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[1] A tracer experiment, using a nonreactive tracer, was conducted as part of an
investigation of the potential for chemical and pathogen migration to public supply wells
that draw groundwater from the highly transmissive karst limestone of the Biscayne
aquifer in southeastern Florida. The tracer was injected into the formation over
approximately 1 h, and its recovery was monitored at a pumping well approximately
100 m from the injection well. The first detection of the tracer occurred after
approximately 5 h, and the peak concentration occurred at about 8 h after the injection.
The tracer was still detected in the production well more than 6 days after injection, and
only 42% of the tracer mass was recovered. It is hypothesized that a combination of
chemical diffusion and slow advection resulted in significant retention of the tracer in the
formation, despite the high transmissivity of the karst limestone. The tail of the
breakthrough curve exhibited a straight-line behavior with a slope of —2 on a log-log plot
of concentration versus time. The —2 slope is hypothesized to be a function of slow
advection, where the velocities of flow paths are hypothesized to range over several
orders of magnitude. The flow paths having the slowest velocities result in a response
similar to chemical diffusion. Chemical diffusion, due to chemical gradients, is still
ongoing during the declining limb of the breakthrough curve, but this process is dwarfed
by the magnitude of the mass flux by slow advection.
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1. Introduction

[2] Over the past 20 years there has been an increased
awareness of the role of aquifer heterogeneity on chemical
transport in subsurface environments. Gelhar and Axness
[1983], Dagan [1984], and Neuman et al. [1987] published
seminal works that related conceptual models of heteroge-
neous aquifer properties to the magnitude of parameters
controlling chemical migration, in particular, the relation
between the stochastic properties of hydraulic conductivity
and the dispersivity. The results of these investigations
considered aquifer properties of limited variability, and
asymptotic expressions for the dispersivity were developed
in terms of the stochastic properties of the hydraulic
conductivity, which could then be incorporated into a
Fickian definition of dispersion in the advection-dispersion
equation.

[3] Many aquifer systems, however, exhibit extreme
variability in the hydraulic conductivity in which large
contrasts in the hydraulic conductivity may occur over
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relatively short distances. These systems are not always
conducive to characterization with stochastic methods. For
example, in fractured rock and carbonate aquifers, frac-
tures, conduits, and vugs can act as preferential flow paths
that conduct most of the groundwater and chemical con-
stituents. The hydraulic conductivity of these features can
vary over many orders of magnitude [Shapiro and Hsieh,
1998; Mace and Hvorka, 2000], which in combination with
their complex spatial connectivity can produce highly
convoluted flow paths over dimensions ranging from
meters to kilometers.

[4] In addition to the void space associated with highly
permeable features in fractured rock and carbonate forma-
tions, the unaltered rock matrix has intrinsic (or matrix)
porosity. Various types of igneous and metamorphic rock
are reported to have matrix porosity as large as 3% [Wood et
al., 1996], whereas sandstones, other sedimentary rocks,
and some types of carbonate rocks may have larger matrix
porosity [Finley and Tyler, 1986; Mace and Hvorka, 2000;
Cunningham et al., 2006]. The matrix porosity usually is
not capable of transmitting a significant volume of fluid
because of the small pore throat size and the highly tortuous
nature of the void space. The matrix porosity, however, can
play a significant role in chemical migration. The matrix
porosity offers a fluid-filled, void space in contact with
highly permeable features. Dissolved constituents in
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groundwater can diffuse from permeable features to the
matrix porosity, or vice versa, depending on the direction of
the chemical gradient.

[s] The coupled transport between permeable features
and the matrix porosity in various types of rock has been
recognized as being an important process in issues of
waste isolation, remediation of contaminated groundwater,
and the interpretation of the chemical and isotopic compo-
sition of groundwaters [Birgersson and Neretnieks, 1990;
Maloszewski and Zuber, 1991; Parker et al., 1994; Shapiro,
2001]. Mathematical models have been developed to con-
sider the mass exchange between permeable features and an
immobile fluid phase [see, e.g., Coats and Smith, 1964;
Maloszewski and Zuber, 1991; Haggerty and Gorelick,
1995; Field and Pinsky, 2000]. In general, the mathematical
expressions take the form of the advection-dispersion equa-
tion with terms coupling the chemical diffusion into or out
of the matrix porosity.

[6] Becker and Shapiro [2000], Shapiro [2001], and
Guswa and Freyberg [2002] hypothesized that the advec-
tion-dispersion equation may not accurately characterize
chemical transport in highly heterogeneous geologic set-
tings. A Fickian model of dispersion in the advection-
dispersion equation may not accurately represent the large
variability in the fluid velocity arising from the large range
of the hydraulic conductivity. The large variability in the
fluid velocity includes, at one end of the spectrum, slow
advection that manifests itself similarly to chemical diffu-
sion [Shapiro, 2001]. Chemical diffusion into the matrix
porosity is still ongoing; however, that process may be
masked by the magnitude of the apparent diffusion arising
from slow advection.

[7] Controlled tracer tests provide valuable insight into
the physical and chemical processes that control chemical
migration under realistic geologic conditions. Experiments
using multiple tracers with different free-water diffusion
coefficients have been conducted in carbonate and fractured
rock aquifers to identify the significance of advection and
chemical diffusion and the appropriate conceptual model for
chemical exchange between permeable features and the
fluid in the rock matrix [Garnier et al., 1985; Becker and
Shapiro, 2000; Meigs and Beauheim, 2001; Haggerty et al.,
2001]. Such experiments, however, show a wide range of
responses, and there is a general need for better understand-
ing of the processes controlling chemical migration in
highly heterogeneous geologic environments. This article
focuses on the transport of dissolved chemical constituents
in a highly heterogeneous karst aquifer, and the outcome of
a controlled tracer test conducted over a distance of ap-
proximately 100 m.

[8] Quantitative tracer experiments in karst aquifers can
provide the basis for hypotheses of aquifer heterogeneity
and estimates of formation properties that control chemical
migration [Field, 1999; Goldscheider, 2005]. Experiments
between pairs of wells in karst aquifers are less frequently
conducted than experiments between locations of natural
aquifer recharge and discharge because of the complexity of
the void space and the concern that highly permeable
features in the formation may not communicate between
injection and pumping locations [Quinlan and Ewers, 1985,
1986]. The tracer test described in this article makes use of
previous testing conducted in April 2003 that identified
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hydraulic communication, travel time, and dilution of
chemical constituents between injection and withdrawal
wells in the karst limestone of the Biscayne aquifer in the
Northwest well field (NWWF) in Miami-Dade County,
Florida. Renken et al. [2008] provide an overview of the
field setting, the spatial location of wells, the hydrogeology
of the Biscayne aquifer, and the results of hydraulic and
tracer experiments conducted in the NWWEF. The interpre-
tation of the tracer test described in this article is used to
identify the significance of physical and chemical processes
in a karst aquifer that control chemical migration, in
particular, the roles of diffusion and slow advection on the
retention of chemical constituents in the formation.

