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Abstract

Modern day injection and recovery techmiques designed to examine the transport behavior of microorganisms in
groundwater have evolved from experiments conducted in the late 1800s, in which bacteria that form red or yellow pigments
were used to trace flow paths through karst and fractured-rock aquifers. A number of subsequent groundwater hydrology
studies employed bacteriophage that can be injected into aquifers at very high concentrations (e.g., 10** phage mi™!) and
monitored through many log units of dilution to follow groundwater flow paths for great distances, particularly in karst
terrain. Starting in the 1930s, microbial indicators of fecal contamination (particularly coliform bacteria and their coliphages)
were employed as tracers to determine potential migration of pathogens in groundwater. Several injection and recovery
experiments performed in the 1990s employed indigenous groundwater microorganisms (both cultured and uncultured) that
are better able to survive under in situ conditions. Better methods for labeling native bacteria (e.g. by stable isotope labeling or
inserting genetic markers, such as the ability to cause ice nucleation) are being developed that will not compromise the
organisms’ viability during the experimental time course.
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shift is due largely to the now recognized importance
of subsurface microbial transport in aquifer restora-
tion, pathogen contamination of water supply wells,
and oil recovery. Although considerable information
on subsurface microbial transport has derived from
column experiments, there is a growing awareness
that factors controlling subsurface microbial trans-
port behavior can be operative on scales of space,
time, and complexity that are not conducive to lab-
oratory study. This is leading to more in situ experi-
ments involving the injection into aquifers of mi-
crobes that are either labeled or are clearly
discernible from indigenous populations. Most con-
trolled groundwater additions and recoveries of mi-
crobes are conducted over limited distances relative
to those of interest for pathogen transport to water
supply wells, microbially enhanced oil recovery from
petroleum reservoirs, or using introduced bacteria
for aquifer restoration. However, continued advan-
ces in our understanding of microbial transport be-
havior as a result of ongoing small-scale injection
and recovery studies are facilitating larger-scale field
experiments. For the purposes of this review, con-
trolled injections of specific microorganisms into
groundwater environments in order to enhance our
understanding of subsurface transport behavior of
other microbes of interest are considered to be uses
of microorganisms as tracers.

The purpose of this review is to provide informa-
tion about the history, specific uses, experimental
methodologies, and geohydrologic and physiologic
considerations pertaining to the use of microorgan-
isms as tracers in groundwater environments. A
number of studies in which ‘tracer’ microorganisms
have been used to delineate geohydrologic aspects of
transport behavior in saturated subsurface material
have involved columns and are summarized else-
where [1]. The focus of this review involves the field
use of ‘tracer’ microorganism in groundwater injec-
tion and recovery experiments. Particular emphasis is
placed upon the uses of viruses, bacteria, protozoa,
and yeast to delineate flow paths in aquifers or to
enhance our understanding of some of the processes
controlling subsurface microbial transport. The use
of spores as groundwater tracers is beyond the scope
of this review and is not discussed. The interested
reader is referred to a paper by Kiss and Reichert
[2] for a delineation of the history and methodologies

involving the use of spores in hydrologic studies of
aquifers.

2. History of microbial additions to groundwater

Although aquifer (well water) microorganisms
were first observed by van Leecuwenhoek in the late
1600s [3], interest regarding the manner in which
microorganisms move through aquifers did not de-
velop until considerably later. Two paths of research
led to the development of methodology for injection
and subsequent recovery of microorganisms from
aquifers, i.e., the role of groundwater in the spread
of waterborne disease and the manner in which
groundwater moves through aquifers dominated by
preferential flow paths. The use of microorganisms
as tracers to delineate subsurface microbial transport
behavior in support of aquifer biorestoration did not
occur until the last two decades. A history of the
addition of microorganisms to groundwater for hy-
drologic, public health, industrial, and environmen-
tal purposes is depicted in Fig. 1. Reviews by Kes-
wick et al. [4] and Gerba [5] discuss a number of the
earlier (pre-1981) groundwater tracer studies involv-
ing the use of microorganisms. Experimental results
of more recent experiments involving use of micro-
organisms as tracers in injection and recovery experi-
ments in fractured rock and in granular aquifers are
summarized in Table 1. For geohydrologic reasons
discussed in the subsequent section, recent injections
of microorganisms into aquifers characterized by
preferred flow paths were made primarily for the
purposes of providing convenient tracers to delineate
groundwater flow. In contrast, the rationale for mi-
crobial addition to and recovery from aquifers char-
acterized by more-homogeneous, granular media has
often been to gain information about the subsurface
transport potential of microbial pathogens or, more
recently, of microorganisms that may facilitate bio-
restoration. This is because, in the latter type of
aquifer, conservative (non-reactive) solute tracers
that can be easily measured and do not decay or
sorb to surfaces have advantages over microbial trac-
ers as hydrologic tools. However, the division be-
tween hydrologic, public health, and environmental
research involving additions of microorganisms to
aquifers is not always clear. Indeed many recent mi-
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Fig. 1. History of published additions of microorganisms to aquifers. Microbial enhanced oil recovery refers to processes whereby surfac-
tant-producing or pore-clogging bacteria are injected into oil-bearing formations in order to increase oil recovery from aging wells. Pres-
ently, the introduction of waste-adapted or genetically engineered bacteria into organically contaminated aquifers to enhance the rate of
waste degradation is still experimental. Abbreviations: INA, ice-nucleation active; Ab-r, antibody-resistant.

