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Abstract

Bacteriophages are increasingly used as tracers for quantitative analysis in both hydrology and hydrogeology. The biological par-
ticles are neither toxic nor pathogenic for other living organisms as they penetrate only a specific bacterial host. They have many
advantages over classical fluorescent tracers and offer the additional possibility of multi-point injection for tracer tests. Several
years of research make them suitable for quantitative transport analysis and flow boundary delineation in both surface and ground
waters, including karst, fractured and porous media aquifers.

This article presents the effective application of bacteriophages based on their use in differing Swiss hydrological environ-
ments and compares their behaviour to conventional coloured dye or salt-type tracers. In surface water and karst aquifers, bac-
teriophages travel at about the same speed as the typically referenced fluorescent tracers (uranine, sulphurhodamine G extra).
In aquifers of interstitial porosity, however, they appear to migrate more rapidly than fluorescent tracers, albeit with a signifi-
cant reduction in their numbers within the porous media. This faster travel time implies that a modified rationale is needed for
defining some ground water protection area boundaries. Further developments of other bacteriophages and their documentation
as tracer methods should result in an accurate and efficient tracer tool that will be a proven alternative to conventional fluores-

cent dyes.

Introduction

Artificial tracers have been used for some time to estimate
and quantify the nature, direction and rate of flow.
However, despite the large number of available chemical
tracers (Kiss, 1992) surface and ground water specialists
still continue to search for ideal substances to use as trac-
ers in varying hydrological environments. Today, rela-
tively few substances qualify as tracers. To qualify, a
chemical substance or suspended particle must behave
with relatively stringent properties. It must be stable, mix
well with water and have a density close to it. This tracer
has to be detected and quantified in minute concentrations
using simple procedures that are of low cost. Furthermore,
it should not be toxic or have environmental pollution
potential, interact with materials naturally found in the
media, or leave any residual background levels in the
aquifer. These constraints are considerable and only a lim-~
ited number of substances come close to meeting the cri-
teria for the ‘ideal’ tracer. It is particularly limiting when
there is a strong rationale or need to perform multi-point
experiments with different tracers injected at the same
time at different locations.

Successful tracer tests conducted in the Swiss Karst
Jura (Aragno and Miiller, 1982) initially encouraged the

development of a systematic experimental approach using
microbiological tracers, notably, bacteriophages. However,
several years of research were necessary to provide hydrol-
ogists with an effective method of tracer testing in both
surface and ground water flow systems. This new class of
tracers allows flow systems to be followed as well as pro-
viding key information for the study of the movement and
migration patterns of colloidal particles. Thus, bacterio-
phages have opened up a number of truly multidisciplinary
research opportunities.

Biological tracers

Biological tracers differ from chemical tracer solutions
which have been more commonly employed in the past.
They are present in water as suspended particles of micro-
scopic size (colloids), rather than as dissolved chemicals.
The particular biological materials used as tracers (spores,
bacteria, viruses) are organisms, living or dead, that range
in size from tens to several hundreds of nanometers (nm).
The critical condition that must be documented before
they are allowed to be used as tracers, is that they have no
adverse impact on humans or on the environment.
Keswick et al., 1982, and Wimpenny et al., 1972 specified
that they should:
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. Be neither pathogenic nor toxic,

. Be not naturally present in ground water, but if they
are, able to be distinguished rapidly from the indige-
nous organism (e.g. using a genetic marker),

. Not affect the flow rate,

4. Be stable under the environmental conditions to which

they will be subjected during testing,

5. Move with the water flow, being neither filtered from,

nor adsorbed upon the aquifer materials,

6. Be quantified using an enumeration/counting tech-

nique that is both rapid and inexpensive,

7. Neither interact with nor modify other micro-organ-

isms,

8. If needed, be able to be combined simultaneously with

several different tracers without sample or interpreta-

tion interference in the analyses.