2. February 2004 Tracer Test Design

[09] The controlled tracer experiment conducted in the
NWWF in February 2004 used well G-3817 as the tracer
injection location in the Biscayne aquifer. Well G-3817 is
approximately 97 m west of the production well, S-3164,
and approximately 3 m east of the injection well used in the
April 2003 tracer experiment conducted in the NWWF and
described by Renken et al. [2008]. The results of the tracer
experiment conducted in April 2003 are used for compar-
ison with the tracer experiment described in this article. In
both the April 2003 and February 2004 tracer experiments,
production well S-3164 was used as the location of tracer
recovery. Well S-3164 is a 1.22-m-diameter open hole to an
elevation of approximately —21 m with a surface casing
extending to an elevation of approximately —10.7 m. A map
of the study site and the location of the injection and
production wells are given by Renken et al. [2008].

[10] The injection well, G-3817, was drilled following the
completion of the aquifer and tracer experiments conducted
in April 2003, and the results of those tests were used to
design the injection well and the methods of conducting
the tracer experiment described here. Surface casing in well
G-3817 extends from land surface to an elevation of —7.6 m,
and was completed as a 0.15-m-diameter open hole to an
elevation of —11.1 m. Injection well G-3817 was con-
structed with an open hole that intersected only the intervals
of touching-vug porosity in the upper part of the Fort
Thompson Formation of the Biscayne aquifer. In the Fort
Thompson Formation, stratiform, touching-vug flow zones,
mapped using detailed cyclostratigraphy and advanced
borehole geophysical methods [Cunningham et al., 2006],
were identified as areally extensive features within the
Biscayne aquifer responsible for the majority of groundwa-
ter flow [Cunningham et al., 2006, Renken et al., 2008].
The touching-vug flow zones in the open interval of the
injection well, G-3817, are noted at elevations of approxi-
mately —8.8 and —10.0 m. The results of the April 2003
tracer experiment indicated that the touching-vug flow zone
at approximately —10.0 m was responsible for the majority
of the tracer movement, and thus, was likely to be more
transmissive than the other touching-vug flow zones at
greater depths in the Biscayne aquifer.

[11] The intervals of touching-vug porosity are separated
by sections of the limestone that contain interparticle and
separate-vug porosity [Lucia, 1983, 1995]. On the basis of
the results of the aquifer test conducted in April 2003, the
interparticle and separate-vug porosity provide aquifer stor-
age, resulting in aquifer test responses that are analogous to
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a dual-porosity aquifer [Renken et al., 2008]. The average
interparticle and separate-vug porosity is reported to be
approximately 20%, but there is large variability in the
matrix porosity due to the heterogeneous nature of the
limestone [Cunningham et al., 2006].

[12] The surface and down-hole apparatus used to control
the injection of the tracer solutions in well G-3817 included
an inflatable packer placed at the bottom of the surface
casing (Figure 1). The packer reduces the volume of water
in the injection interval of the borehole, and focuses the
tracer solution into that portion of the well that is open to
the formation. A 12.7 mm (mm) diameter tube extends
through the packer to inject water into the formation from
tanks at land surface. The injection tube from land surface
has a valve apparatus above the packer that purges trapped
air from the injection tubing prior to the tracer injection.

[13] At land surface, the injection procedure required
three injection tanks. Two of the injection tanks had a
capacity of approximately 189 L, and the third injection
tank had a capacity of approximately 379 L. The smaller
injection tanks were used to mix tracer solutions. Carbox-
ylated polystyrene microspheres and deuterium oxide were
mixed with formation water in one tank, and the second
189-L tank was used to prepare a tracer solution containing
dissolved gases, in particular, sulfur hexafluoride (SF¢) and

2 Flowmeter

Apparatus used to inject the tracer solution in the injection well.

bromochlorodifluoromethane (halon-1211). The large injec-
tion tank was filled with (tracer-free) formation water,
which was used to purge the injection interval after the
injection of the tracer solutions. A submersible pump was
used in each injection tank to pump the tracer solution into
the injection well. The tubing from each submersible pump
was routed through a flowmeter to monitor the rate and total
volume of the injection solution. In the results of the
February 2004 tracer experiment, the concentrations of
deuterium (°H) and halon-1211 at the production well did
not provide acceptable signals for interpretation. Thus, only
the results for SF¢ are described in the remainder of this
article. Harvey et al. [2008] describe the results associated
with the recovery of the microspheres from this experiment.

[14] The tracer solutions injected into the well had a
combined density of approximately 1.010 g/cm?, which is
greater than that of the ambient groundwater. To prevent
density contrasts in the injection well, a submersible pump
was positioned near the bottom of the injection well and
was used in conjunction with a recirculation valve located
near the top of the injection interval (Figure 1). During the
injection of the tracer solutions and the tracer-free water,
water from the bottom of the injection interval was pumped
at a low rate to the top of the injection interval in the well.
The recirculation valve could also be closed to pump water
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from the injection interval to land surface. This latter
procedure was used to pump water from the formation for
mixing the tracer solutions prior to the experiment.

[15] Prior to initiating the tracer experiment, the produc-
tion well (S-3164) and other production wells in the vicinity
were turned off to establish an equilibrium condition from
which to start an aquifer test. The production wells in the
NWWEF that continued to operate and supply water to the
Miami-Dade County area during the testing conducted in
2004 were the three southernmost production wells (at
distances of 1213 m or more south of S-3164) and the three
northernmost production wells (at distances of 914 m or
more to the north) (Miami-Dade Water and Sewer Depart-
ment, written communication, 2004). On 26 January 2004
(11 days prior to the start of the tracer experiment in the
NWWF), production well S-3164 was started and pumped
at a rate of 476 L/s and water level responses in observation
wells in the NWWF were monitored. The other production
wells operating in the NWWF were pumped at approxi-
mately the same rate as S-3164. The results of this aquifer
test were similar to the hydraulic responses recorded by
pumping the same production well (S-3164) during experi-
ments conducted in April 2003 [Renken et al., 2008]. The
pumping rate in S-3164 and the other wells operating in the
NWWF were maintained at a constant rate (with fluctua-
tions of approximately +2%) prior to and during the tracer
experiment.