crobial transport experiments have important impli-
cations for aquifer hydrology, subsurface transport
potential of pathogens, aquifer biorestoration, ori-
gins of indigenous groundwater microorganisms,
and aquifer microbial ecology. Therefore, the sepa-
ration of subsurface microbial transport experiments
into the two categories listed below is for organiza-
tional purposes only.

2.1. Microbial tracers of groundwater flow

Microorganisms were first introduced into ground-
water in the latter part of the nineteenth century for

the purpose of delineating flow paths in aquifers
characterized by preferential flow, e.g., in karst or
fractured rock. The first such studies employed bac-
teria that form red or yellow pigments; the results of
the studies were published in the 1890s [6,7]. Bacteria
are still the most commonly used biological tracers in
hydrologic studies of aquifers. Until recently, non-
indigenous bacteria were preferred as groundwater
tracers because of the simplicity of culturing them
in large quantities, the ease of detection (using light
microscopy techniques or plating on selective media),
and their general absence in groundwater systems.
For example, antibiotic-resistant strains of Escheri-
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chia coli, which may be enumerated as colony form-
ing units on antibiotic-containing solid agar, were
used in conjunction with solute tracers to provide
hydrologic information concerning the movement
of groundwater in fractured crystalline rock at the
Chalk River Nuclear Laboratory site in Ontario,
Canada [8] and in saturated hillslope soil [9].
Although easily differentiated from the indigenous
bacteria, future use of E. coli and other potentially
pathogenic enteric bacteria as groundwater tracers
may be limited because of concerns about ground-
water quality [5]. A number of more recent experi-
ments have used labeled indigenous groundwater
bacteria that do not pose a water quality threat
and are more suitable for survival in the aquifer.
Uncultured, fluorescently labeled communities of
free-living groundwater bacteria that may be
enumerated by direct count procedures and are al-
ready adapted to transport in the aquifer have been
used extensively as tracers in the sandy aquifer at the
USGS ground-water hydrology study site on Cape
Cod, MA, USA [10-12]. A benzoate-degrading, sul-
fate-reducing bacterium fortuitously present in the
injection water system and absent in a fractured
oil-bearing formation beneath the North Sea was
used as a groundwater tracer to follow penetration
through the subsurface and into the oil reservoir [13].
Labeling of groundwater bacteria with stable iso-
topes or genetic ‘markers’ may allow for microbial
tracers that are able to survive in the aquifer and be

Table 1

detected in very low numbers. At the time of this
writing a series of injection and recovery experiment
performed in a sandy aquifer in Oyster, VA, USA is
being conducted using a '3C-labeled groundwater
bacterium [14]. Also, the tracing of groundwater
flow in fractured karst (eastern Tennessee, USA) is
being facilitated by use of the ice-nucleating active
(INA) bacterium Pseudomonas syringae [15].

The use of yeast and protozoa as groundwater
tracers in hydrologic studies has been limited, largely
because of size and survival considerations. The first
use of yeast to delineate groundwater flow is not
clear. However, Reichert [16] makes reference to
the use of ‘yeast bacteria’ in groundwater tracer
studies conducted in the early 1900s. In 1975, 2-
3 um Saccharomyces cerevisiae (baker’s yeast) was
used in a hydrologic study of secondary permeability
features in a heterogeneous sand and gravel aquifer
partly cemented with calcium carbonate and inter-
spersed with clay [17]. The advantage of using bak-
er’s yeast was that a large mass (16 kg) could be
casily obtained and added to the aquifer. Survival
in the short-duration (7 h) forced-gradient experi-
ment was not a factor. More recently, hydroethidine-
and DAPI-stained flagellates were injected into the
Cape Cod aquifer under natural-gradient conditions
for the purpose of learning more about the behavior
of indigenous protists {18,19].

The use of viruses in hydrologic studies of aquifers
started in the early 1970s. Although animal viruses

Use of microbial tracers in selected recent (1986-1996) injection and recovery experiments involving fractured and granular aquifers

Formation Microorganism

Type of test Distance RF*  Ref.

