Corolla

sand.

Based on the properties of both soils, the Corolla

sand has significantly larger and more uniformly-sized

grains. At the average flow rate of the two trials, the

curves showing the effects of mean grain size on

dispersion presented by Klotz (1975) give dispersion

coefficients of approximately 0.0069 to 0.025 cm2/s for

mean grain diameter ranging from 0.39 mm to 10.5 mm. The

dispersion coefficients of .016 and .054 for MS-2 in the

Corolla Sand, a fine sand with estimated mean grain

diameter of 0.07 mm, are significantly higher than those

which could be extrapolated from the lower end of the
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curves reported by Klotz (1975) . This could be

interpreted as implying that the virus would show

significant dispersion relative to the tracers used by

Klotz (1975). The observed increases in dispersion in the

coarser-grained Corolla fine sand relative to the finer-

grained Flushing Meadows loamy sand seem to comply with

the theories of Klotz (1975), that increasing grain size

and increasing velocity tend to increase dispersion. The

observed velocities of MS-2 relative to the water and the

bromide however, are relativley insignificant when

compared to the results of Grondin (1987).

The calculated dispersivities, which are supposed to

represent a property of the porous medium, were highly

variable, but generally fell within the typical range of

values for laboratory experiments of 0.01 to 1 cm

(Anderson, 1984). The variability of the dispersivities

is probably a reflection of the error associated mainly

with the graphical technique used to determine them.

The relative velocities of 1.5, 1.7, and 1.9 and

corresponding dispersion coefficients of 1.29, 0.99, and

0.35 reported by Grondin (1987), are significantly greater

(by at least an order of magnitude) than those observed in

this study. These differences appear to be a reflection

of the differences in grain size between the soils used in

the two studies. The grain size distribution of the
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gravelly sand used by Grondin (1987) shows that over 50%

of the grains were greater than 1.4 mm in size and that

over 80% were greater than 0.425 mm. The grain sizes of

the Flushing Meadows loamy sand and Corolla fine sand are

approximately an order of magnitude smaller.	 Thus, if

grain size does affect dispersion as Klotz (1975)

suggests, the differences in the results of the two

studies could be explained by the vast differences in

average grain sizes.

The applicability of these results to field

situations are limited for a number of reasons. The

application of a one-dimensional model to a laboratory

soil column only accounts for dispersion in the direction

of flow. The three-dimensional model used in field

situations more accurately describes transport because it

accounts for transverse dispersion (perpendicular to the

direction of flow) as well. The dispersivities, which

directly influence the dispersion, are typically 0.1 to

100 meters for field tracer studies, as opposed to 0.01 to

1 cm in laboratory experiments, and increase with distance

from the tracer input point (Anderson, 1984). This would

imply that dispersion might be somewhat greater in a field

situation, than in laboratory studies. Molz et al. (1987)

claim that the apparent scale-dependence of dispersivity

values used in contaminant transport models is due to
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variations in contaminant velocities and ground-water flow

caused by variations in hydraulic conductivity. They

suggest that variations in hydraulic conductivity give

rise to the apparent increasing dispersion with increasing

travel distance, in contradiction to the well-recognized

theory to the contrary described by Anderson (1984). In

order to account for changes in dispersivity (and

dispersion) with travel distance, Pickens and Grisak

(1981) proposed a model which allows dispersivity to vary

temporally as a function of the mean travel distance of

the contaminant. This approach could not be applied to a

column study, such as the one described above, where

tracer concentrations are measured at a single point as a

function of time.

Viruses are of colloidal size (less than 1 um in

diameter) and, as such, have been proposed as models for

the behavior of other colloids. Inorganic and organic

colloids are known to exist in at least some subsurface

environments, be capable of associating with types of

ground-water contaminants generally considered to be

highly retarded due to strong interactions with immobile

aquifer particles, and can, under certain conditions, move

through aquifers and thereby alter the mobility of

associated contaminants (U.S.D.O.E., 1986). Organic

colloids, which facilitate the transport of trace organic
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contaminants in both ground and surface waters, and

asbestos colloids are examples of such particles.	 The

results of this study may also provide some insight into

the transport of organic and asbestos colloids, as well as

viruses.

One major improvement in these studies would be to

conduct tracer studies of virus and bromide in the same

trials. This would eliminate variability between tracer

runs which, presumably was reduced by normalizing the

sampling times to pore volumes. Columns of significantly

larger diameter and length would also help to improve the

results, but availability of soil could be a limiting

factor. The column design could also be improved by

removing the copper sampling ports, which undoubtedly

disturbed the flow regime during the tracer studies. The

accuracy of outflow concentration measurements would

probably be improved if the outflow port were relocated to

the exact center of the base of the column, from its

present location 1.5 cm up the side of the column. It is

difficult to estimate the effects that the 6 cm gravel

packing and screened drainage layer may have had on the

tracer studies. Conceivably, some dilution of the initial

tracer concentrations exiting the soil occurred in this

gravel layer. Despite these shortcomings of the

experimental setup, the same procedures were closely
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followed for each tracer run,	 and errors due to

procedures and experimental set-up were probably

consistent throughout all trials.