[16] Renken et al. [2008] discussed the effect that various
hydrologic stresses have on groundwater flow conditions in
the NWWE, in particular, the effects of precipitation and the
operation of the gated control structures on the canals that
surround the NWWF. During the 2004 tracer experiment,
precipitation was less that 0.254 cm in areas east of the
NWWEF, but heavy rain showers occurred between 30
January 2004 and 1 February 2004, resulting in precipita-
tion amounts of 4.57 to 10.1 cm at sites located north, west,
and southwest of the NWWEF. The precipitation caused an
accompanying increase in canal stages, and the water level
in an observation well (G-3772) 35 m west of the produc-
tion well rose approximately 15.8 cm. The heavy precipi-
tation occurred approximately 5 d prior to the injection of
the tracer solution, and the change in the groundwater
elevation dissipated after approximately 1 day because of
the high transmissivity and low storativity associated with
the touching-vug flow zones [Renken et al., 2008]. Thus,
aquifer responses to ambient hydraulic stresses were
regarded as having an insignificant effect on groundwater
flow conditions immediately prior to and during the tracer
injection on 5 February 2004, and during the period of moni-
toring the tracer recovery at the production well, S-3164, which
ended on 12 February 2004.

[17] On 5 February 2004, the submersible pump in the
injection interval of G-3817 was used to fill the tracer
injection tanks at land surface. The tank used to prepare
the tracer solution containing SFs was designed to be
pressure tight. Pressure-tight fittings were inserted into the
walls of the tank to house the injection tubing and the
electrical cable for the submersible pump in the tank.
Approximately 30 min prior to the injection of the tracer
solutions, SFg4 (prepared in pressurized canister) was bub-
bled through the water using multiple aquarium air diffusers
placed in the bottom of the tank. The tank had a 6.35 mm
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Table 1. Composition of SF¢ in Injection Solution®

Value
Water temperature® (°C) 25
Henry’s law constant for SFs,° K (mol/L atm) 233 x 1074
Atmospheric pressure,b P (atm) 1.0081
Additional pressure applied to free-water surface,” P, (atm)  0.0589
Vapor pressure,d Pino (atm) 0.03127
SF¢ mole fraction in air,® x’ 0.0270
SF¢ concentration in injection solution, C* (mol/L) 6.527 x 10°°
Volume tracer solution injected,” ¥ (L) 171.4
Quantity of tracer injected, M (mol) 1.119 x 1073

“Here °C is degrees Celsius; mol is moles; atm is atmospheres; L is liters;
C* =KX [(P+ Py) — Puol; M = VC*.

PMeasurement made during preparation or injection of the tracer
solution.

“Henry’s law constant for SFy from Bullister et al. [2002].

YPlummer and Busenberg [2000].

“From preparation of gases bubbled through water in the injection tank.

diameter tube extending through a pressure-tight fitting at
the top of the tank, so that the end of the tube was above the
free-water surface in the tank. The other end of this tube
was placed at the bottom of a 20-L bucket filled with water
to maintain a positive pressure on the free-water surface of
the injection tank. During the bubbling of the gas through
the water in the tank, and during the injection of the tracer
solution, water in the tank was agitated to facilitate equi-
librium conditions between the gas in the head space of the
tank and the gas in solution.

[18] The tracer solution was injected into well G-3817 on
5 February 2004 at 1302:00 and continued until 1321:30;
171.5 L of the tracer solution containing SF4 were injected.
This was immediately followed by the injection of 370 L of
the tracer-free solution over approximately 28 min. After the
injection of the tracer solution, a water sample isolated from
the atmosphere was not successfully collected from the
water remaining in the injection tank. The mass of the SFg
injected into the formation was calculated using the temper-
ature of the water, the composition of the SF4 in the
pressurized canister, and the Henry’s law constant for SFg
(Table 1). Some uncertainty exists in this calculation because
of the assumption of equilibrium conditions. The effect of
possibly overestimating the mass of the SFg4 in the tracer
solution will be considered in the discussion of the results.

3. Water Sampling and Analysis

[19] Water samples were collected from a sampling
manifold that diverted a small volume of water at the
production well, S-3164. For the analysis of SF¢, water
was collected through a syringe and needle that was inserted
into a septum in a stainless steel fitting at the sampling
manifold. Approximately 20 mL of water were drawn into
the syringe and then injected through the septum of a
pressure-tight sampling bottle that was prefilled with nitro-
gen. The bottles were weighed prior to the sample collec-
tion, and then weighed again to determine the mass and
volume of water injected into the bottle. Samples were
collected hourly for several hours prior to the injection of
the tracer solution, and every 15 min for the first 16 h after
the tracer injection. This was followed by the collection of
samples every half hour for 13 h, hourly for 27 h, and every
4 h until the termination of sampling on 12 February 2004.
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Figure 2. Concentration of SF4 and fractional recovery of
SF at the tracer recovery well, S-3164, as a function of the
elapsed time after the start of the tracer injection.

[20] Sample bottles were shipped to the USGS Reston
(Virginia) Chlorofluorocarbon Laboratory and were ana-
lyzed for the concentration of SF¢ using gas chromatogra-
phy [Busenberg and Plummer, 2000] approximately three
weeks after collection. The gas chromatograph was cali-
brated with standards that ranged from 5 to 1000 parts per
trillion volume (pptv) SFg. The pressure in the sample bottle
was measured and concentrations of SF¢ were corrected for
the pressures above atmospheric pressure. The concentra-
tion in each sample was calculated using the combined
masses of SFg in the head space of the sample bottle and the
calculated mass of SF¢ in solution. The measured concen-
trations have an uncertainty of 5% for SF4 concentrations
in the head space greater than 1 pptv, and £10% for SFg
concentrations in the head space less than 1 pptv.

[21] The breakthrough curve for SF4 at the production
well, S-3164, is shown in Figure 2. The first detection of
SF¢ occurred at approximately 5.5 h after the start of the
injection, and the peak concentration occurred at approxi-
mately 8.25 h after the start of the injection. Following the
peak concentration, there is a decreasing trend in the SF¢
concentration, but it is not monotonic. The variability in the
SF¢ concentration is likely the result of the error in the
method of analyzing for SF¢. The breakthrough curve for
SF also shows an elongated tail, where the last sample with
a detectable level of SF¢ occurs at approximately 164 h after
the injection.