Fractured media
clay-rich till
crystalline rock (granite)
North Sea oil-bearing formations

Escherichia coli

Granular media
alluvial sand
alluvial gravel
well-sorted sand and gravel

2 (bacteriophage)

PRD1 (bacteriophage)
P32-labeled PRD1

indigenous flagellates (protozoa)

Bassendean sand (high Si, low pH) vaccine-type polio virus

MS-2 and PRDI (bacteriophage)

str. 4502 (sulfate reducing bacterium)

E. coli PB922 (rifampicin-resistant)
indigenous bacterial community

Natural-gradient 4m 001 [22]
Forced-gradient 13m 0.1 18]
Forced-gradient 1-4 km n/a®  [13]

Forced-gradient 5m n/a 241
Natural-gradient 42 m n/a [46]
Natural-gradient 6 m 1.0 [10]
Natural-gradient 12m 1.0 [25]
Natural-gradient 4m 1.0 [42]
Natural-gradient 1m 4.7 [18]
Artificial recharge 2 m n/a 391

aRetardation factor, RF = Viomide/ Vmicrobes Where Poromide @nd Vrjierobe are the observed average velocities of the peak concentrations of
bromide and microbe, respectively, that appear at a downgradient well.
®n/a, the data were not reported.
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have been used for this purpose, some can be patho-
genic to humans. Consequently, bacteriophage are
generally preferred for use as groundwater tracers.
The first uses of bacteriophage in hydrologic studies
in the early 1970s clearly demonstrated their poten-
tial as groundwater tracers for delineating flow paths
over considerable distances. For example, using only
a ten-liter suspension of a type 2 phage of Aerobacter
aerogenes injected into sandstone, groundwater flow
was traced through 0.6 km of porous media at a site
in South Wales [20]. Similarly, the coliphage T, was
used to successfully trace groundwater flow for
1.6 km in the karst terrain of southern Missouri,
USA [21]. The advantages of using bacteriophage
as groundwater tracers include their small size (20—
100 nm), negligible impact upon water quality, well-
defined surface characteristics, the ability to add
them at high concentration, and the ability to detect
them in low numbers (by a priori concentration us-
ing positive-charge filters). Indeed, the ability to add
viruses at much higher concentrations (e.g., at 10%3
phage mi~!) [22] to an aquifer than would be possi-
ble using bacteria or yeast, coupled with the ability
to collect them from large volumes of groundwater
(e.g., from 2000 1) [23}, and concentrate them into a
few ml means that they can be tracked after many
log units of reduction. The advective movement of
bacteriophage in a sandy aquifer recently has been
determined at concentrations of less than one
plaque-forming unit (pfu) per ml of groundwater
[24]. Current uses of phages as tracers in hydrologic
studies have involved both granular [24,25] and frac-
ture-flow [22] aquifers.

2.2. Microbial tracers of fecal contamination

The first evidence for groundwater transport of
bacterial pathogens was collected in 1854, when it
was found that a cholera epidemic in Central Lon-
don was the unfortunate result of a contaminated
public well on Broad Street [26]. However, the use
of bacterial tracers to investigate the potential for
subsurface pathogen transport did not occur until
considerably later. Coliform bacteria were first used
as surrogate tracers for examining pathogen trans-
port potential in contaminated groundwater in the
1930s (e.g., [27]). Since then, numerous studies have
examined the migration in groundwater of bacterial

indicators of fecal contamination (e.g., E. coli, Strep-
tococcus faecalis, Salmonella typhi, and the coliform
and fecal coliform groups). Yates and Yates [28]
summarize pre-1987 observations of the extent of
subsurface migrations of these pathogenic and indi-
cator bacteria away from known contaminant sour-
ces. As expected, the lateral extent of observed mi-
grations of these bacteria increases greatly with
hydraulic conductivity. Observed advective transport
of 3 m or less appear to be common for silt or very
fine sand deposits [29-32], whereas transport be-
tween 0.1 and 1 km has been reported for coarse
gravel, pebbles, and weathered limestone [32,33].

Over 100 types of pathogenic viruses are known to
occur in water that has been contaminated with fecal
material [23]. Therefore, the use of nonpathogenic
viral indicators of fecal contamination has served
as an important tool in public health studies involv-
ing groundwater resources. Snowdon and Cliver [34]
review the merits of and techniques for using coli-
phage (viruses that infect specific coliform bacteria)
as indicators of human enteric viruses in ground-
water. The uses of ‘viral indicators’ to trace the lat-
eral extent of fecal contamination in the subsurface
began in the 1970s (e.g., [35,36]). As is the case for
bacteria, viral indicators of fecal contamination can
travel considerable distances in coarse-textured and
karstic terrain [28].

