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Augmentation with reclaimed water is one method for rehydrating wetlands damaged by water-level
declines. Augmentation with reclaimed water has been proposed for rehydrating a wetland in the covered-
karst terrane of west-central Florida. There is concern because reclaimed water may contain harmful
agents that could flow from the wetland 1.4 km to a municipal wellfield that withdraws 30,000 m’/day.
Estimates of groundwater flow velocities were calculated from the results of detailed field studies at the
wetland. Results indicate that groundwater flows downward in the surficial aquifer at rates of 0.1 to 0.2
m/day and horizontally in the Floridan aquifer at rates of 0.02 to 0.5 m/day. Sinkholes do not appear to be
preferential pathways for downward groundwater flow at the site because the confining layer is thin to

absent, and low-permeability soil layers may restrict flow within the sinkholes.

A method was developed for incorporating large-scale, vertical fracture zones into two-dimensional, finite-
difference models of groundwater flow (MODFLOW) and particle tracking (PATH3D). Fracture zones are
included in the numerical model by increasing transmissivity values in selected cells. The selection of cells
is based on existing patterns of fracture zones, which can be inferred from maps of photolineaments. To
quantify the uncertainties in knowing the exact location, orientation, and hydraulic properties of the
fracture zones, these parameters are treated stochastically through Monte Carlo simulation. Stochastic
results from an example simulation of groundwater flow and advective transport between the North Lakes
wetland and Section 21 wellfield indicate a 50 and 10 percent chance that travel times will be less than 9

and 2 years, respectively.

The probability of rehydrating a wetland with an additional source of water can be estimated by combining
a form of the water balance equation with Monte Carlo analysis. Parameters that contain large
uncertainties, such as future values of rainfall, ET, and groundwater flow, are treated stochastically, while
the additional source of water is treated deterministically. Stochastic simulation results in an ensemble of

water-level time series that contain all statistically reasonable predictions. Statistics performed on the
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ensemble indicate that worst-case predictions are highly improbable, and that a recharge rate of 5700

m’/day will maintain the target water level in the example wetland used to illustrate the method.
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from the Southwest Florida Water Management District to conduct an extensive study of the North Lakes
wetland. The purpose of this study was to determine the feasibility of using reclaimed water to rehydrate
the damaged wetland. Much of the field work at North Lakes was hot and tedious and could not have been
completed without the help from many USF students, faculty and staff. I would like to thank Noreen
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Henri Liauw-A-Pau, Keith Morrison, Dilo Senanyake, Ken Trout, Tom Griggs, David Ufnar, Sandy
Blansett, and everyone else who spent time in the swamp. Dr. Sarah Kruse helped with geophysical
equipment whenever we needed it. My roommate at the time, Dave Latham, tolerated lengthy
conversations about the North Lakes project. Patrick Tara provided weekly assistance with field equipment
and computer problems. I would like to thank Nancy Mole for dealing with the bureaucracy of graduating,
and I would particularly like to thank Mary Haney for bailing me out of numerous jams during my 7+ years

at USF.

The North Lakes study could not have been performed without the funding and support from the Southwest
Florida Water Management District. Gregg Jones provided equipment and manpower whenever we
requested. Kathleen Coates and Ron Basso carefully reviewed technical reports. Most importantly, Don
Thompson provided technical assistance, equipment, and supplies. Don took a personal interest in the

North Lakes project. Most of our successes at the site are directly related to his involvement.

