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PROJECT SUMMARY
April 1995 to June 1998

A portion of our work is still on going, though the majority of our effort has been competed and
has either been accepted for publication or is being prepared for publication. We have chosen a
simple format for this report. First a summary of study results and policy tmplications are
presented. Second, research necessary to provide additional foundation for policy is proposed.
Third, our published and draft papers are attached to provide details and interpretation of our
research efforts '

Summary of Results
FRENCHTOWN HIGH SCHOOL SITE.

Research results at the Frenchtown High School site represent the occurrence and transport of
virus in a sand, and sand and gravel dominated aquifer with groundwater at 9 to 12°C.

This work was supported by NWRI, and EPA, and pnincipally by the Montana Water Research
Center, USGS Water Center Program. Natural gradient tracer test and samples from wells
located in the septic waste plume downgradient from the drainfieid. Results showed that:

1. MS2 and PhiX174 moved at the same rate as bromide.
_ 2. Sorption appears to control the majonty of virus. (attachrment-detachment)

3. A portion of the injected viruses survived for over 9 months in cold groundwater. MS2 titers
remained above background in the injection well and in wells within 7.6m of the injection well.

4. Male specific and somatic coliphage concentrations in the school septic tank ranged from
7,000 to 4,000,000 PFU/L. Average concentrations were about 500,000 PFU/L.

5. Enteroviruses in the septic tank were sporadically detected (only being observed twice at
concentrations of 4.4 virus/L and 0.26 virus/L).

© Policy Implications:

1. High numbers of male specific and somatic coliphage were present in the septic tank. This
enhances their use as indicators of viral contamination from sewage. Measurable
concentrations were also found in the groundwater contaminated with septic effluent.
Coliphage could be found in samples of 4 L or less over a transport distance of 17.4 m.
Larger samples would have detected a continued decreasing concentration with distance of
transport.



2. Coliphage levels in the tank and in the field did fluctuate, however, indicating that multiple
samples taken over several weeks may be required to adequately characterize the source
concentrations rather than one single sample.

3. Set back distances between wells and septic system drainfield of 30.5m would result in about
1 coliphage/1000 L, a decrease in virus concentration of about 6 logs. Based on the
concentrations of enteroviruses found in the septic tank, concentrations may be about 1
virus/50,000 L at a well located 30.5 m from the drainfield edge assuming no additional
vertical mugration. These values suggest that enteroviruses promise little utility as indicators
of fecal contamination

4. Seeding of coliphage showed possible survival of attached virus for over 9 months.

5. Standard set back distances of 30.5 m may be inadequate to protect public health and safety if
wells are completed in a sand and gravel cold water rapidly flowing (1 to 2 m/d) groundwater
system.

6. Viruses remain viable within the aquifer after a release has occurred for months.
Perturbations such as chemical changes could act to release additional virus into the aqueous
phase at some time in the future.

ERSKINE SITE.
Funded by NWRI and EPA

The Erskine site is located on a floodplain of a gravel- bedded river. Gravel and boulders
dominate the aquifer. Groundwater is free from sewage, calcium bicarbonate dominated and
ranges in temperature from 5 to 12 C. Natural groundwater velocity is 27 m/d. A number of
natural gradient slug input muitiple virus seeding experiments and pumping experiments were
conducted. Four viruses were seeded under both natural gradient and forced gradient conditions:
PRD1, PhiX174, MS2 and attenuated polio virus type 1 (Chat Strain).

Natural Gradient Results:

1. Bacteriophage were detected over 40.5 m of transport Bromide and attenuated poliovirus
were traceable over 19.9 m.

2. Attachment of virus to the aquifer material accounted for relative attenuations for MS2,
PRD1, PhiX174 and attenuated polio virus of 49, 71, 65 and 99 %, respectively.

3. Virus peaks amrived at the same time as the bromide peak with the exception of the attenuated
polio peak that appeared to arrive before the bromide peak. However, this apparent faster
transport of the attenuated polio virus was determined to be an artifact of breakthrough peak
truncation. This occurs because of the rapid rate of attachment of the polio virus.



4. Virus within the portion of the aquifer impacted by the seeding appear to remain viable for
over 9 months. Long tails on breakthrough curves imply continued low level release of
viruses.

Pumping Well Capture Zone Study

1. A well pumping between 378 and 408 L/min created a groundwater capture zone. During the
pumping of this well, the same four viruses used in the natural gradient experiment were
seeded into the aquifer 20 m from the pumping well. Transport rates were enhanced two to
three times.

2. Mass balances calculated at the pumping well showed over the 47 hr of sample collections
78% of the bromide, 30% of the PRD1, 16% of the MS2, 3.8% of the PhiX174 and 0.12% of
the attenuated polio virus were extracted from the aquifer. A preliminary figure is attached.

3. Preferential flow affected the rate of transport and the concentration at the pumping well.
Rapid transport in a high hydraulic conductive zone resulted in concentrations at the pumping
well being 2.6 times higher than predicted by assuming average propérties of the aquifer.

Policy Implications

1. Transport rates and breakthrough timing, but not magnitudes, of a bromide tracer are good
predictors of rates and breakthrough curves of the three coliphage. Attenuated polio virus
breakthrough curves are impacted by high attenuation rates and peak concentrations observed
in the field may arrive slightly ahead of times predicted by the bromide curve.

2. Viruses attach at different rates. Under the Erskine Site conditions, at natural gradients,
bacteriophage attached at lower rates than the attenuated polio virus. The higher resolution
pumping experiment showed PRD1 to sorb less than the smaller MS2 and PhiX174. In both
natural gradient and forced gradient conditions the attenuated polio virus attached at high
rates. This suggests that the used of coliphage as indicators of virus contamination will be
conservative relative to the behavior of the attenuated polio virus. The rates of attachment
appeared to be directly related to the surface isoelectric points of the different viruses in
relation to the net charge of the sediment.

3. Set back distances between wells and virus sources of 30.5 m will most likely be inadequate
under Erskine Site conditions to protect public health.

4. A portion of attached viruses remain viable after initiat attachment for over 9 months. Thus, a
source of virus remains long after a contamination event. As a result, a low level of virus may
be continually released into the aquifer.



5. Transport in the vicinity of a pumping well may exceed arrival times and concentrations
predicted using average aquifer properties. Set back and well-head protection zones need to
be reviewed relative to aquifer characteristics and the likely-hood of preferential flow zones.

RESEARCH IN PROGRESS
Additional funding to support these efforts is needed. As of January 1999 these pl'O_]CCTS
are still in progress and final summaries or papers have not been prepared.

Survival Study

1. Samples at the Erskine Site are being collected from selected wells and analyzed for MS2 to
determine if viable virus remain in the portion of the aquifer impacted by the virus seed.

Attachment-Detachment Study (MS Thesis in progress)

1. Two columns were set up and the virus MS2 were seeded under conditions of different
~ velocities.
2. Detachment was then assessed by injecting the columns with virus free water.

Vadose Zone Transport and Attenuation of Virus (MS Thesis in progress)

1. A portion of the Frenchtown High School drainfield has been instrumented with effluent
sampling ports, stainless steel suction lysimeters and multi-level monitoring wells. These
instruments will be used along with a virus seeding experiment to examine the behavior of
virus transport through the unsaturated zone.

Field Mass Balance for Virus and Bacteria (field work completed, analysis underway)

Partial support by NWRI and prmcxple support by Montana Water Center, USGS Regional
Program.

1. Within 3 m of a pumping well, MS2 coliphage and bacteria will be seeded into the
Frenchtown High School Aquifer. A mass balance at the pumping well will be calculated.
The mass of injected microbes remaining on the solid aquifer material will be determined by
coring and extraction,

Policy Implications of On-going Research.

1. Predicting the behavior of virus requires field and laboratory data on how changes in
groundwater velocity impacts the aqueous virus phase. It also requires input of attachment
rates so that maximum concentrations can be appropriately predicted. The on-going work 1s
addressing these issues as tempered by field observations.



2.

Currently we can only use data from the saturated zones in predicting how various thicknesses
of vadose zones will impact virus movement and survival. Work is needed to develop
techniques and methods by which septic system's virus concentrations can be used to predict
final groundwater virus concentrations. '

ADDITIONAL RESEARCH NEEDED TO PROVIDE SUPPORT OF PROPOSED
REGULATIONS:

The Erskine and Frenchtown High School sites provide exceilent sites for continued
experimentation in the areas listed below.

l.

Continuation of long term studies following virus survivals. Currently survival has been
followed for three consecutive nine-month intervals and can now be extended for several years

if funding is available.

Identification of the importance of velocity changes in the vicinity of a pumping well on the
magnitude and rate of virus transport.

Develop a procedure to evaluate when preferential flow zones should be considered when
assessing potential impact in aquifer.

Establish the average concentrations of coliphage in individual septic tanks so that standard
estimations of effluent virus concentrations can be established.

Establish to what degree the percolation of virus through the unsaturated zone beneath a
drainfield reduces the effluent virus concentrations entering the groundwater.

Develop attachment and detachment rates for viruses to allow simulation of virus transport in
relation to the surface isoelectric points of both viruses and sediments.
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Figure of Pumping Experiment Results at Erskine: Accumulation of Tracer at Pumping Well.

Research Note: Coliphage Prevalence in High School Septic Effluent and Associated Ground
Water. 1998 Wat. Res., 32(12), p. 3781-3785.

Research Paper: Virus Occurrence and transport in a School Septic System and Unconfined
aquifer. 1998 Ground Water, 36(5), p. 825-834.

Research Paper: Rapid Transport of Viruses in a Floodplain Aquifer. 1999 Accepted for
Publication. Wat. Res. ‘
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Research Paper: Virus Transport in the Capture Zone of a Well Penetrating a High Hydraulic
Conductivity Aquifer Containing a Preferential flow Zone: Challenges to Natural
Disinfection. 1998, Source Water Assessment and Protection’98, p. 167-174.
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RESEARCH NOTE

COLIPHAGE PREVALENCE IN HIGH SCHOOL SEPTIC
EFFLUENT AND ASSOCIATED GROUND WATER

DAN C. DEBORDE"™, WILLIAM W. WOESSNER’. BRUCE LAUERMAN- and
PATRICK BALL'

'Division of Biological Sciences. DBS. University of Montana. Missoula, MT 59812, U.S.A, and
‘Department of Geology, University of Montana. Missoula. MT 359812, U.S.A.

{ First received November 1997 accepred in revised form March. /998)

Abstrace—At the present time. somatic and male-specific coliphage and human enterovirus groups are
being considered as indicators of possibte pathogenic human enteric virus contamination from fecal
contamination. A primary atribute for any indicator ol fecal contamination is its prevalence at the
source and in associgted ground water. It must be consistently found in the source matertal at concen-
trauons that are measurable with available techniques. Over a penod of t¢n months. male-specific and
somatic coliphage ranged from ~7000 to ~4.000.000 PFU,L n the effluent from a mutri-user septic-
tank. Uniike the vaiues determined for septic-tank eHluent. coliphage concentrations measured in
ground water over this same period only varied by five-fold. Coliphage concentration in ground water
under the down-gradient edge of the drainfield contained ~1000 PFU/L. This concentration decreased
at —| log;o 3 m during 17.3 m of ground-waler transport. From these data. coliphage concentrations in
septic-tank ¢Mluent seem sufficient 10 allow their use as indicators of fecal contamination in ground
water. - 1998 Elsevier Science Lid. All nghts reserved

Key words: coliphage, fecal waste. viral indicators. virus. ground water, ground-water transport.

Ground Water Disinfection Rule,

Waterborne disease outbreaks occur each year
despite regufations establishing both minimum ver-
tical distances berween efftuent disposal sysiems and
ground water. and honzontal setback distances
between drainfields and water supply wells
(Keswick and Gerba. 1980: Moore. 1982: Metcalf ez
al.. 1995). The 1987 Amendments to the Safe
Drinking Walter Act mandate the United States
Environmental Protection Agency (USEPA)
deveiop a set of regulations ensuring ground-water
suppiles are not contaminated with viruses. Such
regulations may require sampling of wells for indi-
cator virus.

At the present time. somatic and male-specific
coliphage and human enterovirus groups are being
considered as indicators of possible human enteric
virus contamination (USEPA, 1996). Arguments for
(Borrego et al.. 1990; Sobsey er al. [990;
Springthorpe er af.. 1993: Hernandez-Defgado and
Toranzos, 1995) and against (Yeager and O'Brien,
1977. Nasser ¢r of., 1993) using these viral groups
as indicators have been presented. While a positive
viral indicator assay demonstrates fecal waste con-

“Author 10 whom all correspondence should be addressed.
[Tel:  +1-406-243-2389: Fux: +1-406-243-4184: E-
mail; debordew selway.umt.eduj.

tamination. a negative assay does not necessarily in-
dicate uncontaminated ground water. The level of

-significance that can be applied to a negative assay

depends ‘'upon the prevalence of indicator virus in
the source and associated ground water. and its
detection limits. In this paper we consider these pri-
mary attributes of an indicator of fecal contami-
nation — its prevalence and detectability at the
source and in associaled ground water.