CONCLUSION

A study of the transport of MS-2 virus through

Flushing Meadows soil and Corolla sand has shown that

little virus adsorption occurs. Removal of virus by

Flushing Meadows soil columns ranged from 0 to 33% at 4 0C

and 44 to 68% at 24 0C, suggesting a possible relationship

between adsorption and temperature. These removals are

significantly less than the typical 1 log (90%) and

greater removals reported for human enteric viruses, such

as polio, in previous studies. Thus, the relationship

between adsorption and temperature is not considered

significant because log differences in virus removals

between the two temperatures were not observed and batch

adsorption studies could not confirm the soil column

results. Batch adsorption studies showed that

temperature, virus concentration, degree of purification

of virus stock, and soil type did not influence

adsorption. The lack of adsorption observed in all

experiments may have been due to the high pH (7.8 to 8.2)

of the waters used in the experiments. Inactivation of

the bacteriophage was not significant at the 4 and 24°C

temperatures studied over the time periods used for the

soil column studies, but may have been a function of the

water quality.
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Mean velocities of MS-2 and bromide in Flushing

Meadows soil at 4°C were approximately the same as the

average velocity of the water and minimal dispersion of

either tracer occurred. MS-2 moved 1.09 times as fast as

the average water flow and 1.18 times as fast as the

bromide tracer in Flushing Meadows soil at 24°C. MS-2

moved 1.12 to 1.15 times faster than the average water

velocity and 0.93 to 1.10 times faster than the bromide

tracer in Corolla sand. Based on a comparison with the

1.5 to 1.9 relative velocities for MS-2, as reported by

Grondin (1987) in the only previous study of this nature,

MS-2 virus did not move significantly faster than the

water in either soil tested. Variations in the dispersion

of viruses in different soils appear to be dependent on

the grain-size distribution of the soil.

The modeling of MS-2 transport in soil columns has

shown that minimal adsorption of the virus occurs and that

the virus travels at velocities equal to or greater than

the average velocity of the water, depending on the type

of soil. The adsorptive behavior of MS-2 bacteriophage

does not correlate with that of enteroviruses studied to

date, but is probably a good model for transport of

viruses which adsorb poorly to soil. MS-2 has a potential

use in the modelling of "worst-case scenarios" of virus

migration, in terms of the maximum travel distances of



viruses. The lack of adsorption observed for this virus

in soils implies that MS-2 is a good tracer for other low-

adsorbing viruses and possibly some other colloidal

particles.
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TABLE 22

TIME-RATE CURVE FOR BATCH ADSORPTION OF MS-2 TO

FLUSHING MEADOWS SOIL (FM) AT 4°C 1

Percent
Sample-Time (min) Log Nt	 Log Nt/No Removal (%) pH

Control-0
	

5.5416	 8.13

FM-30	 5.4200	 -0.1216
	

24.43
	

8.00
Control-30 2 	5.4208	 -0.1208
	

24.28
	

8.04

FM-45
	

5.4362	 -0.1054
	

21.55
	

8.14
Control-45
	

5.2279	 -0.3137
	

51.44
	

8.12

FM-60	 5.5065	 -0.0351	 7.76	 8.18
Control-60	 5.0626	 -0.4790	 66.81	 8.14

FM-90
	

5.3979	 -0.1436
	

28.16
	

8.22
Control-90
	

5.1351	 -0.4064
	

60.77
	

8.11

1 --Denotes that red-capped, 15-ml, polypropylene, conical
tubes (Sarstedt, W. Germany) were used for Trials
1 and 2.

2 --Denotes that the sample was not centrifuged; all others
were centrifuged unless otherwise noted.

Water Type: Dechlorinated Tucson Tap Water (DTTW)
collected 7/8/87
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TABLE 23

TIME-RATE CURVE FOR MS-2 BATCH ADSORPTION TO

FLUSHING MEADOWS SOIL (FM) AT 24°C

136

Trial 1

(min)	 Log Nt	 Log Nt/No
Percent
Removal	 (%) pH

5.3010 8.13

5.4065 +0.1055 -27.50 7.99
5.0755 -0.2255 40.50 8.15

5.3434 +0.0424 -10.25 8.07
5.1446 -0.1565 30.25 8.14

5.3473 +0.0463 -11.25 8.00

5.1222 -0.1788 33.75 8.14

5.2492 -0.0518 11.25 8.09
4.7853 -0.5157 69.50 8.13

Sample-Time

Control-0

FM-30
Control-30

FM-45
Control-45

FM-60
Control-60

FM-90
Control-90

Water Type: Dechlorinated Tucson Tap Water (DTTW)
collected 7/8/87



MS-2 BATCH

TABLE 24

SOIL (FM)ADSORPTION TO FLUSHING MEADOWS

AT 24°C USING A MORE PURIFIED VIRUS STOCK *

Percent
Sample-Time (min)	 Log Nt Log Nt/No Removal (%)	 pH

Control-0 6.6928 8.03

FM-30 6.7910 +0.0981 -25.35	 8.15
Control-30 6.6902 -0.0026 +0.61	 8.15

FM-60 6.7653 +0.0724 -18.15	 8.12
Control-60 6.3646 -0.3283 53.04	 8.19

* --Denotes that all plague counts were in the 200-650
(higher than desirable) range.