Many of the earlier observations of the extent of
virus transport in aquifers made use of human or
animal enteric viruses and coliphages that were al-
ready present in the contamination sources. Unfortu-
nately, the loading histories in these situations were
often poorly understood, which limited what could
be concluded about the transport behavior of the
virus being monitored. However, there were several
notable exceptions in which the loading history in-
volved a controlled injection of a nonpathogenic in-
dicator virus. For example, Noonan and McNabb
[37] injected the T, coliphage into an alluvial aquifer
at an on-land sewage disposal site in New Zealand
and traced the virus to an observation well over
900 m downgradient. Schaub and Sorber [38] did a
continuous 7-day addition of the f2 coliphage into a
rapid infiltration sewage disposal site and monitored
its concentration in an adjacent observation well.
More recently, a recharge basin located in high silica,
very low pH sand in Western Australia was seeded
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Fig. 2. Hydrologic designs for small- and intermediate-scale injection and recovery experiments for examining microbial transport behav-
ior in groundwater (reproduced from Ref. [1] with permission from the American Society for Microbiology). A: Divergent, forced gra-
dient; B: convergent, forced-gradient; C: doublet cell, forced-gradient; D: natural-gradient tracer test designs.
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with vaccine-type poliovirus and the extent of travel
in the underlying aquifer was monitored by sampling
observation wells downgradient from the basin [39].

3. Methods of injecting and recovering microbial
tracers

Early uses of microorganisms as tracers often in-
volved a simple addition of the organism to the aqui-
fer and a search for its appearance downgradient. In
contrast, modern methodology often involves addi-
tion of the microorganism of interest under well-
understood or controlled hydrologic conditions to-
gether with a conservative tracer (e.g., bromide,
chloride, or iodine) and sometimes with similar-sized
microspheres, which serve as a particulate analog.
Complete concentration histories of the injectate
constituents are often collected from a number of
points downgradient from the point of injection. In
granular aquifers, the concomitant use of conserva-
tive tracers and a three-dimensional sampling grid
greatly facilitates determination of the microbe’s dis-
persion, retardation, and immobilization rates. This
allows for more information to be gathered about
the transport behavior of the microorganism being
used as the tracer [1].

There are several types of injection and recovery

Table 2

tests that may be employed to study the transport
behavior of microbial tracers in groundwater (Fig.
2). In forced-gradient tests, high-volume pumping is
used to control the flow field. Continuous pumping
may be done at the point of injection, point of with-
drawal, or both. The advantage of forced-gradient
tests is a substantially shortened time frame required
for observing complete breakthrough of the tracer
microorganism and conservative tracer. The forced-
gradient test is often preferred for use with aquifers
characterized by fracture-flow, because a complete
understanding of the flow paths under natural-gra-
dient conditions is not necessary in order to decide
where to place the sampling well(s). Indeed, with the
exception of the experiment involving virus transport
through fractured clay, the recent microbial tracer
experiments listed in Table 1 that involve fracture-
flow were all performed under forced-gradient con-
ditions. The major disadvantages of forced-gradient
transport experiments are that the resulting flow-
fields are non-uniform and the tracer microorgan-
isms are subjected to a considerable degree of forced
dispersion. This can limit the distance over which the
microbial tracer can be followed and can make mod-
eling of transport more difficult.

Forced-gradient conditions can be engineered by
using a variety of pumping schemes and include di-
vergent (Fig. 2A), convergent (Fig. 2B), and doublet

Comparison of transport parameters for labeled-indigenous groundwater bacteria in injection and recovery experiments involving a sandy
aquifer and one characterized by preferential flow

Location Aquifer type Test type Relative breakthrough®  Collision efficiency?  Retardation factor®
(RB) (o, X10793) (RF)
Cape Cod (MA) Sand and gravel Natural-gradient
8.5 m bls? 0.15 85 0.99
9.1 m bls 0.21 54 0.97
Oahu (Hawaii)® Fractured, layered basalt Convergent ~1.0 <0.1 0.62

aRelative breakthrough (RB) is the ratio of the integral of the dimensionless bacterial concentration to that of bromide.

bCollision efficiency, o= (d[[1 —2(AL/x; In(RB)>—1])/(6(1 —6n 4L,), where d is the median grain size (cm), x, is the travel distance from point of
injection to the point at which the concentration history was monitored (6.7 and 27 m for the Cape Cod and Hawaiian experiments,
respectively), @ is the porosity and n is the single collector efficiency. The latter parameter is the rate at which the labeled-bacteria strike
a single sand grain divided by the rate at which they move toward the grain and represents the physical factors determining collision.
Apparent longitudinal (direction of flow) dispersion (A) for the bacteria was estimated using A = (x; (At/tpear)* V16 In 2, Az is the duration of
breakthrough when C(z) > 1/2 peak concentration and fpe. is the time to peak concentration.

°Retardation factor, RF = Firomide! Viacterias WHeTe Fizomide a0d Viaernn are the observed average velocities of the peak concentrations of
bromide and labeled-bacteria, respectively, that appear at a downgradient well.

dDepth below land surface.