Coliphage groups are considered common in sew-
age and could be useful surrogates for sporadically
occurring pathogenic human viruses (USEPA,
1996). Male-specific coliphage concentrations in caw
sewage generated from more than 100 people have

“been estimated at 10° PFU/L (USEPA. 1996). This

level is several orders of magnitude higher than con-
centrations estimated for human viruses (10° to
0* PFU/L) in sewage etfluent (Moore. 1982:
Matthess and Pekdeger. 1985). Though some data
for the presence of coliphage in sewage and erfluent
have been reported (USEPA. 1996). no systematic
published data are availuble on average coliphage
concentrations in septic-tank etftuent sources. Using
a large muliti-user (350 students. starf and ucuity)
septic-tank system locuted at Frenchtown High
School in western Montana. we assaved both maie-
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3782 Research Note
Tabie 1. Mate-specific and. somatic coliphuge concentrations in the Frenchtown High School septc tank effluent”
Coliphage (PFU/L) found in septic tunk effluent
individual samples ume-weighted averuve

Dute male-specific somutic male-specilic somutic
12/97%4 J00E + 05 L76E - 05 3.00E ~ 05 1.76E - 03
341495 3.87E = 05 1.73E + 03 S87E - 05 173 = 03
3/15/95 .I6E = 06 1.88E = 06 LLI6E - 06 383E + 06
5/3/95 I.60E + 0§ 8.03E +~ 4 1.L60E ~ 05 $.03E - 4
5/23/95 3.86E + 05 1.80E - 04

3725195 1.34E + 06 2.30E + 04 LUE ~ 06 230E - 04
6/1/95 9.00E + 04 1A3E = 04

6/5195 2.30E - 04 FTE+ 03

617195 L84E + 06 Z0E + 03 9.7 ~ 05 8.98E ~ 03
6/13/95 1.97€ + 06 1.02E ~ 04

671495 210E ~ 06 256E - 04

6/15.95 L.23E + 06 19E - 04

6/16/935 |58 ~ 06 3.84E = 04

6/17/93 1.0SE =~ 06 J44E ~ 04

6/18/95 1LI38E = D6 3.00E - 04

6/19/195 7.16E + 05 3.28E + 4 I 40E + 06 4.58E - 04
§120/95 5.22E + 03 628E - 04

6/21,93 LI18E + 05 7.94E ~ 04

6/22/95 3.29E = 05 6.34E + 04

6/23/95 234E + 05 5.34E = 4

6/24:95 I.92E ~ 05 1.02E - 05

6125:93 I.63E = 05 $.84E - 04

6/26495 I.06E ~ 05 1L0BE ~ 05

6:27:95 9.95E =~ 04 LT2IE =035 2131E = 05 9.48E - ™1
TE2N9S I.30E — 04 3.95E = 05

8/2/95 9.80E ~ 03 C340E < 05 $14E - 4 J69E = 03
8/21/95 1.70E + 05 1.75E ~ 05

8/22,95 1.27E = 05 1.47E -~ 05

8/26193 1.35E + 04 14JE+ 04

872795 T.I0E - 03 330E - 04 T00E - 04 SU5E - o
8728795 202E + 04 277E - 04

8/29/95 1.70E - 05 1.IBE + 04

8729195 5.38E + 05 1.30E - 04

330/95 5.06E +~ 05 [45E + 04

8130495 JHQE + 035 L4E = 04

8/31:95- 3.94E - 05 1.20E + 04

8131195 9.56E + 05 J00E - 04

971795 1.32E — 06 .09 ~ 05 .

972,95 6.20E + 05 2.I0E +~ 05 6.68E — 05 3.I6E ~ i
9/3/95 4.21E = 05 LIDE ~ 03

9/4/95 S.67E = 05 TO0E = 05

97595 I.I8E + 05 1.60E - 05

3/6/95 1.76E + 06 124E - 06

47195 2.00E + 06 3.55E =05

918195 3A0E + 06 TO0E - 05 144E = 06 194E — 05
Average PFUL: TH4E + 05 LI0E + 05 6.79E - 05 46SE - 035

“Escherichia coli C and E. cofi C3000 were used us host buctena for growih and plaque ussays of somuti¢ and mule-specitic coliphage. re-

spectively,

specific and somatic coliphage in septic effluent and
the associated ground water.

From 12/94 1o 9/95. coliphage in the septic tank
effluent were ussaved imtermiutently by single-laver
agar plaque analysis (DeBorde er af.. 1998). The
range ol nmxie-specific coliphage varied from
7.0 x 10* 10 3.4 x 10® PFU/L. and from 7.7 x 10 10
3.9 x 10° PFU/L for somatic coliphage (Table ).
All samples that were collecied within 7 consecutive
days were srouped and averaged us one entry 10
eliminate close-spuced sampling bias for the calcu-
lation of the ume-weighted average (Table ). Maie-
speciic and somatic coliphuge had time-weighted
averages of 6.8 x 10° and 4.7 x 10° PFU/L. respect-
ively, This data set included {Teguent sumpies from
two. two-week penods associated with school clos-
ing (June 19931 and schowi startup (August 1995

The data collected at {2 to 24 h intervals during
these (wo. two-week periods are plotted in Fig. 1.
Both somatic and male-specific coliphage concen-.
trations Huctuated greatly over these transition
periods. Although the variaton was usually one to-
two orders of magnitude during these periods. the raie
of change was gradual over either two-week interval.
Therefore. daily sampling appeured sufficient for
establishing average coliphuge concentrations.

When the data in Table | ure separuted by
“school in-scssion” (Sept.-May) or school out-of-
session” (June-Aug.). the muie-specific coliphuge
levels in-session hud a time-weighted average twice
that of out-of-session. while the somatic coliphage
was 3-Told higher during in-session thun out-ol-ses-
sion penods. In ospite of this vanauon. the large
average numbers ol coliphage found in septic-tank
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Fig. 1. Concentrations of male-specific and somatic cofiphage in effluent in the Frenchtown High School

septic tunk are plotied over time. Panel (A) = two weeks just arter the end of the academic year (June 2.

1995), and panel (B) = a iwo-week period that includes the start of the new school year on August 30,
1995. 95% coniidence limits are =15%. Plotied limits are obscured by the data series symbols.

— Septic Tank

see . | HEN

Approximate Drainfield Boundanies /. -

Background Well
[c]

Key Directon of
Groundwater Flow

®  Wells (#) positive for
Somatic coliphage (S)
ar for Male-Specific
coliphage (M) or for
both coliphage (MS)

@ Al other wells that have
less than 1 PFU of either
phage in 3.33L

-) Contour lines of
Chlende ion (mgrL)

Fig. 2. Site map ot the Frenchtown High School sepuc svstem. und associated chlonde and vicus

impacted ground water. Some close »et wells in the sepnic plume area have been dett off the map lor
dunty,
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effluent increases the probability that they will be
detectable in ground water and hence useful as mar-
kers of sewage contamination. .

Septic-tank ¢ffluent percolates from the drainfield
laterals through 1.5 m of medium sand to the water
table. Ground-water temperature is {10°C and flows
at | 1o 2.9 m/day {DeBorde er al, 1998). The 31
monitoring wells (Fig. 2), perforated in the upper
2m of the sand and gravel unconfined aquifer. were
used to characterze the distribution of male-specific
and somatic coliphage. These phage were monitored
by sampling ail wells at the start and end of this
project. Seiected wells (#19, 40, 41. and 26) that
were located within the main plume of septic efflu-
ent-impacted ground water were frequenty moni-
tored dunng the summer. As needed. MPN (most
probable number) assays employving ten replicaies
at three different volumes (1, 10. and 100 mi) or (3.
30, and 300 ml} (DeBorde er al.. 1998) were used 10
increase sensitvity over that of the |0 ml direct pla-
quing assay. The wells that tested posiuve for cither
coliphage are indicated on the site map (Fig. 2)
together with the septic plume represented by elev-
ated chloride concentrations (DeBorde et af.. 1998).
Concentrations ranged from as little as [ phage per
3.3 L in well 714 o approximately 1000 PFU/L at
wells #15 and #19. The relative location of wells
testing positive for coliphage and concentration
data showed good correlation with the chlonde
plume (DeBorde et al., 1998) (Fig. 2).

The relatonship of coliphage concentration in
ground water with transport distance was plotted in
Fig. 3. Each point was the average of five or six in-
dividual measurements at each well. taken over the
summer of 1995. The resuits for any one well vared
no more than five-fold during this period. Thus. by

the time the coliphage had entered the ground

water below-the drainfield the large variations in
concentrauons seen in the septic tank effluent had

4
s .

d Male-specific
2 @ Somatic

Log,,Coliphage/L

-1

N

2

0 5.6 1.3 17,
Distance in Meters

S

Fiw. 3 Male-speaiic and somauc coliphage concentrations

At oweils =190 4900 31 and 26 located at WL A6, 113, and

(T4 my respecnively. These wells gre centered in the seplic

astem piome and are alivaed o the dicection of ¢round-

sater fow. The wcrucat bars represent the V3% contidence
amits for cuch averuee,

" coliphage concentrations to the
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been greatly diminished. The variation at a 95%
confidence level for replicates sampled and pro-
cessed on the same day was +15%. [n this sewage-
impacted setting, both coliphage concentrations are
essentially identical. decreasing approximatelv one
order of magnitude with every 5m of Iransport
(17.5m/3.5 logs).

Due to their high numbers in the septic-tank
effluent, male-specific and somatic coliphage will be
far more likely to be found in effluent impacted
aquifers than the human enteric viruses. and thus.
be more sensitive indicators of fecal contamination.
Though this study focused on a large. multi-user
septic tank (56.700 L) it may be possible 10 relate
typical 3780 L.
four-person household septic tank. On a per user
basis. the school’s effluent is approximately 6 times
more concentrated than that found in a domestic
system. At sites of similar hydrogeology. household
septic tank discharge would result in ground-water
concentrations of approximately | coliphage; 1000 L
at a typical setback distance of 30.5 m. This concen-
tration is close to the hmit of detection for coliph-
age and enteroviruses (USEPA. 1994). Based on the
ratio of coliphage to enterovirus concentrations
(10°-10° PFU/L 10 5.5 PFU/L. respectively) found
in the septic effluent .(DeBorde er of.. 1998). we
would predict that enterovirus concentrations
would be four to five logs lower than coliphage at
this typical setback distance, and herce, not usefui
as fecal Indicators. Note also that in our field set-
ting, background coliphage values were very low,
no matter which host £. coli was used. At our levels
of background detection in non-effluent impacted
areas. no differences in prevalence for cither male-
specific or somatic coliphage were observed.

Acknowiedgements —This research was supported by grant
MSU-G and C#291413 from the Monwna University
Systems Wuter Research Center und by grant WQI 699-
520-95 jointy funded by the Nauonal Water Research
Institute and the USEPA.
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Virus Occurrénce and Transport in a School Septic
System and Unconfined Aquifer

by Dan C. DeBorde?, William W. Woessner?, Bruce Lauerman®, and Patrick N. BaiP

Abstract
Federal efforts to establish reliable natural disinfection criteria for ground water supplies reqmre the identification of appro-

priate indicator viruses to represent pathogenic viruses and an understanding of parameters affecting virus survival and transport
‘in a variety of hydrogeologic settings. A high school septic system and the associated fecal waste-impacted unconfined sand and gravel
Jaquit‘er were instrumented to: (1) evaluate if the concentrations of enterovirus and coliphage in this svstem were sufficient to allow
!their use as indicator viruses; (2) establish viral transport rates, transport distances, and concentrations in a highly conductive coid
éwater aquifer. Enteroviruses were found in only two of eight assays of the septic tank effluent {0.26 and 4.4 virus/L) and were below
,detection in eight ground water samples. Male-specific and somatic coliphage were detectable in both the septic tank effluent (aver-
agmg 674,000 and 466,000 coliphage/L, respectively) and in the impacted underlying ground water, decreasing to detection limits
bevond 38 m of the drainfield. Yirus transport parameters in this aquifer were measured by seeding high numbers of MS2 and X174
,cohphage into the ground water and documenting their transport over 17.4 m. A portion of the seeded virus traveled at least as fast
ias the bromide tracer (1 to 2.9 /d). Propesed natural disinfection criteria would not be met in this aquifer using standard 30.5 m
‘setback distances. In addition, the virus sorption processes and long survival times resulted in presence of viable seed virus for more

/than nine months.

|

. Introduction

| Domestic septic system effluent typically contains about 3

I X 107 coliform bacteria/100 mL and, following some types of

‘human virai infections. up to 1 X 107 virus/L. (Canter and Knox
1985). In rural areas of the United States, where residents, schools,
gas stations, and other businesses depend on ground water for
their potable water and on septc systems for waste disposal (Bitton
and Gerba 1984), more than three million liters of septic effluent

- leaves rural drainfields and percolates to the undertying ground water

annually (Yates 1985). Even with county, state, and federa! efforts
t0 minimize exposure of rurai ground water users to pathogenic
organisms, more than 42% of water-associated disease outbreaks
in this population can be traced to the consumption of untreated.
sewage-impacted ground water (Keswick and Gerba 1980).

As concern over the contamination of ground water by vinises
grows. the U.S. EPA is artempring to promulgare requirements for
disinfection of ground water sources and systems found to be con-
taminated or vulnerable to contamination (Macler 1995). Que part
of this effort is the establishment of naturai disinfection criteria that
would identify ground water supplies protected from microbiological

contamination by their hydrogeoiogical serting. No other forms of

disinfection would be required where narural disinfection criteria

“Division orf Biological Sciences. University of Montana. Missouia.
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were met (Macler [995). These criteria will require understanding
the occurrence and behavior of viruses in various hydrogeologic set-
tings.
Namral disinfection criteria will be based on the physical con-
ditions at an individual site. including the sediment type, ground
water velociry and temperature. and the vertical and/or horizontal
separation of a water supplv well from a contaminant source
{Macler 1995). An acceptable criteria will avoid pathogenic virus
contamination regardless of the virus size, charge, protein coat
properties. and survival rate. These physical and biological factors
affect the time of ravel berween a source and ground water supply
and allow for the reduction of viral concentration by physical dis-
persion, adsorption, and inactivation (Balés et al. 1995; Gerba
1983; Keswick and Gerba 1980). However, swdies of virus move-
ment and survival at hydrogeologic sites that have been exten-
sively characterized are [imted. In addjtion, the characterization of
viral properues that impact transport and survival are incomplete
for most viruses {Alhajjar et 2. 1588; Bales et al. 1989; Borrego et
al. 1990: Corapcioglu and Haridas 1985; UJ.S. EPA 1986; Vaughn
et al. 1983: Yates and Jury 1995; Yeager and O’ Brien 1977). While
it wouid be impractical to perform extensive viral transport and sur-
vival experiments at every well site being considered for natural dis-
infection. a more reasonable approach is to generate a database of
a limited number of ground water-viral studies that span the range
ot hvdrogeological settings. conditions, and viruses. :
The generation of such a database 1s chailenging from both
hvdrogeologreal and biotogical aspects. While standard site char-
acterization procedures will trame the hydrogeologic setting, char-
acrenzmg the occurrence and behavior of viruses is more difficult.
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Figure 1. Site map of the Frenchtown High Scheol research site show-
ing the locations of ail main monitoring wells (indicated by numbers}
and small-diameter tracer wells (indicated by a capital T). The rec-
tangular inset shows the location of the network of monitoring and
tracer wells for the virus seeding experiment. Weil #19 is the main injec-
tion well. The numbers in parentheses by the well names in the inset
are the distances in meters from the injection well. A section line
between well #15 to weil #36 locates those weils shown in Figure 2.