Water Type: Dechlorinated Tucson Tap Water (DTTW)
collected 7/8/87
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TABLE 25

MS-2 BATCH ADSORPTION TO FLUSHING

MEADOWS SOIL (FM) AT 4 0C*

Trial lA

Initial Titer = 10 3 PFU/ml
Percent

Sample-Time (nin) Log Nt Log Nt/No Removal	 (%) pH

Control-0 3.8663 8.22

FM-30 3.8837 +0.0174 -4.08 8.15
Control-30 3.8388 -0.2744 6.12 8.17

FM-60 3.9494 +0.0831 -21.09 8.17
Control-60 3.7782 -0.0881 18.37 8.20

Initial Titer = 10 4 PFU/ml
Percent

Sample-Time (min) Log Nt Log Nt/No Removal	 (%) pH

Control-0 4.8315 8.19

FM-30 4.9370 +0.1055 -27.49 8.17
Control-30 4.5966 -0.2350 41.78 8.16

FM-60 4.9191 -0.0875 -22.33 8.20
Control-60 4.7160 -0.1155 23.36 8.15

*--Denotes that all samples were centrifuged.

Water Type: Dechlorinated Tucson Tap Water	 (DTTW)
collected 7/8/87
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TABLE 26

MS-2 BATCH ADSORPTION TO FLUSHING

MEADOWS SOIL (FM) AT 24°C

Trial 1B

Initial Titer = 10 2 PFU/ml
Percent

Sample-Time (min)	 Log Nt	 Log Nt/No 	Removal (%) pH

Control-0	 2.3927 7.97

FM-30	 2.3820	 -0.0107	 24.29 7.97
Cent.	 Control-30	 2.0354	 -0.3573	 56.07 7.96
No Cent.	 Cont.-30	 1.8573	 -0.5354	 70.85 8.00

FM-60	 2.3909	 -0.0018	 0.40 7.98
Cent.	 Control-60	 2.0934	 -0.2993	 49.80 8.09

Initial Titer = 10 3 PFU/ml

Control-0	 3.4065 8.12

FM-30	 2.8893	 -0.5172	 69.61 7.97
Cent.	 Control-30	 2.4857	 -0.9208	 88.00 8.05
No Cent.	 Cont.-30	 2.5459	 -0.8606	 86.22 8.15

FM-60	 3.1959	 -0.2106	 38.43 7.97
Cent.	 Control-60	 2.7046	 -0.7020	 80.14 8.08

Initial Titer = 10 4 PFU/ml

Control-0	 4.3757 8.07

FM-30	 4.3434	 -0.0323	 7.16 8.03
Cent.	 Control-30	 4.2227	 -0.1529	 29.68 8.09
No Cent.	 Cont.-30	 4.3222	 -0.0534	 11.58 8.03

FM-60	 3.5927	 -0.7829	 83.52 7.85
Cent.	 Control-60	 3.5922	 -0.7835	 83.54 8.05

Cent.--Denotes samples that were centrifuged.
No Cent.--Denotes samples that were not centrifuged.

Water Type: Dechlorinated Tucson Tap Water (DTTW)
collected 7/8/87
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TABLE 27

MS-2 BATCH ADSORPTION TO FLUSHING

MEADOWS SOIL (FM) AT 4°C1

Trial 2A

Initial Titer = 10 3 PFU/ml
Percent

Sample-Time (min)	 Log Nt	 Log Nt/No	Removal (%) pH

Control-0 3.4624 8.21
8.15 *

FM-30 3.4735	 +0.0111	 -2.59 8.16
Control-30 3.3139	 -0.1485	 28.97 8.28

FM-60 3.4843	 +0.0219	 -5.17 8.22
Control-60 3.2041	 -0.2583	 44.83 8.16

Initial Titer = 10 4 PFU/ml
Percent

Sample-Time (min)	 Log Nt	 Log Nt/No	Removal (%) pH

Control-0 4.4346 8.21
8.22 *

FM-30 4.4990	 +0.0644	 -15.99 8.14
Control-30 4.3444	 -0.0902	 18.75 8.16

FM-60 4.5484	 +0.1138	 -29.96 8.20
Control-60 4.3222	 -0.1123	 22.79 8.25
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TABLE 27 (CONTINUED) 

Initial Titer = 10 5 PFU/ml
Percent

Sample-Time (min) Log Nt Log Nt/No Removal (%) pH

Control-0	 5.4472	 8.18
8.16 *

FM-30	 5.4749	 +0.0278	 -6.61	 8.17
Control-30	 5.3971	 -0.0501	 10.89	 8.20

FM-60	 5.5192	 +0.0720	 -18.04	 8.14
Control-60	 5.3598	 -0.0873	 18.21	 8.13

--Denotes that pH of a "Control-0" polypropylene
centrifuge tube was taken after the experiment.
Other "Control-0" pH's were taken at the outset of
the experiment from the erlenmeyer flask used to make
the final dilution.

1 --Denotes that white-capped 15-ml polypropylene conical
tubes (Miles Scientific, Naperville, IL) were used
for Trial 3 experiments.