N =

(951

BACTERIOPHAGES AS BIOLOGICAL TRACERS FOR
HYDROLOGY:

Following a discussion by Wimpenny (1972) on bacterio-
phages, the Microbiology Laboratory and the Centre of
Hydrogeology at the University of Neuchatel cooperated
in research into the use of bacteriophages as biological
tracers in hydrogeology (Carvalho Dill, 1993; Rossi, 1994;
Déorfliger, 1997). An efficient means of analyzing phage
tracer test data quantitatively was developed; this that was
pertinent not only in fractured and karst terrain, but now
also, following tracer testing results from the Wilerwald
site in Canton Bern, in granular porous media. Earlier
results (Carvalho Dill; 1993; Rossi et al., 1994) had shown
fast tracer transit times at the site and had pointed out the
need for more frequent sampling to quantify the subsur-
face system’s response.

Bacteriophage, or simply, phage, signifies ‘that which
feeds on bacteria’. This term represents a virus which,
uniquely, invades specific bacterial cells and has no effect
on human, animal or vegetal cells. Like all viruses, bacte-
riophages are incapable of multiplying in an independent
manner. Viruses have to be integrated physically within a

Table 1. Bacteriophage habitats !

specific host cell. When a phage enters its specific bacter-
ial host, it takes control of it and starts the production of
new phages which will be released at the end of the infec-
tion cycle.

Numerous types of phages appear in the environment
and in widely diverse locations (Table 1). Borsheim (1993)
showed that concentrations of viral particles in both fresh
and sea water varied from 10° to 107 per ml. They can
even reach levels of concentration as high as 4.6 x 108 viral
particles per ml, the highest recorded level ever observed
on the high seas (Gulf Stream) (Bergh er al., 1989; Bratbak
et al., 1990).

Bacteriophages range in size from ten to several hun-
dred nanometers. They are composed of a complex pro-
tein structure which varies considerably among them. But
all phages have a capside which encloses the genetic mate-
rial. The capside is an assemblage of protein substructures
called capsomeres which together form a complex geo-
metric structure (usually an icosahedron or a filament).
This structure is sometimes also covered with a lipid coat-
ing. Some phages possess a tail (long or short, sometimes
even retractable). Various fibres and spikes complete the
structure in most cases (Ackerman and DuBow, 1987).

Bacteriophages are certainly the organisms best suited to
hydrology from all available biological tracers. Their size
range is similar to viruses of Eucaryotes. In contrast, as
shown above, the bacteriophages used in this study are not
pathogenic or toxic for humans, animals or plants.
Furthermore, a careful and appropriate choice of a
phage/bacterial-host system will present no risk to the
aquifer microflora. The phages, even when used as tracers
at high concentrations, are not visible. Therefore, ground
and surface water flow paths can be tested and analyzed
even in inhabited urban and rural areas. Another benefit of
using phages as tracers comes from the specific affinity of
a particular bacteriophage to its unique bacterial host.
Because of this biological phenomenon, several different
bacteriophages can be injected at the same time in the
same aquifer. Their enumeration is done without any
interference between the phages as different bacterial hosts

Lakes, ponds, rivers, tanks, hot springs, salt marshes, lagoons

agricultural, clay, compost, forest, swamps, podsol, sand

shoots/buds, leaves, nodular legumes, root vegetables, grains
Man, bees, goats, hens, crabs, earth worms, squirrels, horses, various fish, mussels

Water Surface water
Sea water Open ocean, coastal and deep marine sediments
Wastewater Treated sludge

Soil Types

Air aerosol particles, dust particles

Plants Organs

Animals Species

Food Milk Products

Emmenthal), yogurt
Meats Chicken, beef, sausages

Other

Milk, cream, butter, milk cheeses (Cheddar, cottage), fermented cheeses (Bel Paese,

Opysters, wine, fermentation products for sake

! Data modified from Keswick et al., 1982.
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are used for the analysis (see Rossi & Kiss, 1998, for more
details on the analytical method).