Direct knowledge of the behavior of human pathogenic viruses in
ground water is poor because: (1) human viruses are present in
fecal waste only when the source population is infected. requiring
frequent sampling over long times of sources such as individual sep-
tic systems: (2) there are many different pathogenic viruses: (3) assay
techniques for human pathogenic viruses are complex. cosuy, and
nonexistent for some viruses: and (4) permission to inject pathogenic
viruses into an aquifer is extremely difficult, if not impossible. o
obtain, Thus, it is desirable to idendfy a single virus or group of
viruses to act as viral indicators that are consistendy found in sep-
tic waste and for which established assay techniques are available.

Many of the same factors that plague research on pathogenic
viruses also affect characterization of pathogenic bactenia in ground
water. As a result, coliform bacteria. which occur in high numbers
in fecal waste. are used as indicators of the potential presence of bac-
terial pathogens (U.S. EPA 1989). Coliforms are not reliable indi-
cators for viruses, however. due to the physical differences between
bacteria and viruses (Gerba et al. 1979; Marzouk et al. 1980).
Both human enteroviruses and coliphage (viruses that infect colitorm
bacteria found in the human intestinal tract) have been proposed as
indicator candidaces (Kot et al. 1974 JAWPRC 1994: 11.S. EPA
1992: Wenizel et al, 1982), Testing of nawural disinfection critena
will require monitoning tor upproprizte viral indicators at specificd
setback distances. If possible. these mdicator viruses should span
the range of surfuce properties determined tor the pathogenic
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Figure 2. Cross section (SW to NE) centered between wells #36 and #1
(Figure 1). The upper zone is {ine to medium sand that is undertain t
sand and gravel which forms thé unconfined aquifer. The base of th
sand and gravel is located 10.7 m below land surface. Wells indicate
with numbers are constructed with 5.08 cm diameter PVC placed i
hollow stem augered borehcles. T1 is a 3.2 cm diameter PYC sand poir
and T8 is a 1.3 cm diameter polvethylene tube. Perforated intervals ar
indicated by sertes of horizontal lines.

viruses much as the chosen hvdrogeologic sites should span th
range of hydrogeological charactenistics of aquifers.

We examined the presence. abundance. and distribution ¢
these groups of indicator viruses. both human enteroviruses and col
iphage, in a large. multiuser septic system and in the associated feca.
waste-impacted sand and gravel] aquifer at the rural Frenchtown Higt
School (FHS) in western Montana, We also injected MS2 anc
@JX 174 coliphage directly into the impacted ground water svstem
to more accurately determine viral ransport rates. concentration
changes with distance. and virus fate. The daia from these experi-
ments allowed us to (1) evaluare if human enterovirus or coliphage
were present in sutficient concentrations to be useful as nacurally
occurmng indicator virus groups; and (2) establish viral ransport
rates, ransport distances. and concenmations in a cold water, highly
conductive sand and gravel aquifer.

This study extends previous work by using a high school pop-
ulation as a community source for viral indicators of fecal con-
tarmination (Borrego et al, 1990; Yaughn et al. 1983; Wentzel et al.
1982; Yates 1985). The hydrogeologicai condiuocns at thus site are
charactenstic of aquifers most apt to allow virus survival and rapid
movement in the United States. Finaily, unlike other studies reported
in the literature {Bales et al. 1995: Rossi et al. [994; Yeager and
O'Brien 1977), we were also able to revisit the site over time and
observed viral persistence.

Site Description

A research site was established at the rural Frenchtown High
School located 25 km west of Missoula. in western Montana.
Approximately 12.180 L/d of sewage etfluent produced by 350 stu-
dents und statf is disposed of by u three-chambered 56.700 L sep-
tic tank und 1860 m-= draintield (Figure 1). The drainfield is con-
structed of perforated 10.2 ¢m diameter Scheduie 20 PVC pipe with
26 laterals buned i trenches .6 m helow land surtace and sur-
rounded by washed 3 cm diameter cobbies. A fine to medium sand
i present at land surtace and exiends o a depth of 2.4 10 3.4 m. The



= Lkand is underlain by approximately 7.6 m of sand and gravel,
& I \which is samirated and forms the water table aquifer (Figure 2). Some
residents use the shallow aquifer for water supply. A confined sand
and gravel aquifer, separated from the unconfined system by 30 m
18 of fine sand, is the drinking water source used by the school and the

,majority of rural residents in the area (not shown in Figure 2).

‘Methods

‘Site Instrumentation _
Thirty-one, 5.08 cm diameter PYC monitoring wells. extend-
1ing to a depth of 4.6 1o 6.1 m with the lower 1.5 10 3.0 m slonead (30
-slot), were placed in an array including the drainfield and the sus-
rounding area (Figures | and 2). Wells were installed in the 11.4 cm
] "diameter hollow stem of a 20.3 ¢m diameter auger flight. Auger
: flights were withdrawn and the borehole allowed to collapse around
#15 . the well screen. The hole was backfilled with dnill cuttings above
aby the water table and sealed with bentonite at the surface. Well bore-
e holes located in the drainfield area were backfilled with bentonite
din from a depth of 1.2 m to land surface. Wells were developed by surge
oimt : Dlock. batling, and purmping. Soil samples collected during well con-
are : struction were described and sieved. Monthly water level mea-
surements by electric tape were used to determine the depth to
" ground water and characterize the direction of flow. Pumping tests
and a bromide tracer test were used to deternune the hydraulic con-

the ductivity of the sand and gravel aquifer (Fetter 1994).

- of Ten additional small-diamerter wells (T1 through T10) were
o]. installed to depths of 3.6 10 4.9 m parailel and perpendicular to a
cal [lowpath exterding from the drainfield edge 35 m downgradient
ich (Figures 1 and 2). Wells T1 to T7 were constructed of 3.2 cm
nd  diameter Schedule 80 PVC pipe with 0.61 m of hand-slotted per-
em forations (20 slor). After coring the approximately 3.3 m of sand with
ion @ 3.8 cm diameter Geoprobe core barrel, the well was driven to
- between 3.7 and 4.3 m. The borehole was backfilled with cuttings
ige and sealed at the surface with bentonite. Sampling points T8
iy  through T10 were constructed using a 2.54 cm diameter steel pipe
onr  With a carriage bolt loosely fit in the end that was driven (o a

iy - depthof 3.6 10 4.9 m. A 1.3 cm diameter polyethylene ube with the

bottom 0.6 | m slonted and wrapped with a fine nylon mesh screen
p-  Was mserted in the steel pipe and the pipe withdrawn Figure 2).
mn-  Curtings were used to backfill the hole and bentonite was used to
al form a surface seal. '

id Chemical Indicator Sampling

ed Water quality samples were collected from the wells and the sep-
ad tic tank using site dedicated 1.3 ¢m diameter, acid-washed poly-
ad ethylene tubing firted with a short section of sterilized C-FLEX tub-

ing (Cole-Parmer Instument Co.. Vernon Hills, [linois) that attached.

to a penstaltic pump. At each monitoring well, sample tube intakes
were positioned within the perforated portion of the well, usually 0.6
to 1 m below the measured water table. The sampie intake tbe in

M the septic tank was set approximately | m below the liquid surface
a in the third and final septic tank compartment. Each well was
u- purged of approximately one {0 two wel] voiumes prior to sample
- collecton using a peristaitic pump. During weil evacuaton. heid mea-
1- surements of remperature. pH. ¢lectmical conductivity. and dissolved
th oxygen (DO) were recorded. Samples were passed througit a (145
r- um tilter, preserved us required. and packed on ice for transport 0
d the University of Montana anaivtical {aboratory (U.S. EPA [YK6).

€ Standard analytical procedures using inductivelv coupied urgon

plasma emission spectrophotometry (Jerrell Ash) and ion chro-
matography (Dionex, AS4A column) were applied to determine
the general inorganic chiemistry of septic effluent, background
ground water, and septic effluent-impacted ground water.

Sampling for Enterovirus and Coliphage

Using the same basic procedures described for the chemical
indicators previously outlined, septc tank effluent samples were col-
lected in 100 mL sterilized polypropylene bottles. or by pumping
90 to 400 L of sample through autoclaved IMDS Virosorb filter car-
tridges (CUNO, Meriden, Connecticut) and prefilter setups
(U.S. EPA 1994). Ground water sample volumes of 0.1 to 4 L
were collected into stertle polypropyiene containers. One to two bore
volumes of ground water were removed prior to sample collection.
When it was anficipated that viras concentrations would be below
detection m small grab sample volumes, 1000 to 2000 L were fil-
tered through the IMDS filter-prefilter setup. The filter housings
were packed in ice and shaded from direct sunlight during filtradon.
After the desired sample volume had been filtered. the excess
water was drained from the housing and openings covered with ster-
ile aluminum foil. The sealed unit was placed on ice and rerurned
to the laboratory.

Any adsorbed viruses were then eluted from the 1MDS filters
following standard procedures with the following modificatons
{U.S. EPA 1994). The IMDS filters were always eluted within four
1o eight hours after collection. Small volumes (on the order of 40
10 100 mL each) were taken from the initial beef exwact eluate, pH
7 to 735. for archive and coliphage analyses. The archive sample was
frozen at —70°C while the colipbage sample was held at 4°C for
no more than one to three hours before the plaque analyses were per-
formed. Yolume measurements and calcwlarions of virus concen-
wations were performed as described in the ICR protocol (U.S. EPA

. 1994).

Coliphage Assays

Grab samples and [MDS eluates were assayed by single-layer
agar gel technique {Grabow and Coubrough 1986) using the appro-
priate hosts. The IMDS eluates were filtered through a 0.45 pm fil-
ter that had been treated with the sterile 3% beef extract. 0.05 M
glycine {BEG) solution at pH 7.5 to prevent nonspecific binding of
the virus and to remove contaminating bacteria. Both somatic
{Escherichia coli C) and male-specific (Escherichia coli C3000) host
bacteria were used (U.S. EPA 1994). When the concenuration of col-
iphage/mL was too iow to be reliably assayed in 10 mi or less of
sample {>3-5 PFU/mL), then Most Probable Number (MPN) assays
were performed using total sample volumes of approximately 1.1
t0 3.3 L as described by DeBorde et al. (1997).

Enterovirus Assays

Buffalo Green Monkey (BGM) kidney cell culture plaque
and MPN analyses were used to monitor the levels of enteroviruses
in both grab and filtered sampies (Berg 1984: U.S. EPA 1994).

Bromide Seeding Experiment
One week before the coliphage seeding experiment, a sodium

hbromde tracer test was initiated. We did not co-inject the bromide
iracer and phage o avord initial high sait conditions that could affect
the adsorption of the coliphage to aquifer sediment. Bromide tracer,
122 L st a concentration of 4900 mg/L, was injected over |5 minutes
mio two 208 em diameter wells. #19 and #38. Well #38 is within
f1.6m o1 weil #19 und was used to droaden the slug source. Samples

-
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were collected from the wells within the tracer network at 12- 1o 24-
hour intervals for the next seven days. Bromide analyses were com-
pleted by ion chromatography. Aquifer longimdinal dispersivities were
determined by analyzing breakthrough curves (Sauty 1980).

Coliphage Seeding

MS?2 and X174 coliphage were grown to high titers in broth
cultures, and cell debris removed by low-speed centrifugation
(4°C, 15 munutes at 3500 X g) in a Beckman J6 centrifuge. The col-
iphage suspensions (< | L) were added to 136 L of ground water
from well #19 that had been pumped into a ¢lean holding tank. The
concentration of this injectate was | X 10° PFU/mL for MS2 and
1.12 X 10¢ PFU/mL for &X174. The 136 L of mixed virus and water
was gravity-fed back into well #19 over 15 to 20 minutes. Samples
of ground water were taken from the injection well and the down-
gradient wells for the next 28 to 32 days, with sampling frequen-
cies depending upon the well location (e.g., sampling of the near-
est well in the tlowpath (#40) began with 12-hour sampling intervals,
and after four days the sampling intervals were lengthened from 12
to 24 -hours, and then after |2 days o 48 hours).

Coliphage Survival Study

Survival studies of the two seeded viruses were performed on
site and in the lab to determine if iractivation (die-off) was signif-
icant during the seeding expenument. Water from well #19, collected
just after coliphage injection. was placed into rwo 30 mL polypropy-
lene Qakridge centrifuge tubes and sealed. One tube was held in the
laboratory at 4°C, while the other rube was sealed and suspended
below the water table in well #19 (average temperature about 10 to
L1°C).