Water Type: Dechlorinated Tucson Tap Water (DTTW)
collected 7/8/87
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TABLE 28

MS-2 BATCH ADSORPTION TO FLUSHING

MEADOWS SOIL (FM) AT 24°C

Trial 2B

Initial Titer = 10 3 PFU/ml
Percent

Sample-Time (min)	 Log Nt	 Log Nt/No	Removal (%) pH

Control-0 3.4005 8.18
8.16 *

FM-30 3.3608	 -0.0398	 8.75 8.13
Control-30 3.0934	 -0.3071	 50.70 8.22

FM-60 3.3766	 -0.0240	 5.37 8.23
Control-60 2.9395	 -0.4610	 65.41 8.25

Initial Titer = 10 4 PFU/ml
Percent

Sample-Time (min)	 Log Nt	 Log Nt/No 	Removal (%) pH

Control-0 4.3953 8.12
8.20 *

FM-30 4.3627	 -0.0327	 7.24 8.11
Control-30 4.1584	 -0.2370	 42.05 8.21

FM-60 1 4.0626	 -0.3327	 53.52 8.12
Control-60 1 3.7782	 -0.6172	 75.86 8.20

1--Denotes that plates were incompletely covered, i.e.
plaque counts were probably low.
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TABLE 28 (CONTINUED) 

Initial Titer = 10 5 PEU/ml
Percent

Sample-Time (min) Log Nt Log Nt/No Removal (%) pH

Control-0

FM-30
Control-30

FM-60
Control-60

5.4216    8.17
8.25 *
8.08
8.26

8.07
8.25    

	

5.4579	 +0.0363

	

5.3617	 -0.0599

	

5.4778	 -0.0562
	5.1446	 -0.2770

-8.71
12.88

-13.83
47.16

*--Denotes that pH of a "Control-0" polypropylene conical
tube was taken after the experiment. Other
"Control-0" pH's were taken at the outset of the
experiment from the erlenmeyer flask used to make the
final dilution.

Water Type: Dechlorinated Tucson Tap Water (DTTW)
collected 7/8/87
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TABLE 29

MS-2 BATCH ADSORPTION TO FLUSHING

MEADOWS SOIL (FM) AT 24 0C

Trial 3:	 In Dechlorinated Tucson Tap Water,
Adjusted to pH = 6

Initial Titer = 10 3 PFU/ml
Percent

Sample-Time (min)	 Log Nt	 Log Nt/No	Removal (%) pH

Control-0 3.3493 6.87
6.78 *

FM-30 3.3579	 +0.0087	 -2.01 7.81

Control-30 3.1553	 -0.1939	 36.02 6.97

FM-60 3.4541	 +0.1048	 -27.29 7.81
Control-60 3.2041	 -0.1452	 28.41 6.95

Initial Titer = 10 4 PFU/ml
Percent

Sample-Time ( nin)	 Log Nt	 Log Nt/No	Removal (%) pH

Control-0 4.3522 6.89
6.86 *

FM-30 4.3811	 +0.0289	 -6.89 7.78
Control-30 4.2405	 -0.1116	 22.67 6.99

FM-60 4.4273	 +0.0751	 -18.89 7.71
Control-60 4.0881	 -0.2640	 45.56 6.86
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TABLE 29 (CONTINUED)

Sample-Time (min)

Initial =

Log Nt

10 5 PFU/ml

Log Nt/No
Percent
Removal	 (%) pH

Control-0 5.4074 6.78
6.67 *

FM-30 5.4108 +0.0034 -0.78 7.73
Control-30 5.2718 -0.1355 26.81 6.83

FM-60 5.3747 -0.0326 7.24 7.70

Control-60 5.1156 -0.2918 48.92 6.78

--Denotes that Tucson tap water initially was adjusted in
bulk to pH = 6 with 1 N HC1 for the experiment.
After dispensing into three 225-ml erlenmeyer flasks
and adding the virus, pH's marked with the * were
measured in the flasks. Control-0 pH's were measured
from the polypropylene conical tubes after the
experiment.

Water Type: Dechlorinated Tucson Tap Water (DTTW)
collected 7/12/87
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TABLE 30

MS-2 BATCH ADSORPTION TO FLUSHING 

MEADOWS SOIL (FM) AT 24 0C

Trial 4: In Dechlorinated Tucson Tap Water,
Adjusted to pH = 5

Initial Titer = 10 3 PFU/ml
Percent

Sample-Time (hrs) Log Nt Log Nt/No Removal (%) pH

Control-0 3.0588 5.71
4.98 1
5.44 2

FM-30 3.4378 +0.3789 -139.30 7.73
Control-30 2.6902 -0.3686 57.21 5.82

FM-60 3.4074 +0.3486 -123.14 7.79
Control-60 2.4983 -0.5605 72.49 5.98

Note: The Control-0 titer is probably low and should be
in the 3.4 log range. Die-off and or adsorption
to the polypropylene tube probably occurred as
the sample was assayed after the experiment with
the rest of the samples. Had the Control-0
sample been assayed immediately, 	 log Nt probably
would have been higher.

Initial Titer = 104 PFU/ml
Percent

Sample-Time (hrs) Log Nt Log Nt/No Removal (%) pH

Control-0 4.3711 5.72
5.11 1
5.55 2

FM-30 4.3692 -0.0019 0.43 7.66
Control-30 4.0943 -0.2776 47.23 6.01

FM-60 4.4074 +0.0363 -8.72 7.79
Control-60 3.7033 -0.6678 78.51 5.99
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TABLE 30 (CONTINUED)

Percent
Initial Titer = 10 5 PFU/ml

Sample-Time (min) Log Nt Log Nt/No Removal (%) pH

Control-0 5.4166 5.45
4.82 1
5.27 2

FM-30 5.4099 -0.0067 1.53 7.73

Control-30 5.0755 -0.3411 54.41 5.73

FM-60 5.4969 +0.0803 -20.31 7.84
Control-60 4.6812 -0.7354 81.61 5.74

1 --Denotes that pH was taken in the 225-ml erlenmeyer
flask prior to adding virus, before the experiment
began.