I would also like to thank the members of Mark Stewart’s Hydrogeology Laboratory. Without the help
from Juana Montane, Carl Albury, Jason LaRoche, and Barclay Shoemaker, this dissertation and the North
Lakes study would not have been possible. Juana provided a great deal of enthusiasm when work in the
swamp got us down. Conversations with Carl provided the basis for much of the technical matter in this
dissertation and the North Lake reports. Jason helped from the beginning of the North Lakes study and
provided valuable information on the stratigraphy at the site. Through use of his exceptionally large
biceps, Barclay significantly increased our manpower in the field. I would also like to thank Barclay for
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their friendship and support during the past few years.
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CHAPTER 1. INTRODUCTION

Since the mid-1800’s, the deliberate destruction of wetlands was routinely performed in the United States
to increase the available land for agriculture and development (Mitch and Gosselink, 1993). Over the past
few decades, however, the push for environmental preservation has slowed the intentional destruction of
wetlands. Today, the destruction of wetlands often occurs indirectly from reduced stream flows and
lowered water tables. These reductions in the water available for wetlands result from the increased use of

surface water and groundwater for potable supplies and irrigation.

Groundwater withdrawals at municipal wellfields are a major cause of lowered water-table elevations and
reduced baseflow to streams. When groundwater is pumped from deep aquifers, the water table can lower
significantly if low-permeability materials do not restrict flow between the water-table aquifer and the
pumped aquifer. In covered-karst terranes, for example, sinkholes breach low-permeability units and
provide preferential pathways for groundwater flow into deeper aquifers. Stewart and Parker (1990)
estimate that in west-central Florida, 90 percent of the flow from the clastic surficial aquifer into the
underlying carbonate aquifer occurs through sinkholes. These preferential pathways are significant near
wellfields because they drain the surficial aquifer and reduce the groundwater available for wetland use.
Declines in water-table elevation spread away from pumping wells until the rate of “salvaged”

evapotranspiration is equal to the groundwater pumping rate (Stewart, 1998).

Augmentation with highly treated wastewater, or reclaimed water, is one method for increasing the water
table in wetlands affected by groundwater pumping. The method is appealing because it supports the
concept of resource sustainability. Water withdrawn from the aquifer is used, treated, and then returned to
the system. Using reclaimed water in this manner falls into the category of “indirect potable reuse”, as
defined by the National Research Council (NRC, 1994). There is concern with indirect potable reuse
because reclaimed water contains low levels of harmful chemicals and pathogenic viruses. By augmenting

with reclaimed water, there is potential for introducing these harmful agents into potable groundwater



supplies. The viability for indirect potable reuse relies on an aquifer’s ability to filter and degrade

contaminants.

The feasibility of rehydrating wetlands with reclaimed water depends on the answers to two important
questions: (1) how long will it take reclaimed water to be withdrawn by a municipal well? and (2) can
water levels in a wetland be maintained with available quantities of reclaimed water? To answer these
questions, one must predict the effects of rehydration prior to the application of reclaimed water. The
purpose of this dissertation is to develop methods for predicting the response of groundwater flow
velocities and water-table elevations to the application of an additional source of water. The field example
used to illustrate the methods refers to the recharge water as reclaimed water. The methods are based on
physical principles of flow and advective transport but do not directly address water quality. Dispersive
transport of contaminants within the reclaimed water is beyond the scope of this dissertation. The results
from this study, however, are important for describing the parameters that control contaminant transport,

such as the residence time of groundwater in different geologic materials.

For feasibility studies of rehydration, it is important to quantify uncertainties in predictions because of the
health risks associated with indirect potable reuse, and because rehydration systems are costly to
implement. Two methods are used to make predictions. The deterministic method assumes that the data
used to make the prediction do not contain uncertainty. For many studies, particularly those of subsurface
groundwater flow, this limitation is restrictive because most of the data contain some level of uncertainty.
With the stochastic approach, the uncertainties in predictions can be quantified. Both deterministic and
stochastic methods are used in this dissertation to evaluate the feasibility of wetland rehydration, but

emphasis is placed on the stochastic approach.