¢Data from Harvey, Voss and Souza, unpublished.
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cell (Fig. 2C) tests. In a divergent test, known quan-
tities of microbial tracers are added quickly to a
continuous stream of groundwater that is being in-
jected back into the aquifer to create the gradient.
This produces radially divergent flow and forces the
gradient in all directions. An example of this type of
test was conducted with stained-groundwater bacte-
ria and bromide at an uncontaminated site in the
Cape Cod aquifer [12]. The convergent test involves
the continuous withdrawal at the sampling well. An
advantage of this type of test is that all of the con-
servative tracer can be theoretically recovered at the
sampling well allowing a true mass balance to be
calculated for the experiment. A convergent tracer
test was run to observe the below-described trans-
port behavior relative to bromide of stained, cul-
tured groundwater bacteria in a fractured, layered
basalt aquifer in Oahu (Table 2). Finally, an example
of a doublet cell was an experiment set up to look at
the transport behavior of E. coli relative to bromide
in a fractured granite aquifer in Ontario [8].

For relatively homogeneous, granular aquifers,
natural-gradient tests (Fig. 2D) can be run in which
the injectate is added slowly to the aquifer and the
natural flow of groundwater advects the injectate
cloud past rows of multi-level samplers (MLS)
placed in rows perpendicular to the flow path. The
latter type of experiment is best suited for situations
in which the gradient can be predicted within reason-
able limits and where the water table is shallow
enough to permit the use of peristaltic pumps to
sample water from each level of the MLS. Construc-
tion and use of MLS for groundwater studies involv-
ing microorganisms are discussed by Pickens et al.
[40] and Smith et al. [41]. Natural-gradient tests have
been used to examine the transport behaviors of pro-
tozoa, bacteriophage, and bacteria through organi-
cally contaminated aquifer sediments at the Cape
Cod site [10,18,25,42]. More complete description
of methodologies for using microorganisms in injec-
tion and recovery experiments, including labeling,
physiological, and analytical considerations are given
elsewhere [1].

4. Geohydrologic considerations

Whereas the suitability of a microorganism to help
predict the subsurface transport potential of a patho-
gen depends largely upon its physical, physiological,
and surface chemical characteristics, the utility of
microbial tracers in hydrologic studies of aquifers
can often depend upon the geohydrologic character
of the aquifer. Because microorganisms in the aqui-
fer can be retarded [10], immobilized [25], confined
to preferential flow paths on the basis of size [17],
grow in situ [43], and fall prey to protozoa [44], it is
useful to compare the transport behavior of the mi-
crobe with the conservative tracers. It has been
found in both the laboratory columns [45] and in
small-scale injection and recovery tests performed
in the field [10] that physical heterogeneity increases
the dissimilarity between the transport behavior of
microorganisms and the conservative tracers.

The pore-scale movement of bacteria and bromide
in injection and recovery tests involving aquifers
consisting of relatively homogeneous granular mate-
rial (e.g., uniform sand), fractured media, and strati-
fied granular material consisting of adjacent layers of
fines and coarser sand are schematically depicted in
Fig. 3A,B,C, respectively. In relatively homogeneous
sandy media, the microbial tracers that do not be-
come immobilized within the matrix can exhibit con-
centration histories at downgradient samplers that
resemble that of the conservative tracer (Fig. 3A).
An example of this type of matrix is the one in
Cape Cod, Massachusetts, where the bacteriophage
PRDI1 and labeled groundwater bacteria injected
into the aquifer in small-scale, natural-gradient ex-
periments closely tracked the movement of bromide
[25]. In this type of system, microorganisms and dis-
solved tracers take the same flow paths and conse-
quently the conservative tracers yield important in-
formation about where and when to sample for the
microbial tracers.

In contrast, the transport behaviors of microbial
and solute tracers in fractured media are often dis-
similar, sometimes to the point where conservative

-

Fig. 3. Schematic depiction of bacteria and bromide being advected through aquifer material. A: Relatively homogeneous granular materi-
al; B: fractured media; C: layered fine (clay or fine silt) and coarse granular media. Broken arrows in the bottom figure (vertical) indicate
bromide diffusion into the matrix. Large arrows indicate direction of groundwater flow.
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tracers are of limited value in deciding when to sam-
ple for the microorganisms that were coinjected with
them. This is because the pore volume along the flow
path that is kinetically or spatially available for the
microorganism can be substantially smaller than that
available for the conservative tracer. Conservative
tracers like bromide are small enough to advect or
diffuse into some the fine fractures that are con-
nected to preferential flow paths, but are inaccessible
to the microorganisms (see Fig. 3B). The greater
transport velocities observed for microorganisms ver-
sus conservative tracers results in apparent retarda-
tion factors for microbial transport in fractured me-
dia that are substantially less than one (see Table 1).
For example, in a forced-gradient experiment, E. coli
was observed to travel almost an order of magnitude
faster than bromide [7]. The smallest retardation fac-
tors are typically observed where the preferred flow
paths capable of allowing microbial transport repre-
sent a very small fraction of the total porosity. For
example, it was recently shown in fractured clay that
bacteriophage could travel almost two orders of
magnitude faster than bromide [22]. This has impor-
tant implications for potential transport of patho-
gens; clearly, the time frame required for microbial
pathogens from a known source to reach drinking
water wells located in areas having fractured media
can be much less than would be predicted based
upon first detection of conservative tracers.