2--Denotes that pH was taken in the 225-ml erlenmeyer
flask after virus dilutions were made and the
experiment began.

Note: Die-off and/or adsorption to the polypropylene
conical tube in the Control-0 sample was most
pronounced at the 10 3 PFU/ml titer level. This
result suggests that the amount of die-
off/adsorption for these samples was finite and
not a function of the titer. This would explain
why the same loss might have occurred in the
Control-0 samples at the 10 4 and 10 5 PFU/ml
levels, but did not cause the odd results as seen
at 10 3 PFU/ml.

Water Type: Dechlorinated Tucson Tap Water (DTTW)
collected 7/12/87



TABLE 31

MS-2 BATCH ADSORPTION TO COROLLA SAND AT 24 0C 

Trial 1: MS-2 Adsorption to Corolla Sand at 24°C

Initial Titer = 10 3 PFEJ/m1
Percent

Sample-Time (min) Log Nt	 Log Nt/No Removal (%) pH

Control-0	 3.2082	 7.95
8.15 *

Corolla-30
	

3.3324	 +0.1243
	 -33.131
	

7.57
Control-30
	

3.1614	 -0.0468
	

10.22
	

7.93

Corolla-60
	

3.3802	 +0.1720
	 -48.61 1 	7.68

Control-60
	

3.1614	 -0.0468
	

10.22
	

8.01

L.-Denotes that significant bacterial growth on plates
from the Corolla samples was observed and may be
related to the apparent increase in titer observed in
these samples. Clearly no adsorption took place.

Initial Titer = 10 4 PET/m1
Percent

Sample-Time (min) Log Nt	 Log Nt/No Removal (%) pH

Control-0	 4.2601	 7.97
8.12 *

Corolla-30	 4.3502	 +0.0902	 -23.08	 7.61
Control-30	 4.1319	 -0.1281	 25.55	 7.98

Corolla-60	 4.3493	 +0.0892	 -22.80	 7.56
Control-60	 4.0607	 -0.1994	 36.81	 7.96

148



TABLE 31 (CONTINUED)

Percent
Initial Titer = 10 5 PFU/m1

Sample-Time (min) Log Nt	 Log Nt/No Removal (%) pH

Control-0 5.3522 7.97
8.19 *

Corolla-30 5.4216	 +0.0694 -17.33 7.51
Control-30 5.2122	 -0.1400 27.56 8.01

Corolla-60 5.4216	 +0.0694 -17.33 7.51
Control-60 5.0569	 -0.2953 49.33 8.01

--Denotes pH taken from the erlenmeyer flask after the
experiment.

Water Type: Dechlorinated Tucson Tap Water (DTTW)
collected 7/12/87
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TABLE 32

BUFFERING CAPACITY OF FLUSHING MEADOWS SOIL (FM)

Acetic Acid
Concentra-
tion
(mol/liter)

Initial pH
of Adjusted
Tap Water *

pH After Sha-
king For One
Hour At
200 RPM

FM	 Control

pH Three
Hours After
Removing
From Shaker

FM	 Control

0.05 5.18 6.81 5.26 7.02 5.21

0.10 5.12 6.51 5.15 6.68 5.15

0.20 5.13 6.27 5.13 6.47 5.14

0.30 5.20 6.19 5.24 6.25 5.21

0.40 5.15 6.09 5.16 6.14 5.15

0.50 5.20 5.99 5.19 6.02 5.18

0.60 5.13 5.98 5.16 5.98 5.13

0.70 5.25 5.91 5.26 5.99 5.23

0.80 5.26 5.91 5.28 5.98 5.26

0.90 5.24 5.85 5.26 5.86 5.25

1.00 5.26 5.84 5.25 5.90 5.26

Note: Acetic acid was used to maintain a low pH of
soil/water suspensions in order to assess the
feasibility of conducting MS-2 batch adsorption
studies at lower pH.

--Denotes that tap water was pH-adjusted in separate
250-ml erlenmeyer flasks for each molar concentration
of acid. Initial pH's were measured from these
flasks prior to adding the solutions to polypropylene
conical tubes.

Water Type: Dechlorinated Tucson Tap Water (DTTW)
collected 9/4/87
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TABLE 33

EFFECT OF TEMPERATURE ON MS-2 SURVIVAL IN

DECHLORINATED TUCSON TAP WATER 

Trial 1
*: 4°C

Time	 (hrs) Log N Log Nt/No
Percent
Die-Off	 (%)

0 5.3847
5 5.3674 -0.0174 3.9

10 5.3627 -0.0220 5.0
24 5.6857 +0.3010 -100.0 1

48 5.6712 +0.2865 -93.4 1

72 5.5017 +0.1170 -30.9 1

--Denotes that initial concentration was measured from a
soil column reservoir. Experiment was conducted in a
clean, foil-covered nalgene-plastic beaker.

1--Denotes that these results are suspect because such
large increases in virus titer are physically
impossible under the conditions of the experiment,
but are included because they do imply little die-off
occurred. The experimental procedure used in Trial 1
is most likely responsible for the variability.
Trial 2 used a different experimental procedure,
which eliminated this variation.