[22] Figure 2 also shows the cumulative mass recovery of
SF¢ at the production well as a fraction of the mass of SF¢
injected into the formation. On the basis of the calculated
mass in the injection solution (Table 1), approximately 42%
of the SF4 was recovered at the production well at the time
when SF4 was last measured above the detection limit. The
trend associated with the declining limb of the breakthrough
curve indicates that SF¢ was still being withdrawn at the
production well; however, the SF4 concentration was below
the detection limit. The poor mass recovery could be
attributed to the stripping of gases in the production well
during the collection of water samples. Poor mass recovery
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could also be attributed to overestimating the mass of SFg in
the injection solution under the assumption of equilibrium
conditions. In the following section, evidence is given that
can attribute the percentage of the mass recovery and the
character of the breakthrough curve shown in Figure 2 to
physical and chemical processes in the formation.

4. Comparison of April 2003 and February 2004
Tracer Tests

[23] Tracer experiments conducted with multiple tracers
with different free-water diffusion coefficients provide in-
sight into process controlling chemical migration in hetero-
geneous geologic environments [Becker and Shapiro,
2000]. Although it is advantageous to use multiple tracers
with different characteristics in a single test, it is also
possible to compare the results of multiple tracer tests
conducted under similar conditions with different tracers
[see, e.g., Garnier et al., 1985; Becker and Shapiro, 2000,
2003]. In analyzing the breakthrough curve for SF¢ from the
February 2004 tracer test, the results of the tracer test
conducted in the NWWF in April 2003 using the fluores-
cent dye Rhodamine WT (RWT) will also be used to
provide insight into the chemical and physical processes
controlling chemical migration in the Biscayne aquifer.

[24] The February 2004 tracer test was conducted in the
same orientation to the production well and over approxi-
mately the same distance as the April 2003 test. The
injection well in the February 2004 test is approximately
3 m east of the injection well used in the April 2003
experiment, and the production well, S-3164, was used as
the location of tracer recovery in both tests. In addition, the
2003 tracer test was conducted by injecting the tracer
solution in well G-3773 over a 10-m-long open interval of
the Biscayne aquifer, and almost 6000 L of tracer-free water
was used to flush the tracer from the injection well over
approximately 1 h [Renken et al., 2008]. In the 2004 test,
the tracer solution was injected over 3.4-m-long open
interval of the Biscayne aquifer and approximately 370 L
of tracer-free water was used to flush the injection interval
of the well over 48 min.

[25] Inthe 2003 test, the tracer solution and the tracer-free
fluid were distributed over multiple touching-vug flow
zones over a 10-m-thick open interval in the Biscayne
aquifer; however, the touching-vug flow zones immediately
below the surface casing in injection well, G-3773, were
shown to be responsible for the first detection and the peak
concentration of the tracer in the 2003 test. These same
touching-vug flow zones were isolated in the 3.4-m-long
open interval of the injection well, G-3817, used in the 2004
tracer test. Consequently, the early part of the breakthrough
curves from the 2003 and 2004 tests can be readily
compared. The latter part of these tests, however, would
not be suitable for comparison because the tracer solution in
the 2003 tracer test interrogated touching-vug flow zones
that were not involved in the 2004 tracer test. Also, the 2003
tracer test was terminated several hours after the peak
concentration was measured in the production well, further
prohibiting the comparison of the latter parts of both tests.

[26] The volume of the tracer-free water used to flush the
boreholes in the 2003 and 2004 tracer tests is not considered
to have a significant impact on the comparison of the results
from the two tracer tests. In the 2003 tracer test, the tracer-
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Figure 3. Concentrations of RWT from the April 2003 tracer test [Renken et al., 2008] and SF¢ from the
February 2004 tracer test at the tracer recovery well, S-3164, as a function of the pumped volume at the

tracer recovery well.

free water was distributed over the touching-vug flow zones
over the 10-m open interval of the injection well, G-3773.
Thus, only a portion of the tracer-free water was introduced
into the touching-vug flow zones that are consistent with the
injection well used in the 2004 tracer test. Furthermore, the
volume of tracer-free water used to flush the tracer solution
into the formation in both the 2003 and 2004 tracer tests
was similar relative to the volume of the fluid column in the
injection well. In the 2004 tracer test, approximately 6 times
the volume of the fluid column in the injection well was
used to flush the open interval of the borehole, whereas the
volume of the tracer-free water used to flush the tracer
solution during the 2003 tracer test was approximately
7 times the volume of the fluid column in the injection well.

[27] Because slightly different pumping rates were used
in the 2003 and 2004 tracer tests, the breakthrough curves
from the two tests can be compared by plotting the
breakthrough curves as a function of the cumulative
pumped volume from the production well; the cumulative
volume pumped is a surrogate for the elapsed time in each
test. Figure 3 shows the rate of mass arrival per injected
mass (cQ/M) associated with RWT from the April 2003
tracer test, and SF¢ from the February 2004 tracer test, as a
function of the cumulative pumped volume; where the rate
of mass arrival per injected mass is defined as the product of
the concentration (c¢) and the pumping rate (Q), divided by
the injected mass (M). In Figure 3, the first detection and the
time of the peak concentration for RWT precedes that
associated with SF¢. Furthermore, cQ/M for the RWT
breakthrough curve is approximately an order of magnitude
greater than that for SFe, even though the dilution of RWT
from the 2003 test was used to design the mass of SF¢
injected in the 2004 test. In addition, the declining limbs of
the two breakthrough curves shown in Figure 3 are differ-
ent. The breakthrough curve for SF4 shows a more elon-
gated tail than that for RWT. The breakthrough curve for
RWT was truncated after approximately 12.75 h, so the
complete history of the declining limb of the breakthrough

curve is not available. In the following section, the possible
causes for the differences in the breakthrough curves for
RWT and SFg in Figure 3 are discussed.

4.1. Chemical Diffusion

[28] The difference between the first detection and peak
associated with RWT and SF4 can be attributed to the
different free-water diffusion coefficients for RWT and
SFs. The free-water diffusion coefficient for SFq [Cook
and Herczeg, 2000] is approximately an order of magnitude
greater than the free-water diffusion coefficient for fluores-
cent tracers [see, e.g., Sabatini, 2000], such as RWT. The
magnitude of the free-water diffusion coefficients for the
tracers would affect the mass exchange between the mobile
groundwater in the touching-vug flow zones and immobile
groundwater contained within the interparticle and separate-
vug porosity.