Table 1
Selected Site Hydrogeological Characteristics

Parameter .Sand Sand and Gravel
Thickness of zone (m) 0-243 7.6

Mean grain size (mm) 0.14 R
Uniformity coefficient 1.3 24
Estimated porosity (%) 30 0
Hydraulic gradient NAb 0.002
Hydraulic conductivity (m/d) N.A. 240 - 300
Ground water velocity (m/d) N.A. [-29

“Large particles excluded in sieve analvsis.
YNou applicable because the sand unit is unsaturated.

7 Table 2
Selected Water Quality Data

Background Impacted
Parameter Ground Water Septic Tank  Ground Water
Temp. °C 6-12 13-22 9-12
oH 6.6-12 6.7-73 6.0-64
DO. mg/L 34-64 02-3.1 <0.1 = 3.0
Conductivity, gmhos/em? 311 - 375 525 - 843 323-790
Cl-. mgL 23-39 [3.8-50 138329
NHy-N. me/L. 0.1 H8-T4R  11-23.
NOw-N. me/L 0.8-1. <0.05-0.1 0.2-16

328

Results

Site Hydrogeologic Properties

The septic tank effluent discharges to the drainfield where it pe
colates through less than 2.8 m of unuform medium sand with an est
mated porosity of 30% (Morris and Johnson 1967). The fluviall
derived underlying 7.6 m thick sand and gravel unit wansmits it
majority of the shallow ground water (Figure 2). The mater:;
contains some cobble clasts exceeding 5 ¢m in diameter and
extremely nonuniform (uniformity coefficient 22.4). This mixtur
of fine and coarse grained particles has an estimated porosity of 20¢
(Morris and Johnson 1967). The water table occurs between 2.4 an.
3.6 m below land surface and is highest in the spring and summe
and lowest in late winter. Based on interpoiation of head data
ground water flow is from the northeast to the southwest (Figure 1
The flow direction remains relatively constant throughout the vear
The sand and gravel aquifer has a hydraulic conducuviry of 240 «
300 m/d deterrruned by analyses of pumping and tracer tests. Basec
on bromude tracer test results. the velocity ranges from 1 to0 2.9 m/d
Site hydrogeologic properties are summarized in Table |.

The inorganic chemustry of the septic etfluent. backgrounc
ground water, and effluent-impacted ground water is summarizec
in Table 2. Sampies were taken over a two-vear period. Backgrounc
ground water is cold. DO-rich. and calcium bicarbonate domi-
nated. Septic effluent is typically warmer. lower in DO. and higher
in dissolved constituents than the nauve ground water. Water sam-
ples from wells immediately beneath and adjacent to the drawntield
(to the southwest) show evidence of degradation from percolating
septic effluent. Ground water is elevaied with constituents tvpicaily
found 1n high concentrations in septic erfluent. The plume of chlo-
ride emanating from the septic tank is shown in Figure 3. The
center of the plume encompasses wells #15. #19. 240, #41_#26. and
#31. and the tracer network wetls (T throughn T10).

Eateroviruses in the Septic Tank Effluent and Ground Water
Five IMDS filtered sepuc tank effluent samples and eight
IMDS filtered ground water samples were collected over the

- Approxisxic Locaties
of Draimfiedd

-12 - mg/L of Chloride

* Monitoring Wells
* Somaif Diameter
Tracer Weils

® @ Wells Positive
for Coliphage

se )

Scale N

Figure 3. Site map showing sround water chloride plume smlL
Wells with ground water sumples that had > 1P 171 of voliphage'in
either heginning or ending sereening are ~shown o~ circled numbers
(Tables 4 and 33. Wells with ground water samples that were found pos-
itive 1> 1 PFU/L ) at other times prior 1o seedinu experiment are indicated
hy circled stars.
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Daia determined by plaque analvsis. Weils that had no piaques or positive MPN results
from either host were not included in the table,
5No plaques in 3 mi.

course of one and one-half years (Tabie 3). In addition. three sep-
tic tank effluent grab samples varying from 0.1 to 4 L were assayed
bv direct plaquing, and no enteroviruses were detected. Of these 16
samples. only two septic tank effluent samples showed the presence
ot detectable enterovirus. The septic effluent virus concentrations
calcuiated by the MPN method for the two positive samples were
4.4 virus/L and 0.26 virus/L. These values were lower than antic-
ipated based on the large number of fecal waste contributors. In the
eight ground water sampies, neither plaques nor positive MPN
samples were observed at wells located within the sepuc plume and
at background well #37. Our detection limit for the ground water
assays was about | virus/1000 L. These ground water results were

not surprising, because measurable amounts of enterovirus in the .

septic tank had proven to be tow and infrequent. Thus. it was not
possible to use septic waste-associated enteroviruses to measure
virus transport rates and distances in this hvdrogeologic setting.

Coliphage Levels in the Septic Tank Effluent and Underlying
Ground Water

From December 1994 through Seprember 1995. 45 grab sam-
ples were taken of the septc tank effluent at iregular intervals. Male-
specific coliphage had a time-weighted average of 674.000 phage/L
and somatic coliphage had a time-weighted average of 466.000)
phage/L. Measured concentrations of coiiphage never fell below

M Table 3 Tabie 5
Enterovirus Concentration in 1MDS Filtered Samples Coliphage Concentrations? in Wells on May 30, 1996
—
Sample Sample  MPN (virusL)or  PFU Detection Phage Grown on Phage Grown on Total
Location Date Size (L) Detection Limite - Limit Weil Male-Specific Host Somatic Host Phage
Septic ank 9/13/94 14¢ 442 NA 13 0.66 0.66 1.3
Sepuc tank 12/9/94 189 'NAD <tin45L 14 0.31¢ <l in3.33Ld 031
Septic tank 6/1/95 94.5 NA <lim31L 16 19 2 37
Septic tank 6/7/95 90 0.26 NA 7 40 L4 51
Weil #15 31593 1927 <lin733L <1in733L e X -
93 2
Well 16 3/1/95 726 <lin284 L <lin95L :g IODOOAUOI “30508 123000
Well #16 6/7/95 2407 <lin1429L NA : s 3;L p 3';
Well #19 6119 1941 NA <lin638L 21 <l 3. . b
Well #25  3/15/95 2139 <1in823L <lin823L 2 b 20 7.0
Well 426 #1195 603 <lin247L <lin82L 25 9.0 1.0 10
Well #31 3/1/95 2709 <lin 1440 L NA 26 200 L4 200
Well 437 8/1/95 2635 <lin 1496 L NA 7 3.0 &3 36
, — - 29 <lin333L 031 0.31
*Elcl::L;g:al):ml volumes equal that part of the toial filiered sample that was represented 31 <lin333L 17 I
BN A nat assaved. 37 0.3l <lin3.33L 0.31
_ 40 7500 7.0 7507
Table 4 1Dz determined by both MPN and plaque znalysis. Data given as coiipiagesL. Wells
; R a e - that had no plagues on either host were not included in the wble.
Cthhage Concentrations® in Wells on March 1, 1995 \Wells #19, =40, 526. and possibly #31, sall show the inrluence of seeded MS2 injected
- in weil #19 on August 28, 1998.
Pl:?ile grow?_on Pgige ?j;o]::;n g;::: <This value. 0.3 1. represents the lowest possible positive MPN result using a rotal of
iale-opeciic ma M 33330 mL of sampic.
Well # Host {(PFU/L) (PFU/ML) (PFU/L) dNo phage growth in any MPN dilution.
12 . 3000 1000 6000
13 29500 45000 74500 7000 phage/L.
I"‘ <lin ’r";[()‘; 16(:)88 19;83 Coliphage in ground water were monitored by two general
,; 3.;000 1500 [.',7500 screemngs of all wells and by frequent monitonng during the sum-
17 3000 1500 3500 mer of 1995 fom wells that appeared to be directly impacted bv sep-
19 6000 2500 3500 tic effluent. The general monitonng ot all wells occurred ar the
36 330 <lin3mL 330 beginming and at the end of the project. All numbered wells indi-

carted by stars in Figure 1 were assayved in each general screening.
Background concentrations of coliphage were obtaned from weil
#37 and additional piezometers adjacent to the draintieid. Ground
water from these wells was always erther negaave or just at our limit

4y

of detection of one positive MPN sampie in 3330 mL. This back-

ground virus concenuation did not bias our resukts.

The first general survev (March 1993) assaved 2 to 3 mL of
ground water per sample for plaque-forming units (Table 4). . These
first virus assays were performed in conjunction with an initial sam-
pling to establish the inorganic ground water chemistrv. The wells
that were positive for both male-specific and somatic coliphage were
all directiv under the drainfield. except for two wells. 214 and
#36. Well #36. the turthest well from the drannield in the Hownpath.
was sampled several more times during the course of the study. but
no further coliphage were found.

[n an attempt to achieve more conridence in the measured
ievels of coliphage in the assays. larger ground water samples
were used after the first survey. The final survey (May 30. 1996) was -
performed nine months atter this area had heen used tor the virus
injection experiment (August 26. 19951, [t was hoped that this
nine-month interval would alfow lor inactvation and dispersai of
any residual coiiphage from the seedinge expentment. The assav duata

are presented in Tuble . Using firee sampie MPM Gssav. the ranee
of measurable irus concentmitions s otsand-told more ~en-
sitive than the sngmad ceneral anrvey abie 20 Due oo A
Inereased ~eastiviiy, L0 s possabie o eredy she olipnaze L
gredter disiunces Devond te cronbend socss D sssie sestion
of phage artinatine trony The ~uRie L e eucne e cround
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iphage at wells #19, #40, #41, and 17 plotted as a function of distance
from well #19. The best exponential fit to each series of points indicates
the rate of virus concentration loss over distance. The concentrations
of background coliphage were taken during the summer months
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Figure 5. Breakthrough curves for bromide at the transect located

6.6 r from the injection site (Figure 1). The variation in peak arrival
times reflects aquifer heterogeneities.

water appears to have remained much the same as that measured in
March 1995 (Table 4) and shows excellent correlation with the chlo-
ride indicator piume ( Figure 3). Three of the wells, #19. #40. and

- #26, contained high concenwrations of male-specific coliphage

compared to surrounding wells. As indicated by the data in Table 3,
the ratios of male-specific to somatc coliphage were unusually one-
sided at these wells, suggesting that even after nine months these
wells were still impacted by the MS2 coliphage injected at the start
of the seeding experiment.

Berween the first general survey and the controlled seeding
experiment, ground water samples were collected from four wells

centered in the effluent plume (#19, 40, 41, and 26) 10 evaluate the

change in coliphage concentration with distance along the ground
water flowpath (Figure 4. The plotted concentrations of male-
specific and somatic coliphage represent an average of five to six
individual measurements from each weil. taken during the summer
of 1995, The range of vanation within any one well was less than
fiverold during this time period. [n this sewing, the background col-
iphuce concentration changes are essentially identical for both
maje-specttic and somaue coliphage declining one log,, of con-

centration it every T moeor transport.
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Figure 6. Breakthrough curves for MS2. X174, and bromide are piot-
ted for wells #40 (a), #41 (b). and T7 (c) (see Figure 1 for weil locations).
Coliphage measurements below 1 X 10~ were determined by MPN
analyses; those above this limjt were measured by plaque assays.

Log,, (PFU /ml)

Bromide and Coliphage Seeding Experiments

One week prior (o the virus seeding, a bromide macer test
was conducted to document the ground water flowpath associated
with injection at well #19, aquifer dispersion properties, and ground
water velocites. The lumited project budget prevented installation
of an extensive multlevel sampler network; thus. existing wells were
used to assess bromide and virus behavior in the upper 0.6 10
[.6 m of the sand and gravel aquifer. The 4900 mg/L bromide
solution may have created sufficient density contrasts (o allow for
some vertical plume migration (Istok and Humphrev 1993).

‘However, bromide data were not used for mass balance calculations

and bromide peaks were observable at monitoring wells. The bro-
mide distribution and breakthrough curves at wells T1, #40. and T2
located perpendicuiar to the ground water flow ai 6.6 m from well
#19 are shown in Figure 5. The arrival of the highest bromide -
peak at well #40 indicates this well is more centered in the ground
water flowpath than either well T or T2. However, the later amival
of bromide peaks at the two adjacent wells suggests {low rates and
paths downgradient of the injection point are not uniform: thus. a
classic elliptic tracer slug does not form at this site. Bromide break-
through data at well #40, #41. and T7 were compared with coliphage
breakthrough curves (Figure 6).
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Figure 7. Comparison of die-off rates and/or removai rates. MS2.
ZX174, and bromide concentrations in the ground water are plotted
as a function of time at injection well #19. In addition, the ¥IS2 and
X174 survival data from the enciosed Qakridge tubes, suspended
helow the water table in weil #19, are also plotted against time. For clar-
ity, marker symbols were left off the Gme expanded graph in 7b. A “-E"
indicates coliphage data from the enclosed Oakridge tubes, while
*_W" indicates that the sample was ground water from weil #19.

The seeding of high concentranons of MS2 and (X174 allowed
us to accurately determine transport rates and the variation of col-
iohage concentration with distance in the ground water.
Concentrations at wel] #19 immediately after injection were [ X [0°
PFU/mL of MS2 and .1 X 10% of @X174. After injection. sampling
efforts were concentrated on wells #40, #41, and T7 as they
appeared (0 be within or near the center of the bromide plume. Some
wells, further away from the drainfield edge. were sampled wnter-
minently after coliphage breakthrough occurred at well T7. MS2 was
found occasionally at T10 (34 m) and at well #31(38 m), but con-
cantrations were 100 low and the sampling tco infrequent to estab-
lish clear breakihrougn curves. The background of existing septic
2rfluent virus had no significant effect on our results as the MS2 and
Z X174 uters at any well were always at least tenfold higher than
nackground concentrations (Figure 4).