The movement of bromide into fine-porosity that
contributes little to bulk movement of groundwater
(matrix diffusion) has been used to mathematically
describe the differences between bromide and virus
transport in flow-through columns of fractured tuff
[24]. Table 2 illustrates the fundamental differences
in transport behavior of fluorescently labeled
groundwater bacteria (relative to bromide) between
the sandy aquifer on Cape Cod and a fractured,
layered basalt aquifer on the island of Oahu (Ha-
waii) using data collected from injection and recov-
ery experiments. The injection at the latter site was
made in a highly conductive layer of rubble that was
sandwiched between layers of fractured basalt. In the
Hawaiian experiment, almost all of the labeled bac-
teria injected into the aquifer were recovered at the
pumping well located 27 m downgradient. Judging
from this negligible loss of mass, the shape of bacte-
rial breakthrough curve, and the average velocity

relative to bromide, it appears that the bacteria
were confined to the highly transmissive layer into
which they were injected. The high groundwater ve-
locity and low specific surface area of the highly
conductive layer afforded relatively few opportunities
for bacterial attachment. This was not the case for
the sandy aquifer in Cape Cod, where 79-85% of the
bacteria were immobilized over the first 7 m of trav-
el. In the Hawaiian experiment, the peak bacterial
concentration traveled substantially faster than that
of bromide, which continued to breakthrough long
after all the labeled bacteria had been collected at the
pumping well. This suggests that a substantive frac-
tion of the bromide moved into fractures in the ad-
jacent intact basalt layers and (or) into the interior
matrices of the rubble within the transmissive layer.
The opposite was observed at the Cape Cod site, i.e.,
the bacteria continued to appear at the downgradient
sampler after the bromide cloud had passed by.

Physical heterogeneity in granular media can also
result in dissimilarities between the transport behav-
ior of microbial and conservative tracers. For exam-
ple, Wood and Ehrlich [17] found that yeast cells
traveled up to five times faster (at peak concentra-
tion) through sand and gravel cemented with calcium
carbonate than did the iodide tracer. They concluded
that most of the yeast cells traveled through pre-
ferred flow paths caused by solution of the calcium
carbonate. Even in the relatively homogenous sandy
glacial outwash aquifer on Cape Cod, differences in
degrees of physical heterogeneity among different
sand and gravel strata can result in depth-specific
differences in the relative transport behavior of mi-
crobial tracers. For example, in a natural-gradient
experiment involving the coinjection of labeled
groundwater bacteria and bromide into overlying
strata, the peak in bacteria at 6 m downgradient
lagged behind the bromide peak at the 8.8 m depth,
preceded the bromide peak at the 9.0 m depth, and
coeluted with the bromide peak at the 9.5 m depth
[11]. Differences in transport behavior between mi-
crobial and dissolved tracers in the presence of both
fine and coarse granular material are schematically
depicted in Fig. 3C. In the figure, bromide is shown
as moving into very fine-grained material (clay or
fine silt), whereas the bacteria are confined largely
the preferential flow path composed of coarser
sand or gravel.
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5. Conclusions

Microbial tracers tend to be excluded on the basis
of size from much of the fine porosity outside pre-
ferred flow paths and, consequently, can have an
advantage over dissolved tracers for helping delin-
eate major flow paths through fracture-rock and
limestone. However, there is an increasing interest
in the subsurface transport behavior of the micro-
organisms themselves, because of their recognized
or potential role in biorestoration of contaminated
aquifers, spread of waterborne disease, origin of sub-
surface microbial populations, enhanced oil recov-
ery, and aquifer ecology. This had led to increasing
numbers of controlled experiments in which micro-
organisms are injected into aquifers and recovered
downgradient. Although there have been numerous
static and flow-through column experiments delin-
eating specific controls of subsurface microbial trans-
port, there is a growing realization that many of
these processes can be interrelated and operative on
spatial and temporal scales not conducive to small-
scale studies in the laboratory. The need for better
information from field studies has necessitated the
use of different types of tracers (e.g., conservative
solutes such as bromide and particulate analogs
such as microspheres) that are typically coinjected
with the microorganism into the aquifer, improved
field instrumentation, and a better understanding of
the system hydrology. Better methods are also being
developed to label microorganisms in a manner that
will not compromise their viability in the aquifer.

References

{1] Harvey, R.W. (1997) In situ and laboratory methods to study
subsurface microbial transport. In: Manual of Environmental
Microbiology (Hurst, C.J., Knudsen, G.R., McInerney, M.J.,
Stenzenback, L.D. and Walter, M.V, eds.), pp. 586-589,
ASM Press, Washington, DC.

[2] Kiss, W. and Reichert, B. (1986) Tracing of karst water with
fluorescent spores. In: Proceedings of the Fifth International
Symposium on Underground Water Tracing, pp. 157-167,
Institute of Geology and Mineral Exploration, Athens, GA.