This dissertation contains the results of three related studies. The subject of Chapter 2 is a field study
conducted to determine the feasibility of using reclaimed water to rehydrate a wetland in a covered-karst
terrane. Chapter 3 presents the results of a stochastic analysis of the significance of large-scale
heterogeneities (vertical fracture zones) on groundwater flow paths and velocities. Chapter 4 presents a
stochastic method for determining if an available amount of recharge water can successfully rehydrate a

wetland. While all three chapters are related through the North Lakes wetland and the west-central Florida



location, each is written as a stand-alone manuscript, so that each can be published without requiring direct
reference to the other chapters. This requires some repetition in each chapter, but greatly facilitates

preparing the chapters for publication.

Chapter 2 presents the results from a detailed field study at the North Lakes wetland. The North Lakes
wetland is located in the covered-karst terrane of west-central Florida. Historic data suggest that the
wetland has been damaged by groundwater withdrawals from the Section 21 wellfield, 1.4 km to the west.
The purpose of Chapter 2 is to show how the field data collected at the site can be used to answer feasibility
questions that relate to groundwater flow velocities and travel times. In addition, the hydraulic significance
of sinkholes is determined for the site. Data from Chapter 2 are also used in Chapters 3 and 4 to illustrate

the stochastic methods developed in this dissertation.

In Chapter 3, predictions of groundwater travel times are explored by developing a method to incorporate
large-scale, vertical fracture zones into numerical models of groundwater flow and particle tracking.
Because the properties of these fracture zones are often unknown, the method treats them as stochastic
parameters. The method generates a random set of fracture zones, incorporates the highly transmissive
zones into a numerical model, and runs the model to determine groundwater flow directions and velocities.
This procedure is performed many times with many different sets of fracture zones. The results from this
type of Monte Carlo analysis are useful for estimating the uncertainty in groundwater travel times. To
illustrate the procedure, the method is used to quantify uncertainties in groundwater travel times between
the North Lakes wetland and Section 21 wellfield. To apply the method to the study area, a number of

simplifying assumptions were made about the properties of fracture zones.

To determine if a specified augmentation rate will maintain target water levels in a wetland, Chapter 4
combines stochastic analysis with a form of the water balance equation. The method results in many
statistically reasonable time series of water levels. The purpose for developing this method is to quantify
the probability that an allocated augmentation rate will achieve adequate rehydration. The use of this
method can reduce the risk of implementing of a costly rehydration system that cannot maintain target

water levels.



The methods developed in this dissertation combine site-specific data with deterministic and stochastic
methods. The result is a powerful approach to evaluating the potential for wetland rehydration with
reclaimed water. While the methods are illustrated with the North Lakes example, they are applicable to
other settings and problems. For example, the prediction of groundwater flow velocities and the

uncertainties in the predictions is important for the wide range of hydrogeological problems that relate to

contaminant transport.



CHAPTER 2. ESTIMATING GROUNDWATER FLOW VELOCITIES IN A LEAKY AQUIFER

SYSTEM IN WEST-CENTRAL FLORIDA

Introduction

Where aquifers that supply potable water for municipal wellfields are hydraulically connected to shallow
unconfined aquifers and surface water bodies, municipal withdrawals can adversely affect wetland and lake
levels. In west-central Florida, significant withdrawals of groundwater from the Floridan aquifer have
lowered the water table in the shallow surficial aquifer and have reduced surface water flows. As a result,
wetlands located near pumping centers can no longer support wetland vegetation and are being invaded by
upland species. To mitigate the environmental damage sustained by numerous wetlands, the Southwest
Florida Water Management District (SWFWMD) is investigating the possibility of using reclaimed water
to restore selected wetlands. The concern with this approach is that reclaimed water added to a wetland
could travel rapidly to a municipal supply well. Groundwater flow rates and travel times are dependent on

many site-specific factors. Selection of appropriate wetlands, therefore, should be evaluated case by case.