Breakthrough curves for bromide. MS2. and @X174 col-
iphage at weils #40), #41. and T7 are presented in Figure 6. The bro-
inide breakthrougn curves at these wefls imply ground water veloc-
ales along the 17.4 m tlowpath ranging from 1 1o 2.9 m/d. The most
‘apid transport appears 10 oceur between the injection well #19 and

il 240, However. the apparent velocity from well #40 to well #41
o irom weil 221 10 well T7 is ubout | mv/d. This observed vari-
2ton 1 welocity may be actunction of the heterogeneous nature of
Lo nuuler dybe setoaity changesy or a result of poor resolution of
e ek concentrations and corresponding wmval times because of

well locations not perfectly centered in the plume (apparent veloc-
ities). Using methods described by Sauty (1980), longitudinal dis-
persivities of 0.08 to 0.27 m were determined.

At well #40, all three tracers broke through at the same time
(within the limits of the sampling frequency). Bromide, MS2, and
@X 174 coliphage peaks arrived together at all the wells, indicat-
ing that any difference.in their rates of transport was not observable
over the distances sampled. However, when the ratio of the initial
concentrations in well #19 are compared to the peak concentrations
at well #40, 6.6 m downgradient, the bromide tracer shows a
change of one log in concentrarion where the viruses show a
decrease in concentration of 3.3 logs. Once the coliphage peak
moved beyond a monitoring well (Figure 6a), its concenmatons
decreased more slowly than the corresponding bromide concen-
mration. This same refatonship was also observed at the injection well
(Figure 7). This difference between the behavior of bromide and col-
iphage indicates that coliphages. unlike bromide, are not conserv-
ative (i.€., viable phage bind to the aquifer material and then slowly
and continually reiease back into the water column). When the peak
concentrations of MS2 and JX174 are plotted against ransport
distance, their titers declined at the same rate, approximately
-1 log,/2.5 m (Figure ). This rate is twice the loss rate noted for
the background colipbage.

Both coliphage showed little inactivation when incubated mn
septic waste-impacted ground water over 32 days at +°C: MS2
decreased less than threefold. while @X174 had no discernible loss
{data not shown). MS2 and X174 survival over time in the sealed
tube suspended in the ground warer (10 10 11°C) at well #19 and
the aqueous concentration in the aquifer are ploned in Figure 7a.
Interestingly, sampling the phage in ground water at well #19,
which should be affected by both dispersion and die-off, showed a
reduction in concentratzon that was less than that measured in the
sealed Qakridge tube. especially over a long time (Figure 7b).
When extended out to nine months, MS2 concenzations in well #19
were higher than predicted by inacavacon alone. These dara indi-
cate that sediment bound viruses may act as a source of viable virus
that has a much slower ipactivation rate than suspended viruses.

Discussion

This research effort provided us with an oppormnity to eval-
uate the occurrence. distribution. and transport rate of viruses in a
producnive sand and gravel aquifer. The FHS site, which met all legal
siting criteria. provided us with a large septic-waste source gener-
ated by 350 students and staff. and a hydrogeologic setting that was
anticipated to permit virus survival and mansport (Figure 1; Tables
1 and 2). We auempted to answer the tollowing questions: At what
concentrations are the enterovirus and coliphage present in the
septic system and underlying ground water? How fast and far
can viruses move upon reaching the ground water before losing
activity? What was their inactivation rate? How does adsorption
affect their survival and movement? Would either of these viral
groups be appropriate indicators of fecal waste contamination at cur-
rent source-10-well separation distances and thus be usefui as virat
indicators to test natural disinfection criterta?

Concentration of Enterovirus in the Septic System

We anticipated thar the multiuser septic System would contain
more frequent loading of enteroviruses than a single household svs-
tem. However. the concentrations of enteroviruses at the site were
agenerally beiow our detection iimits (Table 3). Enteroviruses were




found twice in the tank effluent, but at such low concentrations that
finding them in the aquifer, even with 1MDS filtering of 1000 to
2000 L, would be unlikely. This expectation proved true as sampling
of wells #15, #16, #19, #25, and #26 (Table 3) did not detect
enteroviruses even though ground water at these locations contained
both coliphage and chemical indicators of septic effluent. Possibie
factors for the low level of enterovirus concentrations in this schoot
are: (1) our recovery and assay methods were not effective in this
septic waste-imupacted field sewting; (2) the high school smdents were
primanly healthy young adults, not often infected with enteroviruses;
(3) the sick students stayed home; and (4) the main enterovirus trans-
mission season was during the summer months (Moore 1982),
when the school 1s unattended.

To examine if our low enterovirus concentrations were a result

of poor methods, we determined the recovery efficiency for the
IMDS filtration technique coupled to either the MPN or PFU
analysis. At other sites, our experience filtering unimpacted ground
water recovered 30 to 50% of control polio virus seeded into the
sample discharge line before the filter. Laboratory tests filtering
113 L of FHS septic tank effluent seeded with control polio virus
compared the viral recovery efficiency from septic waste effluent
to that of urumpacted ground water. Both MPN and PFU analyses
of the eluted samples gave recovery values of 5 t0 6%. We also tested
the concentrated sepuc task effluent samples for virucidal activity,
in case the reduction in viral numbers occurred due to die action of
some unknown virucidal agent during sarple collection and pro-
cessing. Recoveries of virus mixed with septic waste. and then
assayed directly by either PFU or VPN analyses were better than
85%. indicating that no substannal virucidal activity was present
The results from these rwo contol experiments provided evidence
that for septic tank samples. our recovery and assay systems were
working, although at a low level of efficiency (5 to 6%). While sub-
stantaily lower than recoveries from untmpacted ground water, we
should have seen significant levels of enteroviruses. had they
existed. Based on our recovery experiences and the apparent
absence of virucidal activiry in the samples, recovery values for the
enteroviruses in the ground water most likely ranged berween 5 and
30%. The upper end represenied our [owest efficiency value for.
unimpacted ground walter and the lower limit represented the effi-
ciency determined in septic tank effluent.

The health of the high school students and staff was not mon-
itored during our study. Certainly the low enterovirus concentrations
detected in the septic effluent may reflect the absence of enterovirus-
infected students, We assurned that some portion of the infected pop-
ulation would be attending school and, hence, detectable concen-
trations of enterovirus would be present. [t is also possible that the
frequency of enterovirus infections was low during the school
year. Thus, without health momitoring data, the conmibudons of fac-
tors 2. 3, and 4 to the lack of measurable enterovirus cannct be
resolved.

Our original study plan focused on finding a grade school
septc system to evaluate. Lack of school board permission and phys-
ical layout constraints prevented instrumentation of a grade school
system during this study period. Repeating the study at an ele-
mentary school might improve our chances of detecting enterovirus
in both the septic source and in ground water under similar hydro-
aeologic conditons. because the level of enterovirus infections
should be higher in this age group. This potential could be tested
initiallv by collecting and assaving monthly septic tank etffluent sain-
oles from such a site prior to well instrumentation.

Coliphage Concentrations in the Septic Tank and Ground
Water

Unlike enterovirus, coliphage was found consistently in the s
tic effluent at high concentrations. These concentrations variec
the septic tank effluent ranging between 7 X 10° PFU/L and 5 X
PFU/L. Both types of coliphage had similar ime-weighted avera
during our study period of 674,000 phage/L. for male-specific
iphage and 466,000 phage/L for somatic coliphage (DeBorde el
1997).

Coliphage were also detected in the unconfined aquifer. As
effluent leaves the draintield at this site. it rapidly percolates thot
the uniform. thin unsaturated zone and enters the underlying gro
waler. Inorganic chemistry of the ground water indicates a detecta
“plume” of mixed effluent and ground water extends about 9C
downgradient from the edge of the drainfield (well #19 1o well #
Figure 3). As shown by our general surveys of septic waste-as
ciated coliphage in ground water. these viral indicators tract
well with the chemical indicators of septic waste {Tables + anc
Figure 3). The highest concenaations of coliphage were coincid-
with the maximum concentrations of inorganic septic waste ¢t
stutuents. Coliphage could be consistentiy found in samples of -
or less aiong 17.4 m of ground water flowpath bevond the drainfie
Coliphage were sporadicallv detected out to 38 m. 2.g.. the peak
somatic coliphage seen in well #31 (Table 3).-Whether these s
radic occurrences are the end resuit of high transient inputs of ¢
iphage 1o the septic effluent or coliphage that were mobilized
some change in water chemistry (Bales er al. 1993) is unknov
Based on the concenmavions found in the ground water at 1 7.4
from the drainfield. if lareer sample volumes were taken frc
wells beyond this distance. we would most likely have found ev
decreasing concentrations of coliphage.

_Sampling ot wells #19. #40. #41. and #26 prior to the coliphz
seeding experiment provided us with information as to the averz
change in septic waste-associated coliphage concentratons as a fui
tion of transport distance (Berg et al. 1984), Both classes of ¢
iphage behaved similarly. At sites where coliphage were consisten
found (out to 17.4 m). their concenmations were reduced ara r:
of approximately -1 log,,/ 3 m of mansport in this ground water s-
tem. While these septic waste-associated coliphage concentratic
can provide an overview of virus occurrence and distribution. ik,
cannot be used to determine Tansport rates or virus survival rat

Coliphage Seeding
The seeding experiment ailowed us to: (1) measure vir

transport rates: (2) compare the behavior of seeded coliphage w

the septic waste-associated coliphage: and ( 3) examine the pers
tence of infectious coliphage in the ground water svstem.

Virus Transport

Even though highly adsorptive. the two seeded and cloned ¢
iphage strains had some individuals that move through the grou
water at least as fast as conservatve bromide tracer ( Figure 6). The
fast-moving virus particles have not vet adsorbed to the aquifer s
iment. which would have slowed their movement. This small fr:
tion of unbound viruses muy represent a portion of the source (i
bv chunce has not vet encountered the uguifer muinx, or it mav o
resent z subset of the main population that has different surface ch
acteristios. This [tuction ol fast-moving infectious viruses migr
g with or thead of the conservative tracer constitutes the high
density of viruvymbL to impact Jowngradient wells, In a high-vel



IW oround water system, such as the one we evaluated, this virus

can easily arrive at a well before inactivation has occurred, and
shus represents the most serious public health concern following a
contaminaticn event.

Some authors have also reported “faster transport” of col-
iphage compared with fluorescent “conservative tracers” (Alhajjar
ot al. 1988; Corapcioglu and Haridas 1985; Rossi et al. 1994).
Coliphage transport rates faster than the average bromude rates
may occur by the same mechanism as seen in pore-exclusion gel
chromatography. Virus-sized particles (about 25 to 30 nm diame-
ter) can find fewer but shorter paths. Adsorpton may also effectively
cause an apparent shift forward in the breakthrough curve peak loca-
don. Neither mechanism can be distinguished with these data.

Comparison with Naturally Occurring Background

" Coliphage

By ploming the peak concentration data from the monitoring
wells against their distance downgradient from the injection well,
the rates of concentration change for seeded MS2 and X174
coliphage can be compared with similar background coliphage
dara. The concentrations of MS2 decreased at twice the rate
(-1 log,/2.5 m) determined for the background male-specific col-
iphage (-1 log,/5 m). This difference may resuit from either (1)
physical dissimilarities between the septic waste-associated col-
iphage (composed of cotlections of somauc and male-specific
viruses) and the cloned MS2 and Z'X 174 marker phage, or (2) a con-
trast in the method of virus input: the seed phage entered the
aquifer as a one-time slug, while septic waste-associated phage were
entering as a nearly continuous source. [t is likely that both of
these factors influenced virus concenrauouns.

Long-Term Virus Survival

A second pubiic health concem is the long-term survival and
release of infectous virus bound to aquifer sediment. [t appears that
a substantial portion of the input virus becomes bound to the sed-
iment in the vicinity of the injecdon site. The persistence of viruses
seen at downgradient monitoring wells long after the seeded peak
has passed (Figure 6), indicates that adsorbed virus must slowly des-
orb from the aquifer materials and re-enter the ground water flow.
Repear sampling in wells #19. #40. and #41 atter the seeding study
revealed concentrations of MS2 above background during a nine-
month period (Table 5). While not truly identicai to site conditions,
our closed-tube survival smudy showed that the seeded coliphage
have low die-off rates at the ambient ground water tzmperature.

Figure 7b clearly displays that the rate of decrease in seeded
virus concentrations over long time periods is less than the die-off
rate determined using the enclosed tube data. Thus, the enclosed
samples overesuimated the actual rate of inactivation in the natural
system. The magnitude of this overestimation may be even higher
than it appears because the seeded coliphage are being removed from
the injection well site area by two mechanisms: die-off and ground
water rransport. If pathogenic viruses act similarly, they may also
be removed from the ground water by binding to the aquifer mate-
rial and survive longer in this state {Gerba 1984: Goval and Gerba
1979). The rate ut which these bound viruses can be remobilized may
be enhanced if & chunge in the chemucal or physical conditions

oceurs (Bales et al. 1995). These bound viruses provide a source of

intectious viruses that can enter the ground water long after the ini-
tal contaminauon event, -

Viral Indicators and Natural Disinfection Criteria

The continuous presence of coliphage in the septic effluent and
impacted ground water make this group of viruses reasonable can-
didates ag viral indicators. While not pathogens of humans, many

. are present in human waste, are similar in size (o pathogenic human

virus, and have comparable adsorptive properties and chemical
components (Goyal and Gerba 1979; [AWPRC 1991). The observed
average concentration of the coliphage in the septic tank effluent
indicates that they would be at Jeast four orders of magninide more
sensitive indicators of fecal waste contamination than the
enteroviruses. Based on the distribution of these septic waste-asso-
ciated coliphage in the ground water flowing from under the sep-
tic system dranfield (Figure 4), we would predict their concenrra-
tion would decrease by approximately six logs during saturated zone
transport over a siandard drainfield/well setback distance of 30.5 m.
Using this prediction, and the concentration of background coliphage
in the ground water at the outer edge of the drainfield. filtration of
at least 1000 L of ground water would be required to begin to
detect background coliphage at standard setback distances in this
sand and gravel aquifer.