[3] Chapelle, F.H. (1992) Ground-Water Microbiology and Geo-
chemistry. John Wiley and Sons, New York, NY.

[4] Keswick, B.H., Wang, D.-S. and Gerba, C.P. (1992) The use
of microorganisms as ground-water tracers: A review. Ground
Water 120, 142-149.

[5] Gerba, C.P. (1984) Microorganisms as groundwater tracers.
In: Groundwater Pollution Microbiology (Bitton, C. and Ger-
ba, C.P., Eds.), pp. 225-233. John Wiley and Sons, New
York, NY.

[6] Abba, F., Orlandi, B. and Rondelli, A. (1898) Uber die Fil-
trationskraft des Bodens und die Fortschwemmung von Bak-
terien durch das Grundwasser. Z. Hyg. Infekt. Krankh. 31,
66--84.

(7] Pfuhl, E. (1897) Uber die Verschleppung von Bakterien durch
das Grundwasser. Z. Hyg. Infekt. Krankh, 25, 549--554.

[8] Champ, D.R. and Schroeter, J. (1988) Bacterial transport in
fractured rock — A field-scale tracer test at the Chalk River
Nuclear Laboratories. Water Sci. Technol. 20, 81-87.

[9] Rahe, T.M., Hagedorn, C. and McCoy, E.L. (1979) Transport
of antibiotic-resistant Escherichia coli through western Oregon
hillslope soils under conditions of saturated flow. J. Environ.
Qual. 7, 487-494.

[10] Harvey, R.W. and Garabedian, S.P. (1991) Use of colloid
filtration theory in modeling movement of bacteria through
a contaminated sandy aquifer. Environ. Sci. Technol. 25,
178-185.

[l1] Harvey, R.W., Kinner, N.E., MacDonald, D., Metge, D.W.
and Bunn, A. (1993) Role of physical heterogeneity in the
interpretation of small-scale laboratory and field observations
of microorganism, microsphere and bromide transport
through aquifer sediments. Water Resources Res. 29, 2713—
2721.

[12] Harvey, R.W., George, L.H., Smith, R.L. and LeBlanc, D.R.
(1989) Transport of microspheres and indigenous bacteria
through a sandy aquifer: Results of natural and forced-gra-
dient tracer experiments. Environ. Sci. Technol. 23, 51-56.

[13] Beeder, J., Nilsen, R.K., Thorstenson, T. and Torsvik, T.
(1996) Penetration of sulfate reducers through a porous North
Sea oil reservoir. Appl. Environ. Microbiol. 62, 3551-3553.

[14] DeFlaun, M., Murray, C.J., Holben, W., Scheibe, T., Mills,
A., Ginn, T., Griffin, T., Majer, E. and Wilson, J.L. (1997)
Preliminary observations on bacterial transport in a coastal
plain aquifer. FEMS Microbiol. Rev. 20, 473-487.

{15] Strong-Gunderson, J.M. and Palumbo, A.V. (1997) Labora-
tory studies identify a colloidal groundwater tracer: Implica-
tions to bioremediation. FEMS Microbiol. Lett. 148, 131-135.

[16] Reichert, B. (1989) Einstz von Triftkérpern in der Tracerhy-
drologie. Oberrhein. Geol. Abh. 35, 101-110.

[17] Wood, W.W. and Ehrlich, G.G. (1978) Use of baker’s yeast to
trace microbial movement in ground water. Ground Water 16,
398-403.

[18] Harvey, R.W., Kinner, N.E., Bunn, A., MacDonald, D. and
Metge, D.W. (1995). Transport behavior of groundwater pro-
tozoa and protozoan-sized microspheres in sandy aquifer sedi-
ments. Appl. Environ. Microbiol. 61, 209-217.

[19] Harvey, R.-W., Metge, D.W., Kinner, N. and Mayberry, N.
(1997) Physiological considerations in applying laboratory-de-
termined buoyant densities to predictions of bacterial and
protozoan transport in groundwater: Results of in-situ and
laboratory tests. Environ. Sci. Technol. 31, 289-295,

[20] Martin, R. and Thomas, A. (1974) An example of the use of
bacteriophage as a ground water tracer. J. Hydrol. 23, 73-78.



472 R.W. Harvey! FEMS Microbiology Reviews 20 (1997) 461472

[21] Fletcher, M.W. and Myers, R.L. (1974) Ground water tracing
in karst terrain using phage T-4. Abstr. Annu. Meet. Am. Soc.
Microbiol. 74, 52.

[22] McKay, L.D., Cherry, J.A., Bales, R.C., Yahya, M.T. and
Gerba, C.P. (1993) A field example of bacteriophage as tracers
of fracture flow. Environ. Sci. Technol. 27, 1075-1079.

[23] Havelaar, A.H. (1993) Bacteriophages as models of human
enteric viruses in the environment. ASM News 59, 614-619.