Linear Regression Data ( f = 104310 titer, x = time)

Daily Decay Rate (-10g10PFU/day) = -0.0692
y = 0.0692x + 5.4191

Hourly Decay Rate (-logioPFU/hr) = -0.0029
y = 0.0029x + 5.4191

Correlation Coefficient r = +0.5400

Daily Decay Rate (based on daily results only) = -0.0337
y = 0.0337x + 5.5104

Correlation Coefficient r = +0.3015

Water Type: Dechlorinated Tucson Tap Water (DTTW)
collected 4/7/87
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TABLE 34

EFFECT OF TEMPERATURE ON MS-2 SURVIVAL IN

DECHLORINATED TUCSON TAP WATER 

Trial 1*: 24 0C

Time	 (hrs) Log N Log Nt/No
Percent
Die-Off	 (%)

0 5.3847
2 5.3522 -0.0325 7.2

5 5.4183 +0.0336 -8.0
7 5.3811 -0.0036 0.8

10 5.2541 -0.1306 26.0
24 4.8261 -0.5586 72.4

48 3.6628 -1.7220 98.1

72 2.1614 -3.2233 99.9

* --Denotes that initial concentration was measured from a
soil column reservoir. Experiment was conducted in a
clean, foil-covered nalgene-plastic beaker.

Linear Regression Data (y = logio titer, x = time):

Daily Decay Rate (-logieFU/day) = 1.0742
y = -1.0742x + 5.6200

Hourly Decay Rate (-logloPFU/hr) = 0.0448
y = -0.0448x + 5.6200

Correlation Coefficient r = -0.9860

Daily Decay Rate (based on daily results only) = 1.0833
y = -1.0833x + 5.6337

Correlation Coefficient r = -0.9813

Water Type: Dechlorinated Tucson Tap Water (DTTW)
collected 4/7/87



TABLE 35

EFFECT OF TEMPERATURE ON MS-2 SURVIVAL IN

DECHLORINATED TUCSON TAP WATER 

Trial 2 *: 4 0C

Time	 (hrs) Log N

4.2430

Log Nt/No
Percent
Die-Off	 (%)

11 4.2430 0.0000 0.0

36 4.4065 +0.1635 -45.7 1

60 4.1584 -0.0847 17.7
84 4.1206 -0.1225 24.6

--Denotes that initial concentration was measured from a
soil column reservoir. Experiment was conducted in a
new, 15-ml, sterile, conical, polypropylene, screw-
cap tube (Sarstedt, W. Germany).

1--Denotes that this result is suspect because such a
large increase virus titer is physically impossible
under the conditions of the experiment, but is
included because it implies that little die-off
occurred.

Linear Regression Data ( r = logio titer, x = time):

Daily Decay Rate (-logieFU/day) = 0.0392
y = -0.0392x +4.2968

Hourly Decay Rate (-logloPFU/hr) = 0.0016
y = -0.0016x + 4.2968

Correlation Coefficient r = -0.5131

Daily Decay Rate (based on daily results only) = 0.0468
y = -0.0468x + 4.3199

Correlation Coefficient r = -0.5503

Water Type: Dechlorinated Tucson Tap Water (DTTW)
collected 4/7/87
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TABLE 36

EFFECT OF TEMPERATURE ON MS-2 SURVIVAL IN

DECHLORINATED TUCSON TAP WATER

Trial 2 * : 24°C

Time (hrs) Log N Log Nt/No
Percent
Die-Off	 (%)

0 4.2430
11 3.8751 -0.3860 57.1
36 3.7810 -0.4620 65.5
60 3.6128 -0.6303 76.6
84 3.2707 -0.9724 89.3

*--Denotes that initial concentration was measured from a
soil column reservoir. Experiment was conducted in a
new 15-ml, sterile, conical, polypropylene, screw-cap
tube (Sarstedt, W. Germany).

Linear Regression Data (y = logio titer, x = time):

Daily Decay Rate (-logioPFU/day) = 0.2734
y = -0.2374x + 4.1343

Hourly Decay Rate (-logiolDFU/hr) = 0.0099
y = -0.0099 + 4.1343

Correlation Coefficient r = -0.9591

Daily Decay Rate (based on daily results only) = 0.2693
y = -0.2693x + 4.2317

Correlation Coefficient r = -0.9943

Water Type: Dechlorinated Tucson Tap Water (DTTW)
collected 4/7/87

155



TABLE 37

EFFECT OF TEMPERATURE ON MS-2 SURVIVAL IN

Time

0
2
5
7

10
24
48
72
96

120
144

pH at

AUTOCLAVED, DECHLORINATED TUCSON TAP WATER

7.90.

Trial 3:	 4 0C

Percent
(hrs)	 Log H	 Log Nt/No	Die-Off

6.4150
6.3971	 -0.0258	 4.0
6.3892	 -0.0258	 5.8
6.3010	 -0.1139	 23.1
6.3560	 -0.0589	 12.7
6.3464	 -0.0686	 14.6
6.3314	 -0.0835	 17.5
6.2504	 -0.1646	 31.5
6.4232	 +0.0083	 -1.9
6.2109	 -0.2041	 37.5
6.4354	 +0.0204	 -4.8

the final sampling time for the experiment

(%)

was

Entire experiment was conducted in a 50-ml, sterile,
conical, polypropylene, screw-cap tube (Sarstedt, W.
Germany).