Our work found that enteroviruses occurred sporadically and
at such low levels in the school septic tank etfluent that none were
detectable in the underlying ground water. Using the previously
stared values, it would appear that septic waste-associated col-
iphage could occur at concentrations of about | virus per 1000 L
at a water supply well located at the minimum 30.3 m setback dis-
tance. A typical septic tank etfluent containing 10.000 pathogenic
viruses/L as suggested by the U.S. EPA (1992) represents 2% of the
average concentrations we observed for coliphage (300.000 PFU/L).
Thus. if the pathogenic viruses exhibit similar transport character-
1stics to the coliphage through the 2 m sand vadose zone and the sand
and gravel aquifer, then pathogenic viruses would reach the 305 m
setback distance at 2% of the concentration of the coliphage. or
approximately 1 virus per 50.000 L. Using risk assessment. the U.S.
EPA prorposed that if the health goal for waterborme virus infections
was set at less than one intection/10,000 people/year of water use.
then the allowable conceniration of virus at a wellhead would be less
than I in 10,000,000 L (U.S. EPA 1992). Meeting such a require-
ment would only require three logs of addidonal virus loss. which
would mean extending the setback distancé an additional {5 m in
this aquifer. Thus. standard setback distances of 30.5 m wouid be
considered inadequate to meet natural disinfection criteria in this
hydrogeclogic setting. However, for similar sand and gravel aquifers
with higher ground water temperatures, and hence a significant virus
inactivation component, such a highiy protective criteria may
already be met with existing setback requirements. Rational narural
disinfection criteria will need to be based on a series of hydroge-
ologic studies at sites with a wide range of physical and chemical
propertes. and at which characterization of the occurrence, disti-
bution, and fate of background and/or seeded coliphage has been
examined, Additional foundation for natral disinfection criteria
could be gained by permitting controlled coliphage and selected vac-
cine virus seeding experiments in representative hydrogeologic
settings. Realistically, natural disinfection criteria wiil be based on
coliphage sampling of ground water at sites proposed 1o meet nat-
ura] disinfection criteria and additional transport studies at the
field scale using seeded coliphage.
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Abstract—An unconfined floodpiain aquifer near Missoula: MT, was instrumented with §9 monitoring
wells and 20 four-port multilevel samplers. Bromide. tacteriophages MS2. PRDI1 and 2X174 and the
attenuated enterovirus, polio virus (type-! CHAT strain), were sezded into the aguifer as slug injec-
tions. Bromide wransport rates ranged berween 22-29 myd. [nput concentrations of the tracers and the
placement of monitoring wells limited detection of bromide and poiio virus o 19.4 m and :he detection
of three bacteriophage to 40.5 m downgradient from the injecton point. After 7.5 m of transport. the
calculated relauve atienuations [{Harvey R. W and Garabedian S. P. (1991} Eav. Sa. Tech.. 25, 178-
185] for MS2. PRD-1. 2X174 and attenuated polio virus were 49. 71, 65 and 99%, respecuvely. Dunng
the 72-h experiment. die-off was negligible (less than {%) and artachment of virus to sediment surfaces
resulted in the overall differences in bromide and wrus benavior. Although relauve auenuadons at
downgradient monitoring wells indicated that the virus tracess were atlaching to aguifer matenal along
- the {lowpath, virus peaks arrived at observadon wells at rates similar to the bromide peak. The high
collision efficiency of the attenuated polio virus resuited 1n breakthrougnn curve truncauon. Natural at-
- enuagon of slug input virus over a “typical” source—supply set-back distance of 30.3 m would most
likely nat zeduce virus concentrations o proposed acxptable nsk levels in this or a simiiar cold-water
high-velocity groundwaier sysiem. ‘G 1998 Elsevier Sdence Lid. All dghts reserved '

Key words: virus. aquifer. MSZ. 2X174, PRD1, atenuated polio virus. groundwater. wansport.
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ABSTRACT
An unconfined floodplain aquifer near Missoula, MT, was instrumented wﬁh 89 monitoring wells
and 20 four-port multi-level samplers. Bromide, badeﬁophages MS2, PRD1, X174, and the
attenuated entero.vi'rus, polio virus (type-1 CHAT s@), were seeded into the aquifer as slug
injections. Bromide transport rates ranged between 22-29 m/d. VInput concentrations of the
tracers and the placement of monitoring wells limited detection of bromide and polio virus to 19.4
| m; the detection of three bacteriophage to 40.5 m. After 7.5 m of transport, the calculated
relative attenuations for MS2, PRD-1, X174, and attenuated polio virus were 49, 71, 65, and
99 %, respectively. During the 72 hr experiment, die-off was negligible (less than 1%} and
attachment of virus to sediment surfaces resulted in the overall differences in bromide and virus
behavior. Although the virﬁs tracers appeared to be attaching to aquifer material along the
flowpath, virus peaks arrived at. observation wells at rates similar to the brormude peak. The high
collision efficiency of the attenuated polio virus resulted in breakthrough curve truncation.
Natural attenuation of slug input virus over a “typical” source-supply set-back distance of 30.5m
would most iikely not reduce virus concentrations té proposed acceptable risk levels in this or a

similar cold-water high-velocity ground-water system.

Key Words: Virus, aquifer, MS2, JX174, PRD1, attenuated polio virus, groundwater, transport



' INTRODUCTION

Microbial contamination of groundwater supplies causes over half the waterborne disease
outbreaks in the United States (Keswick and Gerba, 1980). Protecting wellheads from microbial
contamination, especially by viruses, has been a major topic of research in recent years (Wellings
et al., 1975; Mathess and Pekdeger, 1981; Pekdeger and Mathess, 1983; Bitton and Gerba, 1584,
Bitton et al., 1983; Yates et al., 1985; Jansons et al., 1989a,b; Bales et al., 1995; Rossi et al.,
1994; Pieper et al., 1997) and a focus of United States federal agencies (Macler, 1995). These
studies and others identified temperature as an important factor virus survival (Yahya et al,, 1993;
Yates and Yates, 1987).Viral surface properties, ground-water quality, and sediment surface
charges primarily affect the degree of virus attachment during transport (Penrod et al, 1996;
Dowd et al., 1998; Bal_es et al., 1993; Goyal and Gerba,1979; Gerba, 1984). Though these basic
transport and survival processes have been documented for indicator bacteriophages and some
strains of polio virus in laboratory settings, relatively few multiple virus seeding experiments have
been conducted at the field scale (Alhajjar et al., 1987; Jansons et al., 1989a,b; Bales et al., 1989;
Bales et al., 1995; Rossi et al., 1994; Bales et al., 1997, Noonan and McNab, 1979).

The affect of different hydrogeologic settings on virus transport is also poorly

- documented. Difficulties in characterizing sand and gravel and cobble dominated aquifers has

eépecially limited our understanding of virus transport in these generally high velocity
groundwater systems. Virus seeding studies in coarse-grained aquifers have observed viruses
traveling over 900 m (Noonﬁn and McNabb, 1979). Rates of virus transport in sand and gravel
aquifers, as indicated by monitoring peak concentrations from siug injections, have been reported

at 0.2 to 1 m/d in the glacial outwash of Cape Cod (Bales et al., 1995; Pieper et al., 1997), 1 to



2.9 m/d in fluvial sand an& gravel near Frenchtown, MT. (DeBorde et al,, 19983,b),v 11t0 132
m/d in a floodplain aquifer in the Ermﬁe Valley, Switzerland (Rossi et al., 1994 ) and over 300
m/d in highly permeable alluvial aquifers of the Canterbury Plains of New Zealand (Noonaﬁ and
chNabb, 1979). Unfortunately, other field-based studies often contain incomplete hydrogeologic
data making transferability of results difficult.

Ideally, lab and field efforts would be used to generate viral transport models that would
appropriately predict viral concentrations down-gradient from a source and allow determination
of safe well. setback distances under a variety of hydrogeologic conditions. Unfortunately, these
attempts have generally been unsuccessful (Yates and Jury, 1995; Macler, 1995); Yates and Jury
(1995) cite uncertainty in aquifer parameters and varying individual viral attributes as common
components in failed models. Because few field experiments have been performed in aquifers
dominated by gravel and cobbles, predicting virus fate and transport under such conditions is
highly uncertain. Reduction of uncertainty will occur as additional field scale multi-virus seediﬁg
experiments are conducted over a range of hydrogeologic environmepts.

This research attempts to characterize the movement and survival of four viruses (the
bacten'ophaées MS2, PRDI, and X174, and attenuated pélio virus type-1 (CHAT strain))

: dun'ng-rapid transport through 40.5 m of a gravel-dominated floodplain aquifer. The
experiment’s design and site conditions allowed for: 1) rapid collection of tracer data (within 72
h); 2) minimization of virus inactivation (not a signiﬁém component over the duration of the
experiment), and 3) detailed resoiution of the virus plumes and peak travel times. The behavior of
viruses during transport are compared and contrasted, and the relation of study results to

~proposed natural disinfection criteria is discussed.



METHODS
Site Description. The study was conducted in the graséland floodplain of the Clark Fork River
at the Erskine Fishing Access near Missoula, MT (Figure 1). The shallow, unconfined, aquifer
contains clast-supported cobbles and gravel wifh a medium- to coarse-grained sand matrix to a
depth of 6 m, where the aquifér material fines and becomes predominantly sand. The pofosity of
the coarse portion of the aquifer was estimated at 0.15 (Johnson, 1967). Durning most of fhe year,
the water tablel varied between 2.1 to 2.6 m below gt'ound surface. Throughout the_ site,
groundwater flow is from the east and to the west. The hydrologic properties were determined
from tracer tests and aquifer tests using standard procedures (Table 1). The 10° C groundwater is

a calcium bicarbonate type (Table 1).

Field Methods. A study area of 240 m by 285 m was instrumented with 89 monitoring wells
and 10 staff gauges in low lying areas and sloughs to characterize the groundwater flow
system(Figure 1). A final monitoring weﬂ network was designed after numerous prelimmary
bromide and.rhodamine-wt tracer experiments so that virus seeded at well 14 would pass through
the arcs of multi-level monitoring wells located at distances of 7.5, 19.4, 30, and'-40.5 m from the
injection point (Figure 2). Each multi-level monitoring well was constructed with 0.5 cm diameter
high-density polyethylene (HDPE) tubing affixed to a 1.3 cm diameter PVC pipe. These sampling
poi‘ts were 1.8, 2.7, 3.6, and 4.5 m below the surface. The tubing ends were perforated over 5 cm
and screened with nylon mesh. A dedicated 0.3 m long flexible tubing attached to each HDPE

_ tube port allowed sampling with a battery powered peristaltic pump equipped with a

MASTERFLEX quick release head (Cole-Parmer, Vernon Hills? IL).



The multiple virus seeding was preceded one week by a bromide tracer test. Water level
monitoring before, during and after both tests showed no measurable change in the hydraulic
gradient. At the time of the seedings, the water table was 2.1m below land surface. In each test,
groundwater from a background well up gradient. of thé mjection well was used to create the
tracer solution, 18.9 L of bromide and 37.8 L of virus. The solution was gravity drained into
inj éction well 14 over a period of 10 to 12 minutes. No elevated water levels at or in the vicmity
of the injection well were observed during or immediately following the injection. Imtial
concentrations of bromide and the four viruses as measured at I4 at time zero (just after injection)
are shown in Table 2. The CHAT strain of polio virus is highly attenuated for humans. Prior to
virus injectién, the use of the selected viruses was approved by the University of Montana
Biohazards Committee, Missoula City-County Health Department, Montana Departmént of
Environmental Quality, and Region 8 EPA. In addition, an Environmental Assessment (Montana
Environmental Policy Act) was submitted at the request of the land steward, Montana
Department of Fish, Wildlife, and Parks.

Sa:ﬁpling for the tracer experiments covered a 36 h period for bromide, and a 72 h pericd
for the virus éeeding. Samples were collected from 14 and the muiti-level monitonng well ports
located at 0.6, 1.5, and 2.4 m below the water table. A sampling schedule based on resuits of
- previous tracer tests was implemented that captured tracer peak arrivals at each arc of wells.
Wells were sampled from expected lowest concentration to expected highest concentration to
further reduce the risk of cross contamination. Bromide samples were collected in clean HDPE
50 ml bottles. Virus samples were collected in sterile 50 mi polypropylene vials. Both bromide
and virus samples were immediately placed on ice, and transported in ice-filled coolers to the‘

appropriate laboratory at the University of Montana where they were stored at 4° C until analysis



was completed, usually within 48 h. Some sami)les were re-assayed later within seven days of the
sample collection. Previous work had shown that our marker bacteriophage held in ground water
at 4C had no detectable loss in infectivity over a 30 day period (DeBorde et al,, 1998a,b).

Virus inactivation that o‘ccurred.after sample collection was determined by analyzing a
groundwater sample cb’ntaining a stock virus that was held at 4° C. A similar control sample was
cbllected from a vial filled with groundwater containing a known concentration of seeded virus
that was immersed in an unused well for the duration of the experiment. Daily samples were

collected from this vessel and analyzed using viral techniques described below.

Analytical Methods. Bromide samples were filtered (0.45 yum) in the lab and analf,.fzed within 24

~ hours of collection using a Dionex ion chromatograph (AS4A column) and standard procedures |
(Pfaff, 1993). An analytical error of 4% was calculated. Comparison of results from duplicates
collected during field sampling showed a 95% confidence limit (CL) of +14%. Bromide
concentrations were reported in mg/L to an instrument detection limit of 0.1 mg/L.