[20] To examine the effect of chemical diffusion on the
migration of RWT and SF¢ under conditions similar to those
of the tracer tests in the Biscayne aquifer, simulations were
conducted for the one-dimensional transport of a nonreac-
tive tracer subject to advection and dispersion in a mobile
fluid phase (e.g., the touching-vug porosity), with diffusion
into an immobile fluid phase (e.g., the interparticle and
separate-vug porosity). Several researchers have found that
a one-dimensional, linear flow regime can adequately de-
scribe chemical transport in a convergent flow regime in
fractured rock, because of the ‘“channeling” of flow in
fractures and other highly permeable features [see, e.g.,
Raven et al., 1988; Maloszewski and Zuber, 1993]. In
reality, because of heterogeneity, the characteristics of the
flow regime are likely to lie between linear and radial
conditions; a linear flow regime is used here to illustrate
the role of chemical diffusion for tracers with different free-
water diffusion coefficients. In the simulations, the free-
water diffusion coefficients for the tracers are chosen to be
similar to those of RWT and SF,, and the travel distance,
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Table 2. Parameters Used in One-Dimensional Simulations of Tracer Migration®

Parameter Value Source of Information
Distance down gradient from injection location 100 Approximate distance between injection (G-3817)
for detection of breakthrough curve, X (m) and pumped (S-3164) wells
Mobile fluid phase porosity, 7, 0.4 Porosity of touching-vug flow zone from
Renken et al. [2008]
Immobile fluid phase porosity, n; 0.2 Porosity of interparticle and separate-vug porosity from
Cunningham et al. [2006]
Velocity, mobile fluid phase, v,, (m/d) 480 Approximate velocity based on first detection of SF4 at
pumped well
Dispersivity, mobile fluid phase, o (m) 2 Interpretation of tracer test from Renken et al. [2008]
Duration of pulse injection, #,, (days) 0.042 Approximate duration of tracer injection and flushing
with tracer-free water in February 2004 tracer test
Formation factor, 3 0.1 Ohlsson and Neretnieks [1995]
Order of magnitude estimate of the free-water 10°* Cook and Herczeg [2000]
diffusion coefficient for SFy, D,, (m*/d)
Order of magnitude estimate of the free-water 1073 Sabatini [2000]

diffusion coefficient for RWT, D,, (m?/d)

“Here m is meters; m/d is meters per day; dispersion of the mobile fluid phase is calculated as D,, = av,,; values of specific surface area of mobile fluid
phase, S, and the effective diffusion coefficient in the immobile fluid phase, D;, are shown in Figure 4.

velocity, and dispersion are chosen to be similar to con-
ditions associated with the tracer tests.

[30] The equations describing the one-dimensional trans-
port of a nonreactive tracer in the mobile and immobile fluid
phases are as follows [Shapiro, 2001]:

ol e ey, dci(z, t;x)
m- o, mVm (- — Mmm —5 5 — Om iDii 1
O T S ~ [” Bz Z:J M)
aci 020,‘
i— — niD; =0 2
"ior T g @)

where ¢,, and ¢; are the concentrations in the mobile and
immobile fluid phases, respectively, n,, and n; are the
porosities associated with the mobile and immobile fluid
phases, respectively, v, is the fluid velocity in the mobile
fluid phase, D,, is the dispersion in the mobile fluid phase,
which is assumed to be the product of the fluid velocity and
the dispersivity, «, S,, is the specific surface area defined as
the surface area of the mobile fluid phase per unit volume,
D; = (D, is the effective diffusion coefficient in the
immobile fluid phase, which is the product of the free-water
diffusion coefficient for the tracer under consideration, D,,,
and a formation factor, 3, that reduces the magnitude of the
free-water diffusion because of the tortuosity of the void
space in the immobile fluid phase [Shapiro, 2001], ¢ is time,
x is the distance along the orientation of the one-
dimensional flow regime, and z is the distance into the
medium containing the immobile fluid phase. The term on
the right-hand side of (1) defines the mass exchange
between the mobile and immobile fluid phases, which is
proportional to the concentration gradient in the immobile
fluid phase at the contact between the mobile and immobile
fluid phases (z = 0).
[31] The boundary and initial conditions for (1) are

en(x=0,0<1<1,)=Cop;  cn(x=0,t>18)=0 (3)

ey,
E(XHOOJ)ZO 4)

em(x,t=0)=0 (5)

where Cj is the concentration of the injected tracer solution,
and ¢, is the duration of the pulse injection of the tracer
solution. Equation (3) defines the duration of the pulse
injection of the tracer solution at x = 0, (4) states that there is
no change in the concentration gradient at large distances
from the injection location, and (5) denotes that there is no
tracer mass in the mobile fluid phase prior to the tracer
injection.
[32] The boundary and initial conditions for (2) are

C,'(Z =0, X) = Cnm (X7 t) (6)
aci . _

5(z—>oo,t,x)—0 (7)

¢i(z,t=0;x) =0 (8)

Equation (6) defines the equivalence in the concentration at
the contact between the mobile and immobile fluid phases,
(7) states that there are no changes in the concentration
gradient at large distances from the contact between the
mobile and immobile fluid phases, and (8) states that there
is no tracer mass in the immobile fluid phase prior to the
tracer injection.

[33] Equations (1)—(8) consider a continuum interpreta-
tion of the mobile fluid phase. Similar equations have been
developed for chemical transport in discrete fractures [see,
e.g., Tang et al., 1981]. A continuum interpretation is
considered here because the touching-vug porosity is char-
acterized as dissolution-enhanced, interconnected, and tortu-
ous burrows [Renken et al., 2008], rather than a single, areally
extensive planar feature. In addition, the mathematical de-
velopment given above assumes that dispersion arising from
sampling from the borehole is insignificant, where the
pumping rate in the production well is large relative to
volume of fluid in the borehole. The values of the parameters
used in the simulations are given in Table 2, along with the
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Figure 4. The results of simulations of the concentration
at 100 m down gradient from an injection location for two
tracers with free-water diffusion coefficients that differ by an
order of magnitude and are subject to advection, dispersion,
and matrix diffusion in a formation, where the specific
surface of the mobile fluid phase, S,,, is equal to 10 m ™' and
1000 m~". Physical parameters for the simulations are given
in Table 2.

source of information. Equations (1)—(8) are solved by
taking the Laplace transformation and numerically inverting
the Laplace transform solution [see, e.g., Barker, 1982].