[24] Bales, R.C., Gerba, C.P., Grondin, G.H. and Jensen, S.L.
(1989) Bacteriophage transport in sandy soil and fractured
tuff. Appl. Environ. Microbiol. 55, 2061-2067.

[25] Bales, R.C,, Li, S., Maquire, K.M., Yahya, M.T., Gerba, C.P.
and Harvey, R.W. (1995) Virus and bacteria transport in a
sandy aquifer at Cape Cod, MA. Ground Water 33, 653-661.

[26] Price, M. (1996) Introducing Groundwater. Chapman and
Hall, New York, NY.

[27] Caldwell, E.L. and Parr, L.W. (1937) Ground water pollution
and the bored-hole latrine. J. Infect. Dis. 61, 148-183.

[28] Yates, M.V. and Yates, S.R. (1988) Modeling microbial fate
in the subsurface environment. CRC Crit. Rev. Environ.
Contr. 17, 307-344.

[29] Butler, R.G., Orlob, G.T. and McGauhey, P.H. (1954) Under-
ground movement of bacterial and chemical pollutants. J. Am.
Water Works Assoc. 46, 97.

[30] Hagedorn, C., Hansen, D.T. and Simonson, G.H. (1978) Sur-
vival and movement of fecal indicator bacteria in soil under
conditions of saturated flow. J. Environ. Qual. 7, 55-59.

[31] McMichael, F.C. and McKee, J.E. (1965) Wastewater Recla-
mation at Whittier Narrows. Publ. No. 33, State Water Qual-
ity Control Board, State of California.

[32] Kudryavtseva, B.M. (1972) An experimental approach to the
establishment of zones of hygienic protection of underground
water sources on the basis of sanitary-bacteriological indices.
J. Hyg. Epid. Microbiol. 16, 503-511.

[33] Anan’ev, N.I. and Demin, N.D. (1971) On the spread of pol-
lutants in subsurface waters. Hyg. Sanit. 36, 292.

[34] Snowdon, J.A. and Cliver, D.O. (1989) Coliphages as indica-
tors of human enteric viruses in groundwater. CRC Crit. Rev.
Environ. Contr, 19, 231-249.

[35] Vaughn, J.M., Landry, E.F., Beckwith, D.A. and McHarrell,
Z.T. (1981) Virus removal during groundwater recharge: Ef-

fects of infiltration rate on the adsorption of polio virus to
soil. Appl. Environ. Microbiol. 41, 139-147.

[36] Koerner, E.L. and Haws, D.A. (1979) Long-Term Effects of
Land Application of Domestic Wastewater: Vineland, N.J.,
Rapid Infiltration Site. Publ. No. EPA-600/2-79-072. U.S. En-
vironmental Protection Agency, Washington, DC.

[37] Noonan, M.J. and McNabb, J.F. (1979) Movement of bacter-
iophages in ground water in New Zealand. Abstr. Annu.
Meet. Am. Soc. Microbiol. 79, 221.

[38] Schaub, S.A. and Sorber, C.A. (1977) Virus and bacteria re-
moval from wastewater by rapid infiltration through soil.
Appl. Environ. Microbiol. 33, 609-619.

[39] Jansons, J., Edmonds, L.W., Speight, B. and Bucens, M.R.
(1989) Movement of viruses after artificial recharge. Water
Res. 23, 293-299.

[40] Pickens, J.F., Cherry, J.A., Grisak, G.E., Merritt, W.F. and
B.A. Risto (1978) A multilevel device for groundwater sam-
pling and piezometric monitoring, Ground Water 16, 322-327.

[41] Smith, R.L., Harvey, R.W. and LeBlanc, D.R. (1991) Impor-
tance of closely spaced vertical sampling in delineating chem-
ical and microbiological gradients in groundwater studies.
J. Contam. Hydrol. 7, 285-300.

[42] Pieper, A.P., Ryan, J.N., Harvey, RW., Amy, G.L., lllanga-
sekare, T.H. and Metge, D.W. (1997) Transport and recovery
of bacteriophage PRDI in an unconfined sand aquifer: Effect
of anthropogenic organic matter. Environ. Sci. Technol. (in
press).

{43] Harvey, R.W. and George, L.H. (1987). Growth determina-
tions for unattached bacteria in a contaminated aquifer. Appl.
Environ. Microbiol. 53, 2992--2996.

[44] Kinner, N.E., Harvey, R.W. and Kazmierkiewicz-Tabaka, M.
(1997) Effect of flagellates on free-living bacterial abundance
in an organically contaminated aquifer. FEMS Microbiol.
Rev. (this issue).

[45] Fontes, D.E., Mills, A.L., Hornberger, G.M. and Herman,

1.S. (1991) Physical and chemical factors influencing transport

of microorganisms through porous media. Appl. Environ. Mi-

crobiol. 57, 2473-248]1.

Sinton, L.W. (1986) Microbial contamination of alluvial grav-

el aquifers by septic tank effluent. Water Air Soil Pollut. 28,

407-425.

[46

=