Linear Regression Data (y = logo titer, x = time):

Daily Decay Rate (-logieFU/day) = 0.0051
y = -0.0051x + 6.3608

Hourly Decay Rate (-logloPFU/hr) = 0.0002
y = -0.0002x + 6.3608

Correlation Coefficient r = -0.1530

Daily Decay Rate (based on daily results only) = -0.0172
y = +0.0172x + 6.3216

Correlation Coefficient r = 0.2664

Water Type: Autoclaved, Dechlorinated Tucson Tap Water
(ADTW)collected 7/12/87
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TABLE 38

EFFECT OF TEMPERATURE ON MS-2 SURVIVAL IN

AUTOCLAVED, DECHLORINATED TUCSON TAP WATER

Time	 (hrs)

Trial

Log N

3:	 24 0C

Log Nt/N o
Percent
Die-Off	 (%)

0 6.4065
2 6.4735 +0.0669 -16.67
5 6.2516 -0.1549 30.00
7 6.0969 -0.3096 51.98

10 6.0434 -0.3632 56.67
24 5.5641 -0.8425 85.63
48 4.5359 -1.8706 98.65
72 3.7672 -2.6394 99.77
96 2.7634 -3.6431 99.98

120 2.1875 -4.2190 99.99
144 1.1461 -5.2604 100.00

pH at the final sampling time for the experiment was 8.01.

Entire experiment was conducted in a 50-ml, sterile,
conical, polypropylene, screw-cap tube (Sarstedt, W.
Germany).

Linear Regression Data or = log 	titer, x = time)

Daily Decay Rate (-logloPFU/day) = 0.8778
y = -0.8778x + 6.4135

Hourly Decay Rate (-logloPFU/hr) = 0.0366
y = -0.0366x + 6.4135

Correlation Coefficient r = -0.9989

Daily Decay Rate (based on daily results only) = 0.8350
y = -0.8350x + 6.4736

Correlation Coefficient r = -0.9578

Water Type: Autoclaved, Dechlorinated Tucson Tap Water
(ADTW) collected 7/12/87
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TABLE 39

EFFECT OF TEMPERATURE ON MS-2 SURVIVAL IN

AUTOCLAVED, DEIONIZED WATER 

Time	(tirs)

Trial

Log N

4:	 4 0C

Log Nt/N o
Percent
Die-Off	 (%)

0 6.3560
2 6.1072 -0.2488 43.61
5 5.7745 -0.5815 73.79
7 5.8420 -0.5140 69.38

10 6.0334 -0.3226 52.42
24 5.7924 -0.5636 72.69
48 5.8172 -0.5388 71.08
72 5.7983 -0.5577 72.31
96 5.4757 -0.8804 86.83

120 4.5623 -1.7937 98.39
144 4.6385 -1.7175 98.08
168 4.5422 -1.8138 98.46

pH at the final sampling time of the experiment was 6.30.

Entire experiment was conducted in a 50-ml, sterile,
conical, polypropylene, screw-cap tube (Sarstedt, W.
Germany).

Linear Regression Data (y = logo titer, x = time):

Daily Decay Rate (-logieFU/day) = 0.2306
y = -0.2306x + 6.1190

Hourly Decay Rate (-logloPFU/hr) = 0.0096
y = -0.0096x + 6.1190

Correlation Coefficient r = -0.9269

Daily Decay Rate (based on daily results only) = 0.2685
y = -0.2685x + 6.3126

Correlation Coefficient r = -0.9412

Water Type: Autoclaved, 18-millivolt, Deionized Water
(ADIW)

158



TABLE 40

EFFECT OF TEMPERATURE ON MS-2 SURVIVAL IN

AUTOCLAVED, DEIONIZED WATER 

Time (hrs)

Trial

Log N

4:	 24 0C

Log Nt/No
Percent
Die-Off	 (%)

0 6.2986
2 5.7160 -0.5828 73.87
5 5.6435 -0.6554 77.89
7 5.3589 -0.9400 88.52

10 5.2799 -1.0190 90.43
24 4.5617 -1.7372 98.17
48 2.9868 -3.3121 99.95
72 2.1399 -4.1590 99.99
96 100.00

pH at the final sampling time of the experiment was 5.70.

Entire experiment was conducted in a 50-ml, sterile,
conical, polypropylene, screw-cap tube (Sarstedt, W.
Germany).

Linear Regression Data (y = logio titer, x = time)

Daily Decay Rate (-logieFU/day) = 1.3278
y = -1.3278x + 5.9100

Hourly Decay Rate (-logloPFU/hr) = 0.0553
y = -0.0553x + 5.9100

Correlation Coefficient r = -0.9895

Daily Decay Rate (based on daily results only) = 1.5019
y = -1.5019x + 6.2012

Correlation Coefficient r = -0.9932

Water Type: Autoclaved, 18-millivolt, Deionized Water
(ADIW)
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TABLE 41

EFFECT OF TEMPERATURE ON MS-2 SURVIVAL IN

UNIVERSITY OF ARIZONA WELL WATER 

Time	 (birs)

Trial

Log Nt

5:	 40C

Log Nt/No
Percent
Die-Off	 (%)

0 6.4814
2 6.3945 -0.0870 18.15
4 6.3711 -0.1104 22.44
6 6.4074 -0.0741 15.68
8 6.5192 +0.0377 -9.08

24 6.4935 +0.0120 -2.81
48 6.4601 -0.0213 4.79
72 6.4330 -0.0485 10.56
96 6.5139 +0.0324 -7.76

120 6.4425 -0.0390 8.58
144 6.4393 -0.0421 9.24
168 6.4232 -0.0582 12.54

Entire experiment was conducted in a 50-ml, sterile,
conical, polypropylene, screw-cap tube (Sarstedt, W.
Germany).