[34] Breakthrough curves for tracers with different diffu-
sion coefficients were simulated with S,,= 10 m ™" (Figure 4).
For this value of S,,, there is no noticeable difference in the
first arrival or peak concentration for the two tracers. Differ-
ences in the breakthrough curves arise at late times. The tracer
with the larger diffusion coefficient preferentially diffuses
into the immobile fluid phase, resulting in a slightly smaller
peak concentration (for the tracer with the larger diffusion
coefficient). As the pulse of the tracer solution migrates in the
mobile fluid phase, the tracer diffuses into the immobile fluid
phase. After the tracer pulse has been advected down gradi-
ent, concentration gradients are conducive for the tracer mass
in the immobile fluid phase to diffuse back into the mobile
fluid phase and be subject to advection and dispersion. This
yields the elongated tails associated the breakthrough curves
(Figure 4). The tracer with the larger diffusion coefficient
exhibits a more elongated tail when compared with the tracer
with the smaller diffusion coefficient, because more of that
tracer has diffused into the immobile fluid phase, and it is
subsequently delayed in its migration down gradient. For this
conceptualization of diffusion into the immobile fluid phase,
the tails of both breakthrough curves have the same slope on
the log-log plot of concentration versus time (Figure 4),
where the slope equals —1.5 [see, e.g., Moench, 1995; Becker
and Shapiro, 2000].

[35] Larger values of S, result in noticeable differences in
the first arrival and the time of the peak concentration for
tracers with free-water diffusion coefficients that differ by
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an order of magnitude (Figure 4). The movement of a tracer
solution with the larger diffusion coefficient appears as if it
is slightly retarded relative to the tracer with the smaller
diffusion coefficient. Again, at late times, the breakthrough
curves exhibit a separation, with the tracer having the larger
diffusion coefficient exhibiting a more elongated declining
limb, and the tails of the two breakthrough curves have a
slope of —1.5 on a log-log plot of concentration versus time.

[36] An order of magnitude difference in the free-water
diffusion coefficients associated with RWT and SF¢ can
explain the offset in the experimental breakthrough curves
shown in Figure 3, provided that the specific surface area,
S,.» 1s sufficiently large. The nature of the touching-vug
porosity in the Biscayne aquifer as described by Cunningham
et al. [2006] is likely to have considerable surface area for
diffusion because of the numerous interconnected burrows
that form the touching-vug void space; currently, there are no
independent estimates of S,, associated with the touching-
vug flow zones in the Biscayne aquifer. The magnitude of S,
used in the simulations shown in Figure 4 is presented for
illustrative purposes to demonstrate the effect of chemical
diffusion on the results of tracers with different free-water
diffusion coefficients. Bounds on §,, cannot be identified
because S, is scaled by the formation factor, 5, and the
matrix porosity, n;, and the values of these parameters for the
Biscayne aquifer are not known with great certainty.

[37] In Figure 4, for the larger value of S,,, the tracer with
the larger diffusion coefficient has a concentration that is
considerably less than the tracer with the smaller diffusion
coefficient at comparable times prior to the peak concentra-
tion. The difference in the concentrations of the two break-
through curves shown in Figure 4 (for S,, = 1000 m™") is
analogous to the difference between cQ/M for RWT and SF¢
shown in Figure 3; SFg4 has a rate of mass arrival approx-
imately an order of magnitude less than that of RWT. The
effect of chemical diffusion could also explain the low
concentrations of halon-1211 that were obtained in the
2004 tracer test. The masses of halon-1211 and SFy injected
into the formation were designed from the rate of mass
arrival per injected mass for RWT observed in the 2003
tracer test. The free-water diffusion coefficient associated
with halon-1211 [Cook and Herczeg, 2000], coupled with a
large specific surface of the mobile fluid phase, could have
resulted in concentrations of halon-1211 that were above the
detection limit of the gas chromatography only during the
time associated the peak of the breakthrough curve; this
rendered the response for halon-1211 at the production well
uninterpretable in the 2004 test. In addition, the effect of gas
stripping during sampling as a factor in the concentrations
of halon-1211 and SF¢ is discounted because different
methods of collecting water samples for analyses of
halon-1211 and SF4 were employed, and it would be
fortuitous that gas stripping affected both of these methods
of sample collection in a similar manner.

[38] Assuming equilibrium conditions between the head
space in the injection tank and the gas in the injection
solution could yield an overestimate of the mass of SFg
injected into the formation. Assuming a smaller injected
mass of SF¢ would yield larger values of cQ/M for SFq in
Figure 3, but it would not explain the slight delay in the
arrival of SFy relative to RWT, and the general character of
the declining limb of the SF4 breakthrough curve would not
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change. The difference in the free-water diffusion coeffi-
cients for SFg and RWT, however, can explain the offset in
this breakthrough curves, and additional confidence in the
mass of SF¢ injected would constrain the magnitude of S,,,.

4.2. Slow Advection

[39] The simulations of tracer migration through mobile
and immobile fluid phases in Figure 4 exhibited declining
limbs of the breakthrough curves that were controlled by
chemical diffusion. When the simulated breakthrough
curves are shown as log-log plots of concentration versus
time, the declining limb of the breakthrough curves appear
as straight lines with a slope of —1.5 (Figure 4). For one-
dimensional diffusion into the immobile fluid phase, the
slope of the declining limb of the breakthrough curve is the
same regardless of the magnitude of the free-water diffusion
coefficients of the tracers. Tracer tests conducted by Garnier
et al. [1985] in a chalk aquifer showed similar results to
those in Figure 4 for tracers with different free-water
diffusion coefficients [Moench, 1995].

[40] In contrast to the results of Garnier et al. [1985],
Becker and Shapiro [2000] conducted weak dipole and
convergent tracer tests in a fractured crystalline rock, using
tracers with different free-water diffusion coefficients,
where the breakthrough curves showed no separation in
their declining limbs [Becker and Shapiro, 2000]. In addi-
tion, the declining limbs of the breakthrough curves
exhibited straight-line slopes of —2 on log-log plots of
concentration versus time. Becker and Shapiro [2000, 2003 ]
attributed the slope of —2 and the lack of separation of the
declining limbs of the breakthrough curves to “slow
advection.” In the geologic setting considered by Becker
and Shapiro [2000], the hydraulic conductivity of fractures
ranged over more than 6 orders of magnitude. Therefore,
tracers migrating through the fractures experience variabil-
ity in the velocity over many orders of magnitude. The
fastest velocity flow paths control the first detection and the
peak concentration, whereas the slowest velocity flow paths
control the declining limb of the breakthrough curves.