MS2, PRD1, and &X174 coliphage were assayed using host bacteria specific to each
virus. The s;ing!e-layer agar plaquing method used is described in DeBorde et al., (1998a). |
Replicate field samples were used to determine an overall 95% CL of +15%. Only when the total
number of plaques in an individual assay were low did the 95% CL increase (Eaton et al., 1995).
The detection limit is approxjr;latel)? 0.1 PFU/ml.

For polio virus determination, 5 to 7 ml of field sample were filtered through a 0.45
~micron filter and diluted in Earle’s minimal media supplemented wi-th lactalbumin hydrolysate
(Sigma Chemical Co., St. Louis, MO) at a 1:1 dilution. Filtration of polio samples was necessary

to remove indigenous bacteria that would contaminate and ruin the assay. The filters were



pretreated with 3% beef extract solution to prevent loss of polio virus by non-specific attachment
to the filters (USEPA 1984). These sa;ﬁples were stored in 15 ml polypropylene tubes at -70°C
until host cells were ready. The use of controls showed that the freezing had no detrimental
effects on the virus recovery and did nét lower the titer.

The attenuated polio virus was assayed using 3 to 5 day old Buffalo Green Monkey
- Kidney (BGM) cells that were grown in 25 cm’ tissue culturé flasks (Smith and Gerba, 1982;
USEPA; 1984). The detection limit of this method was approximately 1virus in 1 ml of sample.

Analytical errérs were calculated for the infectious assay of attenuated polio virus with the
same methods used for the bacteriophages. In most cases the most significant error in the polio
virus determinations came from the total number of plaques counted for each sample. As this
n@ber_approaches our detection limit, the 95% CL becomes very large, e.g. a sample containing

| 1 PFU/ml would have 95% confidence range of 0.4 - 1.71 based on the total number of plaques
counted (Eaton et al., 1995).

A mass balance was attempted using 8h data for the virus and bromide plumes. As no
tracer was detected at the 1.5 m sampling ports, 0.6 m was used as the saturated thickness -
. impacted by fhe tracers. An area bounded by two lines of known concenﬁration was calculated.
The area and thickness data were multiplied by an estimated porosity of 0.15 (Johnson, 1967) to
obtain the impacted volume of Water. The tracer mass was generated by combining the volume
data with the median concentration value defined between lines of equal concentration plotted
using loge intervals. |

The feiative virus breakthrough (RB) at monitoring wells and the degree of virus
attenuation by attachment to the aquifer matenal was calculated usi.ng the procedure described by

Harvey and Garabedian (1991). The RB is calculated using concentration verses time data from a



sampling point centered in the tracer plume. It is a comparison between the ratio of the measured

and source virus concentration with the similar ratio of the conservative tracer (bromide):

t
£

t .
RB=If Codt/] Brdt (1)
" Co " Bro
Where C, and Br are the initial virus and bromide concentrations at the injection well (PFU/ml
(Plaque Forming Units) and mg/L), C,and Br, are the concentrations at a monitoring well at some
_time t after the tracer injection, and t; and t¢ are the times representiné the beginning and end of
the breakthrough curve. The percent of relative attenuation (RA) is derived by converting RB to
a percent and subtracting the result from one hundred (RA = 100-RB).
In addition to calculation of RB, the collision efficiency factor, «, a parameter in filtration

theory representing the collision between particles (virus) and collector grains was determined. o
represents the ratio of the rate of collisions resulting in attachmént to the total rate of collisions
(Harvey and Garabedian, 1991). The collision efficiency factor was defined as follows:r
a=d{[1-2(a/x)In®B))* -1}/ 6(1O)ymor. (2)

where d is the average grain diameter (L), oy, is the longitudinal dispersivity (L) , x is the transport
distance (L), 8 is the porosity and 1 is the single collector efficiency (dimensionless). The value n

was determined as presented by Harvey and Garabedian (1991) and defined by Pieper et

al.(1997):

n=0.9 A" [(keT/ud,dv)]* (3)
where A, is the Happel sphere-in-cell mode] correction factor, kg is the Boitzmann constant

(1.38 X 10 2 I mel'K™), T is absolute temperature (K), 1t is the dynamic viscosity {mass/(Lt)), d,



is the virus diameter (L), d is the average grain diameter (L) and v is the fluid velocity (L/t). A, is
calculated where & = (1-8)":

A= 1-€° (1-1.5¢ + 1.5¢° - &%) 4)

RESULTS

A bromide tracer was injected at the water table using well I4 on September 22, 1996,

The seeding-of viruses MS2, PRDI, .®X174, and attenuated polio virus type-1 (CHAT strain)
followed on October 2, 1996. The plume centers for both injections appeared to pass through
wells M2, M7, M14, and M17 (Figure 2).

The transport of viruses through groundwater is controlled by all the hydrologic properties
of the aquifer, the surface properties of the virus as a function of water chemistry, and the physical
and chemical properties of the individual aquifer grains. The viruses moving through the aquifer
that did not attach to the aquifer material were principally affected by mechanical dispersion.’
Based on the bromide breakthrough data for well M2, located 7.5 m from well 14, the longitudinal
and transverse dispersivities were determined to be 1.6 m and 0.24 m by calibrating a two
dimensional 'solute transport model, MT3D (Waterloo Hydrogeologic, 1997)with field
concentration data (Woessner et al., 1998). |

The predetermined 2 h sampling frequency and careful choice of the muiti-levei
monitoring wells for sampling permitted identification of plume distribution, peak arrivals, and
determination of tfansport rates. Daily analysis of viral concentrations from the closed survival
vial showed no significant change in viral concentration over 72 h (less than 1 %).

Peak arrival times at a given well were similar for the four viruses (Figure 3), while the

bromide peak appeared to arrive slightly after the virus peaks. Because error bars for both

10



bromide and virus concentrations often overlap,' discrimination of peak arrival fime was difficult.
At all wells, virus breakthrough curves had their highest concentrations near their leading edge,
‘while the bromide curves increased more symmetrically. Data collected at well M2 suggest that
the polio virus peak arrived 2 h prior to the bromide and bacteriophage peaks, but at well M?
overlapping error bars prevent separation of the tracer peaks. The three bacteriophage were also
measured at wells M14 and M17, but bromide and attennated polio virus breakthrough curves
could not be constructed in these wells dué to paucity- of data (Figure 4). Specific peak arrival
times for each bacteriophage tracer could not be distinguished due to the overlap of the 95% CL
error bars_. - Based on breakthrough curves, transport rates for bromide and the viruses were
calculated (Table 3). These rates afe reported as ranges when a single peak assay point could not
be differentiated from neighboring points due to overlapping error bars.

Plume sizes and shapes differed among viruses mainly in relation to initial injection
concentrations. Virus plumes exceeding 40 m in length and 16 m in width were observed
throughout the well network at the end of the 72 h sampling period. These plumes followed the
same flowpath and had similar distributions in map and cross sectional view. In comparison,
after 36 h of itransport, the bromide plume was only detected between the injection well, and M7.
The PRD1 plume can be used to represent the distribution of all viruses (Figure 5). An aerial
plume was defined ét a depth of 0.6 m below the water table (Figure SA) essentially at the depth
of injection. Concentrations at 0.6 m beloﬁv the water table, are higher than those at 1.5 m below
the water table, with the exception of those measured at well M13 where highest concentrations
were observed at 1.5 m. The highest observed concentrations are at the injection well throughout
the experiment, suggesting tracer is being held up at the injection site either by adsorption and

attachment or hydrogeological conditions.



At injection well I4 the concentration of bromide declined one log in 28 h, where the polio
virus concentration dropped one log in 5 h (Figure 6). The &X174, MS2, and PRD1
cc‘mcentrations each declined one log after 14, 15, and 17 h, respectively. Assuming bromide is
acting conservatively and virus die-off over the sampling period is negligible, virus appear to be
removed from the aqueous phase by attachment to the aquifer material immediately surrounding
the injection well. Attempts at calculating mass balances based on 8 h plume distribution were

“hampered by the lack of .detailed concentration data between I4 and M2. Depending on how }the
distribution of a component was formulated, mass representing more than that injected (>100%)
or less than that injected could be obtained. Thus, a mass balance was not calculated.

Table 4 s;hows the relative percent breakthrough and relative percent attenuation of'the
seeded virus at monitoring well locations M2 and M7. Based on 95% confidence limits the
relative percent attenuation levels Were simﬂar for all coliphage. The coliphage were transported
over the 19.4 m (M7) with less attenuation than polio virus. Almost all of the injected polio virus
was attenuated over the first 7.5 m of transport. Compared to bromide, ail biological tracers
continually attached to aquifer sediments over the entire flowpath.

The E,ollision efficiency values for each virus are also shown on Table 4. Because of the
difficulty in obtaim'ng a representative sample of the coarse grained aquifer material (sand to
boulders), a range of median grain sizes, 0.00125 m (coarse sand) and 0.012 m {medium p-ebbles),
was selected to represent the character of aquifer material in contact with the tracers. This
sediment is dominated by metasedimentary quartzites and argillites with a minor fraction of
granitic pebbles and lacks iron éoatings. Sands are pringpally quartz, onginating from the
weathering of metasedimentary rocks and granite. The collision efficiencies were highest for the

polio virus increasing with the larger grain size. Coliphage values were about 2.5 to 11 times

2



lower than those for the polio virus. Collision efficiencies appear to be similar at both the 7.5 m

and 19.4 m transport distances for MS2, X174, however, they are slightly lower for PRD1 and

polio virus.

DISCUSSION

The highest concentrations of tracers were measured in wells 14, M2, M7, M14, and M17.
Bromide tracer tests and aquifer tests perférmed in the well field suggest that there is a zone of
preferential flow characterized by an extremely high hydraulic conductivity, ranging from 6,000
to 13,500 m/d. This zone intersects the injection well [4 and monitoring wells M2 and M7. This
high velocity. zone, 22 to 29 m/d, is most likely composed of clast supporfed channel or gravel bar
deposits. Such zones are characteristic of high energy, fluvial, gravel deposits (Miller, 1991;
Smith, 1992; Rossi et al, 1994). Thus, the Erskine Site represents a hydrogeologic setting with
characteristics that are between those of both Cape Cod (Bales etal, 1995} and Frenchtown, MT
(DeBorde et al., 19953), and the more rapid groundwater transport sites described by Rossi et al.

(1994) and Noonan and McNabb (1979).

Compaﬁsﬁn of Virus and Bromide Distribution. While bromide and viruses follow the same
flow path; virus plumes were detected over a more extensive area. In part, this difference is due to
- the wide range of measurable virus concentrations compared to four logs of measurable bromide
concentrations. In an effort to avoid density effects (Isotok and Humphrey, 1995), bromide was
injected at 10°> mg/L and it was detectable to 0.1mg/L. Bacteriophages were injected at 10’-10'°
PFU/mi and they were detectable to 0.1 PFU/ml. Attemuated polio virus were injected at 10°

PFU/mi and were detectable to 1 PFU/ml. Because of the rapid dispersion of the bromide tracer

13



in a hydrogeologic setting such as ours, the use of bromide to map areas of possible virus

occurrence at similar sites would most likely underestimate the actual distribution of a viral plume.

~Comparison of Transport Rates. Analyses of breakthrough.curves reveal two facts, a
portion of the seeded viruses traveled at rates similar to tilat of the bromide tracer, while the
majority a&ached to the aquifer material in the vicim't? of the injection well and along the flow
path (Figure 3).- |

The initial breakthrough of the seeded virus at monitoring poin.ts suggests a portion of the
virus population did not attach to aquifer sediments prior to arriving at the monitoring welil.
These virus represent thaf. portion of the seeded virus that were not collected by the aquifer
grains. It has been sqggested that the surface properties of a subset of the seeded virus may be
| different than the majority of the population and that these are the virus traveling the farthest in
th«_;: aquifer (Goyal and Gerba, 1979). Our work did not examine this possibility.

Though a portion of the virus appear to act conservatively, virus attachment to the
aquifer material is also an important process affecting virus transport. Examination of Tabie 4 and
the C/C, curves (Figure 7) indicates the attenuated polio virus attached at proportionally higher
rates than the other coliphage. Thus, a significant portion of the virus mass is attached to the
aquifer material. Collision efficiencies were slightly higﬁer for PRD1 than the other (_;Oﬁ phage
during the 7.5 m of transport. Calculated efficiencies are similar to those reported by Pieper et
al.(1997) for PRDI transport in a the uncontaminated sand dominated Cape Cod aquifer and
other biocolloids studied in the Cape Cod aquifer (Hérvey et al, 1989; Harvey et al., 1995).
Poliovirus RA and « values are much large'r than for the coliphage representing more effective

collector grain virus capture. The hydrogeological setting was quartz-dominated, with ground
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water of pH 7.2. The isoelectric points of the quartz dominated aquifer sediment and the seeded
virus are: quartz, 2-3.5; MS2, 3.9; PRD1, 4.2; @X174, 6.6; and polio, 7.5, 4.5 (Gerba 1984;
Dowd et al., 1998). This implies a greater number of opposite éharges on amino acids in the
proteins on the surface of the polio virus particles compared to the surface charge on the sediment
grains, and is probably the reason polio virus has a higher effective RA than the other viruses.

The use of the medium pebble grain diameter increasea the collision efficiency value 40 to 50
times. These increases were expected as the collision efficiency is directly proportional to the
grain diameter and inversely proportional to the collec_tor efficiency. However, relationships
derived using the smaller mean grain size were preserved.