One litre of laboratory culture contains from 10'% to
104 bacteriophages. This quantity of organic material,
weighing about 100g, is small and presents no possible risk
of organic pollution. The detection methods of the analy-
ses have a sensitivity of the order of 1 to 2 phages per ml
under routine analysis conditions. This is at least equal to,
and in many cases better than, the best chemical tracer or
spectrofluorometric analysis.

Phages are stable over periods of from several weeks to
months, depending on the phage and the conditions iz situ.
This means phages will be effective during tracer tests in
most surface water and karst environments, in discrete or
well connected fracture studies and in moderate to high
permeability porous media settings. In nature, injected
phage concentrations degrade exponentially in aquifer or
surface water effectively leaving no residual background
levels. Detailed laboratory studies have shown that the
degradation (or inactivation) rates of phages are influenced
by diverse physical and chemical factors (temperature and
ionic charge) and by the presence of colloidal particles,
minerals and organic matter (clays and humic acids)

(Rossi, 1994).

Results

Results of tracer tests conducted in Swiss surface water,
karst and porous media environments have been selected
to illustrate the comparative behaviour of phages and con-
ventional tracers.

Table 2. Areuse River sampling station data.!

Bacteriophages as surface and ground water tracers

SURFACE WATER — AREUSE RIVER

A comprehensive and detailed sampling and measurement
programme took place along almost 28 km of the Areuse
river system in Canton Neuchitel in September, 1994.

Details of the 12 sampling and measuring stations are in
Table 2.

Injection conditions

Injection Point: St. Sulpice (NE), 750 m from the Spring
Date: Sep. 20, 1994 Time: 11:45 hr.
Co-ordinates: 532.980/195.880 Altitude: 755 m
Flow rate at injection: 4.9 m3 sec™
Duration of injection: 20 seconds
Volume of flow influenced: 98 m3
No. of sampling points: 12 locations
Uranine: 4.5 kg, diluted initially in 30 L of water
Bacteriophage-Type-H40/1; Quantity: 22.5 L of cul-
ture containing about 2.9 X 105 phages

The first three points (Fleurier, Aval Fleurier,
Boveresse) were sampled manually. All other locations
were equipped with either ISCO or Buehler automatic
sampling devices. Measurements were made or samples
taken every 15 minutes and every three samples were made
into a single composite for analysis. Flow rates in the river
were measured at five different points. The tracer test was
conducted during a relatively stable period of flow in
September, 1994. The river flow decreased by about 10
per cent at Cortaillod during the 14 hour measurement
period (11.3m3 sec™! at 10:00 hr on Sep. 20,1994 to 9.8m?
sec! at 24:00 hr).

Station Swiss N & E Altitude  Distance  Slope Avg. flow rate
Coordinates (m) (km) (%) (m3/sec)
1. Fleurier 533.950/195.380 744 1.25 0.88 492
2. Aval Fleurier 535.470/195.400 735 2.85 0.56 552
3. Boveresse 537.150/196.820 732 5.25 0.13 NM 3
4. La Presta 540.060/198.160 728 8.55 0.12 NM
5. Sur-le-Vau 543.400/199.680 725 12.65 0.07 NM
6. Noiraigue 545.750/200.370 722 16.75 0.007 NM
7. Moyats amont 548.080/200.400 620 18.85 4.86 9.8+
8. Moyats aval 548.365/200.470 620 19.15 4.25 9.8 ¢
9. Combe Garot upstream 551.070/201.510 529 22.80 2.49 NM
10. Combe Garot downstream 551.200/201.470 529 22.95 2.39 NM
11. Chanet 553.620/201.000 455 25.75 2.64 NM
12. Cortaillod 555.430/200.300 439 28.75 0.53 9.8 4

1 Work done by Gretillat (Bureau Matthey, Montezillon, NE) with Hydrogeology Centre and Microbiology

Laboratory of the University of Neuchitel.

2 Flow measurements made in place with meters

3 NM: not measured

4 Flow measurements from calibrated stream level gauge.
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