[41] The declining limbs of breakthrough curves from
pulse injection tracer tests that exhibit straight lines on log-
log plots of concentration versus time are usually attributed
to chemical diffusion. In formations having a wide range in
the fluid velocity, the slowest velocities can give rise to a
process analogous to chemical diffusion. For example,
consider part of a tracer solution that migrates from a
high-velocity flow path to a low-velocity flow path, and
then reemerges into a high-velocity flow path, where water
samples are collected for the analysis of the tracer solution.
The tracer solution in the low-velocity flow path has
migrated a short distance over an extended period of time,
which is analogous to diffusion into and out of an immobile
fluid phase [see, e.g., Coats and Smith, 1964]. In the case of
diffusion into and out of an immobile fluid phase, no
distance is traversed by the tracer, whereas for slow advec-
tion, the advected distance is nonzero but small. Under the
circumstances of slow advection, chemical diffusion into
and out of the porous matrix of an intact rock is still
ongoing, however, the magnitude of that process is dwarfed
by the apparent diffusion resulting from the advection
through low-velocity flow paths. Becker and Shapiro
[2003] demonstrated that the superposition of multiple
breakthrough curves, each being subject to advection and
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dispersion, yields a cumulative breakthrough curve with a
linear slope of the declining limb equal to —2 on a log-log
plot of concentration versus time, provided that there is a
wide range in the fluid velocity associated with the various
flow paths.

[42] The phenomenon of slow advection as hypothesized
by Becker and Shapiro [2000, 2003] and Shapiro [2001]
is not contradictory to the results of Garnier et al. [1985].
The results of Garnier et al. [1985] can be considered as
one extreme, where (1) fluid velocity in the mobile fluid
phase does not range over several orders of magnitude,
(2) variability in the fluid velocity can be incorporated into a
Fickian interpretation of dispersion, and (3) chemical diffu-
sion dominates the tail of a pulse injection tracer experiment.
The results of Becker and Shapiro [2000] could be consid-
ered another end-member, where there is large variability in
the fluid velocity that cannot be characterized by a Fickian
interpretation of dispersion, and slow advection dominates
the declining limbs of pulse injection tracer experiments. It
is conceivable, that a continuum of responses between these
end-members could be realized in heterogeneous subsurface
settings.

[43] The tracer test conducted in the Biscayne aquifer in
2003 using RWT was prematurely terminated, and the
characteristics of the declining limb of the breakthrough
curve for that test on a log-log plot of cQ/M versus time
cannot be definitively identified (Figure 5). A log-log plot
of cO/M versus time for SF¢ in the 2004 tracer test is shown
in Figure 5. From approximately 30 h of elapsed time until
SF¢ samples were below the analytical detection limit at an
elapsed time of approximately 164 h, the slope of the SFq
breakthrough curve is approximately equal to —2.0. A trend
line is shown on Figure 5, which is a minimization of the
squared residuals between a straight line and the SF data
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Figure 5. The logarithm of concentrations of RWT from
the April 2003 tracer test [Renken et al., 2008] and SFg
from the February 2004 tracer test at the tracer recovery
well, S-3164, plotted as a function of the logarithm of the
pumped volume at the tracer recovery well.
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from approximately 30 to 164 h of elapsed time. The slope
of the best fit straight line is —1.99 with a correlation
coefficient of R* = 0.94.

[44] The slope of —2 on the breakthrough curve for SFg
implies that the transport in the touching-vug flow zones,
where the tracer was introduced in the Biscayne aquifer,
may be controlled by multiple pathways having fluid
velocities that range over several orders of magnitude.
The multiple flow paths in the karst limestone of the
Biscayne aquifer could be analogous to the channeling
encountered in fractures due to slight variations in fracture
aperture [Neretnieks et al., 1982]. Slight variations in the
size of dissolution-enhanced and interconnected burrow
holes within the touching-vug flow zones in the Biscayne
aquifer could yield multiple flow paths with a wide range of
velocities. Chemical diffusion is still assumed to be present
during the declining limb of the SF breakthrough curve,
however, the diffusion into and out of the interparticle and
separate-vug porosity adjacent to the touching-vug flow
zones is assumed to be dwarfed by the phenomenon of
slow advection.

[45] Figure 6 shows the results of superimposing multiple
dimensionless breakthrough curves subject to advection,
dispersion, and matrix diffusion, where the advection asso-
ciated with the individual breakthrough curves varies over
more than an order of magnitude. The breakthrough curves
were generated using the transfer function developed by
Becker [1996] and applied in Becker and Shapiro [2003],
where it is assumed that the velocity of the flow paths varies
as a function of the square of the aperture of the flow path,
and the mass flux varies as the cube of the aperture of the
flow path [Becker and Shapiro, 2003]. Similar to Figure 4, a
linear flow regime is applied in the simulations shown in
Figure 6, and the velocities for the flow paths are chosen
from a uniform distribution. Following the peak of the
cumulative breakthrough curve for the rate of mass arrival
in Figure 6, the declining limb of the cumulative break-
through curve exhibits a slope of —2. At later times,
however, the declining limb of the cumulative breakthrough
curve transitions to a slope of —1.5, because the individual
breakthrough curves each exhibit the effects of chemical
diffusion at later times (with slope of —1.5). The parameters
of the simulation in Figure 6 were chosen so that the
individual breakthrough curves were not dominated by
chemical diffusion at times immediately following the peak
concentration.

[46] Tt should be noted that the entire extent of the
declining limb of the log-log plot of the breakthrough curve
for SF¢ does not exhibit a constant slope equal to —2
(Figure 5). From the time of the peak concentration at
8.25 h to approximately 30 h, the breakthrough curve for
SF¢ displays a slight monotonic decline in the rate of mass
arrival, but this portion of the breakthrough curve does not
exhibit the steep declining limb associated with the later
part of the breakthrough curve. If it is hypothesized that the
SF¢ breakthrough curve is the superposition of the break-
through curves from multiple flow paths with different
velocity, it is plausible that the slight monotonic decline
in the rate of mass arrival for SF¢ from 8.25 to 30 h of
elapsed time is representative of the distribution of the fluid
velocity in the flow paths within the formation. The slight
monotonic decline in the rate of mass arrival for SF4 from
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Figure 6. The logarithm of the dimensionless rate of mass
arrival versus the logarithm of the dimensionless time for
individual linear flow paths subject to advection, dispersion,
and matrix diffusion, and the cumulative breakthrough
curve for all flow paths.