The breakthrough curves presented in Figure 3 show that the polio peak appears to arrive
before the other virus peaks and the bromide peak. However, the error associated with peak
concentration determination tempers this observation. Similar relationships have been reported in
the literature (Rossi et al., 1994) and observed in the field in additional experiments completed at
this .;,ite (not presented here). This phenomenon has been reported for laboratory experiments
using coliphage MS2 and f2 in which transport rates in columns was interpreted to be 1.6 to 1.9
times that of ‘bromide (Bales et al., 1989). We wouid offer an explanation for the apparent faster
movement of the polio virus. Hydrogeologic conditions at the Erskine site and the similar
behavior of the various sizes of the bacteriophage (from 30 nm (MSZ, @X174) to 65 nm (PRD1))
do not favor pore exclusion process postulated at some field sites (Pekdeger and Mathess, 1983).
Instead, we propose that the high collision efficiency of the poliovirus in this environment results
in a truncation of the poliovirus breakthrough curve even though the poliovirus are being

‘transported at the same rate as the coliphage and bromide. Conceptually, the high polio virus

attachment rate during the early hours of transport results in a truncation of the virus



breakthrough curve causing an apparent peak to arrive before the non-reactive Br peak or the
coliphage. Note that the polio virus breakthrough curve declines more sharply fhan the other
breakthrough curves (Figure 3). This truncation process can be illustrated by applying a simple
algorith_m to the conservativé Br (C/C,) data (Figure 8) that results in a peak shift to the left
[Bromide adjusted (BrAD)]:

Br,ADJ = [Br, - K*t*Br)], (5)
| where, Br, = bromide concentration (C/C,) at time t (h); t = time of arrival at well M2 (h); K =
net virus attachemtn value/h; and Br,ADJ = the attachment transformed Br data.
This hypothesis is also supported by the asymmetric shape of the bacteriophages’ breakthrough
curves which have steep leading edges. However, they have not been affected to the same degree
as has the polio results. Additional experiments are needed to test this hypothesis.

Breakthrough curvés also contaiﬁ long tails indimﬁng a portrion of the attached virus were
being slowly re-released into the aqueous phase. This process is not well understood, but we have
observed thj-s slow release over a period of more than six months (data not shown). Further
research that addresses the mechanisms and health-related significance of this process is needed.

~ CONCLUSIONS

The results of bromide and multi-virqs seeding experiments in this hydrogeologic setting
conducted under natural gradient conditions suggest: 1) the average rate of transport for a portion
of seeded virus is the same as the average groundwater ﬂow velocity defined by bromidé; 2) virus
attachment to aquifer sediments significantly reduces the aqueous virus concentration during
transport (see Figure 7); 3) polio virus concentrations verses time and distance declined at a .
faster rate than the coliphage, and thus MS2, X174 or PRD1 could be used to conservatively

estimate polio virus transport under similar hydrogeological conditions; 4) long tails on virus
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breakthrough curves implies that once viruses enter the aquifer system, some of the attached virus
release into the ground water over time; 5) attenuated polio virus breakthrough are most likely
truncated by virus attaéhment along the flow path and thus, unattached polio virus are actually
traveling at rates siumilar to brémide in this hydrogeologic setting. These findings imply that a
planned or unplanned release of virus impacted water into a highly conductive aquifer creates two
problems. The first is a high concentration of virus moving with the average velocity of the
groundwater. Our work shows that measurable virus peaks reach and pass the commonly used
30.5 m setbacks between wells and septic systems in Montana and most States. The second is the
presence of attached viruses that siowly felease back into the aqueous phaSe and are transported
downgradient.

Additional investigafions are needed to resolve factors controlling virus transport in
coarse-grained field settings. Investigations of the attachment-detachment process, virus mass
balance determinations, and long term field scale survival studies are essential.
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Table 1: Aquifer Characteristics.

Hydfologic Properties

Porosity 0.15
| Gradient 0.0004
Average K{(m/d) 900-13,800
Average GW Velocity | 27
{m/d) :
Water Chemistry
Water Type Calcium Bicarbonate .

Conductivity (uS/cm)

288

Carbon
(mg/l)

Dissolved Oxygen 3.5
(mg/L)
pH . 7.2
Temperature (°C) 10.3
Ca (mg/l) 53.7
Mg (mg/l) 16.7
Na (mg/l) 8.6
K (mg.l) 2.3
Fe (mg/!) 0.01
Br (mg/!) <0.1
Cl (mg.) 7.3
S04 (mg/l) 16.3
HCOs (mg/l) 249
NO3-N (mg/l) 0.66
Dissolved Organic 2.1




Table 2. Initial Concentration of Injected

Tracers
Virus Tracer PFU/ml
MS2 5.60E+10
PRD1 5.40E+09
X174 2.90E+07
Polio (Chat) 3.40E+06
lonic Tracer mg/L
Bromide 1143
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Table 3. Apparent Transport Velocities (m/d)
Calculated from Breakthrough Curve Peaks

Well] M2 M7 Mi14
Distance| 7.5m 19.4m 30m
Bromide 22.5-30 | 26-29.25 NC’
MS2 30 23.4-39 25.7-36
PRD1 30 26-39 36
X174 30 33.4-39 18-36
Attenuated Polio| =~ 45 33.4-58.5 | NC

“Not calculated because peak concentrations were below detection limits.
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Figure Legends

Figure 1. Location map of the Erskine Study Area. The black rectangle is the location of the
concentrated tracer network monitoring wells, while the gray irregular polygon represents the

more broadly characterized study area.

Figure 2. Location of Injection Well 14, Multi-Level Monitoring Wells (M0-M19), and

Production Wells Wiand W2 in the tracer well network.

Figure 3. Bacteriophage concentrations over time at M2 (3A), and M7 (3B) located 7.5 m and
19.4 m, respectively from I4. Error bars for bromide and viruses are represent the 95% CL at
each measurement. For the viruses, these values vary from a lower limit of £15%, based on total

number of PFU counted. Bromide error bars represent a total error of +14%.

Figure 4. Bacteriophage concentrations over time at M14 (4A) and M17 (4B) located 30 m and

40 m, respectively, from 4. Error bars are as in Figure 3.

Figure 5. Concentrations (PFU/ml) of PRD-1 at 72 h. Figure SA depicts an aerial map view of
_ the bacteﬁophage plume at the 0.6 m sampling ports. Figure 5B depicts the vertical distn'bution
of bacteriophage concentration for wells located near the centerline of the plume. Well locations
are shown in Figure 2. The gray bar on the right ‘-/ertical axis represents the perforated interval of

14.
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Figure 6. Bromide and virus concentrations over time at the Injection Well, I4. Error bars are as

in Figure 3.

Figure 7. Peak C/C, values for all four viruses and bromide plotted against distance from I4.

Polio and bromide concentrations were below detection limits at 30.0 m and begiond.

Figure 8. C/C, of attenuated polio virus and bromide as they arrived at well M2, 7.5 m from 4.
The adjusted bromide data curve was derived by transforming the Br data with Equation 5 to
illustrate how attachment may have caused a shift in the polio virus breakthrough curve. In this

example, the net attachment rate constant, K, equals 0.15/h.



O O O

. Riparian Vegetationo O

Floodplain

Nt N Nl N S S

Montana
@ Missoula




O
T

vi

YIN °

I EN

N ®
CIN o

€N o

6N o

6LIN

Ol

LIN °
CIN o

CIN o
A

VIN °

SN °

9L .

LIW e

BILN -




Logm PFU/mI of Virus

T

0 8 1‘6 24

Hours After Injection

32 40 48 56 64 72

R f"’*—\ PhiX174 : 1

1 Polio - 1
Bromide

0 L L

Log,, mg/L of Bromide



Log,, PFU/mI of Vi_rus

Hours After Injection

6 i ! Jl; L f ] ] |
B -
i PRD-T

. U U EN
|1 MS2

2L s -+ L
1 PhiX174

0 : : } —t : : : :
0 8 16 24 32 40 48 56 64 72



— o
. e mmt mem T, e

sia)ay

\EXT —Qm
15-‘4 _ = -
e Q ¢
. $X .
,,/ A Meters . ?
' [ —
. - - 0 5 10
M17 M14 M7 M2 14
W < ! ~—-—1 0.0
Well L. 0.9
Sampling Port
@ (B @ [ — 1.8
Water Table
_ 1E+6
i [ ¢ 1E+4 - 2.7
1E0 o 3.6
() - 4.5




apiwo.ig ;o‘ /6w °tBo

uol3o2afu] 18)y sinoH
v9 9g 8P ob  z¢ vz 9 8 0

T
T

N e H
viLXiud

STUIA JO |W/ndd °*BoT



(w) 11am :o_uom__:_ wolj asuejsig

05 oy o€ oz o4

| _ _ _ _ ]
] ;

F=====--=

— e - = - - - e - = ————

apjwoig

8-3'l

A=

9-3°L

=

v-Il

-3l

A=

-3

0+3°}

°a1D



uondaluy 1913y sAnoy

8l - 91 vi
: " ®

cl

L

SN O)0d ~eiPp—

rav-spluolg —W—

epuoig —il—

1¢00°0

1€00°0

1¥00°0

G000

9/0



RVATION

nerefore,
e water 18
3 can be
o8 by Virus Transport in the Floodplain
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| can be Groundwater of a Headwater
y higher Stream, Western Montana, USA
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William W. Woessner and Dan C. DeBorde
ants from
ABSTRACT
and their o
-eds.,, Ox- High gradient headwater streams often have coarse-grained floodplain sedi-
ments that, when saturated, alfow rapid transport of groundwater. The world
0. wide use of these aquifers for water supply has focused attention on the need
l: 181-196, to determine if the introduction of human wastes, via surface water recharge
' or land sewage disposal poses a threat to users. We attempt to answer these
- In: Sedi- questions in a cold (10°C), high hydraulic conductivity (300 to 13,800 m/d),
10 and U. Clark Fork River floodplain aquifer by instrumenting a site with 109 monitor-
ing wells and conducting multiple Virus seeding experiments. As part of
these experiments, bromide and the bacteriophage MS2 were seeded into the
s on natu- groundwater and their behavior monitored under natural gradient condi-
tions and within the capture zone of a well pumping at 378 1/min. Results
Jerties and showed a portion of the virus traveled at rates similar to the bromide tracer.
1992 Most of the viruses readily adsorbed and desorbed over time during both
principal pumping and non-pumping transport. Virus travel over a distance of 19.8 m
under a natural gradient reduced the aqueous concentrations by 3 to 4 logs;,.
aromatic Transport in the capture zone of a pumping well was enhanced by 2 to 3
times when compared to rates under natural gradient conditions. Groundwa-
halten in ter contaminated by sewage would remain a health risk after transport over
the typical recommended setback distance of 30.4 m in the studied aquifer.
'S in river However, in highly productive headwater aquifers, adsorption and die-off
should provide sufficient natural disinfection when appropriate setback dis-
azardous tances are determined.

Keywords; Groundwater contamination, virus transport, tracers, water supply. -

INTRODUCTION

' Headwaters are important components of river systems and to the health
~ of nearby inhabitants. Their development often leads to resource man-
agement conflicts (Woessner and Potts 1989). The floodpiains of headwa-

ter streams not only provide relatively flat land for dwellings, they form
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Virus Transport in the Capture Zone of a
Well Penetrating a High Hydraulic
Conductvity Aquifer Containing a
Preferential Flow Zone: Challenges to
Narural Disinfection

William W. Woeasner', Thomas Troy', Pat Bail’ and Dan C. DaBarda’
'‘Daepartment of Geology and Division of Biological Sciencas
Univarsity of Montana, Missoula, Montana 59812

Abstract

Reguiators are [ormulating criteria to protect groundwater supplies {rom pachogenic con-
raminaton. One of their goals is (o establish the set of conditions that wouid allow for nat-
ural disiniection in aguiier systems. We investigated the transoort of the bacteriophage MS2Z
in the unconiined gravel rich llocdpiain of the Clark Fork River in Western Montana. Fieid
iracer experiments reveaied the presence of a narrow zone oi preferenual {low within the
aquifer. By piacing a weil pumnping a1 408 L/min in this zone 2nd seeding bromide and M52
into tite capture zone, and numericzily simulatng aquifer conditions with and without the
presence of a high hydraulic conductivity zone, the influence of preferendal flow on conwa-
minant iransport was examined. Analysis showed that the presence of a preferential flow
zone in the capture zone of the pumping well resuited in 2 12 to 18% wider capture zone,
an increase in ransport raes o the weil of 56% and 2 2.6 times higher concentration at the
well head. Natural disinfection critenia will need 1o account for such vaniations in travel times
and concentrations in cold-water. nigh~onducuvity, [luvially derived aquifers ii well head
water quality is to be protected..

Introduction
Consideraple strides have been made in the last decade to protect ¢roundwater users
from consurmng contammated groundwater. Programs such as the Well Head Protection

- Program (WHPP) Source Water Assessment Programs (SWAP) and comprenensive state

groundwater protection programs under the Federal Sale Drinking Water Act (SDWA) des-
ignate ume or distance reimed zones where the presence of potential water contaminants are
prohibited or limited. Recently, attenuon has focused on deveioping protection critena not
only for dissolved contamimnants, but aiso for pathogens including virus (1]. Fedeml and state
regulators are attempuing to establisn nawral disinfeciion standards for viruses. Such crite-
ria would establish source-set back distances and groundwate: travel times that would resuit
in acceptaole risks to public heaith.

Desigming natwral distniection criteria is hampered by the compiex movement of ground-
water in the vicinity of a pumping well {2-6|. The presence of heterogeneous geologic mate-
rial makes exact prediction of contaminant concentrauons diflicuit. When a detaiied char-
acterization of the aquifer heterogeneity s knewn, numenical and stochastic techmaues can
be used to assess capture zones and travel times with less uncertainty |7.8]. However, in
most sewtings, standard aguifer tesung is relied upan 10 deveiop average hydraulic proper-
ties [or regions surrounding wells, and using etther analyucai methods or numercai meth-
ods to calculate well head protection zones. To date, this approach aiso has oeen used when

1647
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