Linear Regression Data (y = logo titer, x = time)

Daily Decay Rate (-log	 PFU/day) = -0.0003
y = 0.0003x + 6.4475

Hourly Decay Rate (-log io PFU/hr) = -1.4016 x 10 -5
y = (-1.4016 x 10 - )x + 6.4475

Correlation Coefficient r = +0.0182

Daily Decay Rate (based on daily results only) = 0.0077
y = -0.0077x + 6.4880

Correlation Coefficient r = -0.5873

Water Type: University of Arizona Martin St. Well Water
(MSWW) collected 8/24/87
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Time 	(tirs)

Trial

Log Nt

5:	 24°C

Log Nt/No

0 6.4208
2 6.3775 -0.0433
4 6.4208 0.0000

6 6.4099 -0.0108

8 6.3962 -0.0246
24 6.2672 -0.1536
48 5.7924 -0.6284
72 5.5752 -0.8456
96 5.5296 -0.8912

120 5.3856 -1.0352
144 5.1492 -1.2716
168 4.9469 -1.4738

Percent
Die-Off (%)

9.49
0.00
2.47
5.50

29.79
76.47
85.73
87.15
90.78
94.65
96.64

TABLE 42

EFFECT OF TEMPERATURE ON MS-2 SURVIVAL IN

UNIVERSITY OF ARIZONA WELL WATER 

161

Entire experiment was conducted in a 50-ml, sterile,
conical, polypropylene, screw-cap tube (Sarstedt, W.
Germany).

Linear Regression Data (y = log io titer, x = time)

Daily Decay Rate (-log io PFU/day) = 0.2160
y = -0.2160x + 6.4084

Hourly Decay Rate (-logio PFU/hr) = 0.0090
y = -0.0090x + 6.4084

Correlation Coefficient r = -0.9866

Daily Decay Rate (based on daily results only) = 0.2044
y = -0.2044x + 6.3489

Correlation Coefficient r = -0.9799

Water Type: University of Arizona Martin St. Well Water
(MSWW) collected 8/24/87
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WATER QUALITY

TABLE 43

CHARACTERIZATION

Water Type

Quality DTTW DTTW DTTW ADTW
Parameter 4/7/87 7/8/87 7/12/87 7/12/87

pH 7.90 7.85 7.68 8.36

Total
Alkalinity
(mg/1 CaCO3) 109 105 111 76

Hardness
(mg/1 CaCO3)
Total 106 158 139 74

Calcium 100 142 126 66

Magnesium 6 16 13 8

Turbidity
(N.T.U.) 0.25 0.33 0.23 1.5

Total Solids
(mg/1)
Suspended 0 0 0 0

Dissolved 280 455 240 400

Electrical
Conductivity
(umhos) 402.4 570.7 453.2 412.0

Total Copper
(mainly Cu)
(ug/l) 38.8 29.6	 22.2 
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TABLE 43 (CONTINUED)

Water Type

Quality ADIW MSWW DTTW TTW
Parameter 8/24/87 9/4/87 10/11/87

pH 5.84 8.09 8.17 8.01

Total
Alkalinity
(mg/1 CaCO3) 3.5 106 105 107

Hardness
(mg/1 CaCO3)
Total 1.6 98 158 152

Calcium 0.2 91 154 142

Magnesium 1.4 7 4 10

Turbidity 0.175 0.175 0.21 0.16
(N.T.U.)

Total Solids
(mg/1)
Suspended 0 0

Dissolved 20 285 415 495

Electrical
Conductivity
(umhos) 0.8996 377.8 508.6 636.0

Total Copper
(mainly Cu)
(ug/l) <3.8

Note: Alkalinity was measured in mg/1 as CaCO3 (calcium
carbonate).

Total Alkalinity = (OH - , CO3 -2 , & HCO 3 ).

Hardness was measured in mg/1 as CaCO3 (calcium
carbonate).

Magnesium Hardness was calculated from by
subtracting Calcium Hardness from Total Hardness.
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Code

DTTW

TABLE 44

EXPLANATION OF WATER TYPE CODES 

Description

Dechlorinated Tucson Tap Water (with sodium
thiosulfate) collected from taps in the
Microbiology Department Fourth Floor
Laboratory at the University of Arizona.
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TTW	 Tucson Tap Water, as described above, but
without the addition of sodium thiosulfate.

ADTW
	

Dechlorinated Tucson Tap Water, as described
above, that was autoclaved for 20 min in a
nalgene plastic container.

ADIW	 Autoclaved, 18-millivolt, Deionized Water
collected from a Sybron-Barnstedd NANOpure
filtering system (Boston, MA).

MSWW	 Well Water collected directly from the Martin
St. Well on the University of Arizona campus.
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