8.25 to 30 h could be the result of multiple flow paths of a
similar velocity, rather than a uniform distribution of veloc-
ity used in Figure 6. Becker and Shapiro [2003] proposed
that the tracer mass carried by flow paths is proportional to
the volumetric flow rate associated with each flow path.
Becker and Shapiro [2003] considered fracture aperture as
the geometric factor controlling the fluid velocity, volumet-
ric flow rate, and the mass flux in each flow path. In the
touching-vug flow zones of the Biscayne aquifer, channels
of a given aperture could also be hypothesized to represent
the interconnected touching-vug porosity to arrive at anal-
ogous relationships between the fluid velocity, volumetric
flow rate, and mass flux.

5. Summary and Conclusions

[47] A converging flow regime tracer test using a nonre-
active tracer was conducted in the Biscayne aquifer in
southeastern Florida in February 2004. The Biscayne aqui-
fer is a highly transmissive, karst limestone that is charac-
terized by areally extensive intervals of touching-vug
porosity that are responsible for transmitting most of the
groundwater in the limestone. The touching-vug flow zones
are separated by less transmissive intervals of interparticle
and separate-vug porosity that provide aquifer storage
[Renken et al., 2008].

[48] The tracer test was conducted by injecting a solution
containing SF4 into touching-vug flow zones that were
isolated in a borehole approximately 97 m from a produc-
tion well (pumping at approximately 476 L/s) that served as
the location of the tracer recovery. The injection of the
tracer solution was followed by the injection of tracer-free
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water to force the tracer out of the injection borehole and
into the formation. The breakthrough curve for SFq at the
production well showed a rapid breakthrough with the first
detection of the tracer at approximately 5 h, and the peak
concentration at approximately 8 h. In spite of the highly
transmissive nature of the Biscayne aquifer, SFs was not
rapidly flushed through the aquifer. The concentration for
SF¢ showed an elongated tail, where SFq was detected for
approximately 6 d after the tracer injection, and only 42% of
the tracer mass was recovered at the production well. At
approximately 160 h after the tracer injection, the concen-
tration of SFg in water samples was below the detection
limit of the gas chromatograph used for the analysis of SFg.
It is likely that SF¢ was still being withdrawn from the
production well after 160 h, thus the tail of the breakthrough
curve is likely to have extended well beyond the termination
of the collection of water samples.

[49] The extended retention of SF¢ in the formation after
the tracer injection is attributed to a combination of chem-
ical diffusion and slow advection. After the tracer injection,
the tracer diffuses from the water in the touching-vug flow
zones to the water in the interparticle porosity because of
chemical gradients. After the pulse of the SF mass has been
advected down gradient, concentration gradients in the
interparticle porosity are conducive for the tracer to diffuse
back into the touching-vug flow zones and be subject to
advection and dispersion. Because of the magnitude of the
free-water diffusion coefficient for SF4 and the surface area
of the limestone in the touching-vug flow zones through
which SF can diffuse, the first detection and the peak of the
SF¢ breakthrough curve appears to be slightly retarded in
comparison to tracers with smaller free-water diffusion
coefficients. The results of the tracer test conducted in the
Biscayne aquifer in April 2003 and described by Renken et
al. [2008] was used in this comparison. The tracer test
conducted in April 2003 used RWT as a tracer, where RWT
has a free-water diffusion coefficient that is approximately
an order of magnitude smaller than that of SFy.

[s0] Chemical diffusion into an immobile fluid phase,
such as the interparticle porosity of the Biscayne aquifer,
will result in elongated tails in breakthrough curves with a
declining limb having a straight line on log-log plots of
concentration versus time. Usually, a straight line on the
declining limb of a breakthrough curve is attributed to
chemical diffusion. Chemical diffusion, however, should
give rise to a slope of the tail of the breakthrough curve
equal to —1.5. The slope of —2 in breakthrough curve for
SF¢ in the Biscayne aquifer is attributed to the process of
slow advection. It is hypothesized that the touching-vug
flow zones in the Biscayne aquifer have multiple flow paths
that exhibit a wide range in the fluid velocity. Usually,
variability of the fluid velocity is conceptualized in hydro-
dynamic dispersion; however, in heterogeneous geologic
settings, such as the karst limestone of the Biscayne aquifer,
the large variability in the fluid velocity cannot be incor-
porated into a Fickian interpretation of hydrodynamic
dispersion. The slowest velocity flow paths give rise to an
elongated tail in the breakthrough curve that resembles a
diffusive process, but is an artifact of large variations in the
fluid advection.

[51] The pumping rate associated with the production
well, where the tracer test in the Biscayne aquifer was
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conducted, is likely to result in turbulent flow conditions.
Turbulent flow could result in eddies in the flow regime
through the touching-vug porosity that could give rise to
chemical retention of the tracer solution. Chemical ex-
change between turbulent eddies and flow paths in the
Biscayne could be a time-dependent process that behaves
analogously to diffusion. Additional investigations on the
effect of turbulence on chemical transport in karst forma-
tions are needed to understand this relationship. It should be
noted, however, that breakthrough curves similar to that of
SFe in the Biscayne aquifer have also been seen in other
geologic settings, where turbulent conditions are unlikely
[see, e.g., Becker and Shapiro, 2000].

[52] The retention of the tracer mass in the interparticle
porosity and slow flow paths in the Biscayne aquifer indi-
cates that contaminants introduced into the groundwater are
likely to experience a significant longevity. For the test
conducted in this investigation, a tracer solution was injected
into the formation over a period of approximately 1 h. The
breakthrough curve for the tracer at a pumping well approx-
imately 100 m away from the injection location showed
elongated breakthrough tailing that extended over approxi-
mately 6 days. After 6 days the tracer was no longer detected;
however, this was the result of the tracer concentration
declining below the detection limit. During the first 6 d of
the tracer test only 42% of the tracer mass was recovered,
indicating that a significant amount of the tracer mass was
still resident in the formation at the termination of the test.
Contamination events extending over days, weeks, or
months in the Biscayne aquifer could lead to the degradation
of water quality ranging from years to tens of years or more.
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