The North Lakes wetland, in Hillsborough County, Florida, has been selected as a potential site for
rehydration with reclaimed water. During the past few decades, water levels within the wetland have
declined to levels that cannot support wetland vegetation. Consequently, cypress trees are dying, and much
of the wetland is being invaded by upland vegetation. One of the reasons the North Lakes wetland was
selected as a potential site for rehydration is that two storage tanks for reclaimed water are located next to
the wetland. The cost of implementing a rehydration program, therefore, would be minimal. The main
concern with rehydration is that the residence time of reclaimed water in the aquifer system will not be long
enough for sufficient renovation. Located approximately 1.4 km from the wetland, the Section 21 wellfield
is permitted to withdraw groundwater at an average annual rate of 40,000 m*/day (10 million gallons per

day; Figure 1). This wellfield is operated by the City of St. Petersburg and supplies potable water to the
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Figure 1. Location of the North Lakes wetland and the Section 21 wellfield.



residents of Hillsborough County. Environmental managers at the SWFWMD have determined that
reclaimed water added to the wetland must reside in the aquifer system for at least two years before being
withdrawn by a supply well. This residence time was considered to be conservative as viral inactivation
rates are on the order of months. The purpose of this study is to estimate the groundwater flow velocities at
the North Lakes wetland. From these velocities, the residence time of reclaimed water in the aquifer

system will be calculated.

The Geology Department at the University of South Florida was subcontracted by SWFWMD to conduct a
detailed field study of the North Lakes wetland. The purpose of the field study was to collect the data
required for estimating groundwater flow paths and travel times. In addition, the data collected during the
field study will be used in a separate study to estimate how much reclaimed water will be required to
restore the original hydrologic conditions at the wetland. During the field investigation, a variety of
methods were used to develop a hydrogeological model for the site, including monitoring well installation,
groundwater pumping tests, tracer tests, and temporal monitoring of water levels. A detailed description of
the field study is presented in a report to SWFWMD by Langevin et al. (1998). The purpose of this chapter
is to describe the groundwater flow patterns at the North Lakes wetland by reporting the results from the
field study and presenting estimates of groundwater flow velocity and residence time. Special emphasis is

placed on those methods that proved most useful for estimating groundwater flow velocities.

Description of Study Area

The North Lakes wetland is located in the North Lakes County Park (Figure 2). The wetland is
approximately 65,000 m? in area. The northern boundary of the wetland is marked by the Interceptor
Canal, which was constructed in the 1960’s to prevent residential areas from flooding. In an effort to
restore the wetland, a weir was constructed in the Interceptor Canal near the tennis courts (Figure 2; Florida
Land Design and Engineering 1987). The purpose of the weir was to dam surface water flowing from the
northeast and flood the wetland. To prevent the park from flooding, a meter-high berm was constructed

around the wetland. Thus far, the plan to restore the original wetland hydrology has failed because surface
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water flows from the northeast have nearly ceased. The only time the wetland floods is during years with

above-normal rainfall conditions.

The geology and hydrogeology of the North Lakes wetland corresponds with the geology and
hydrogeology of west-central Florida as defined by Miller (1986). Miller (1986) summarizes the geology
and hydrogeology of the area with four principal units (Table 1). The uppermost unit is the surficial
aquifer. It consists of sands, silts and clays. Separating the surficial aquifer from the Upper Floridan
aquifer (referred to here as the “Floridan aquifer”) is the Upper Confining unit, a discontinuous clayey sand
to sandy clay. Results from the field study suggest that at North Lakes the Upper Confining unit is thin,
and in most places is probably absent (Langevin and Stewart 1997; Langevin et al. 1998). The Floridan
aquifer lies below the Upper Confining unit (or surficial aquifer when the Upper Confining unit is absent)
and consists of limestones and dolostones of Tertiary age. In west-central Florida, municipal wellfields
withdraw groundwater from the Floridan aquifer. The base of the Upper Floridan aquifer is called the

Middle Confining unit, a low-porosity dolostone with intergranular anhydrite (Miller, 1986).

Five sinkholes were located within the boundaries of the wetland (Figure 2). The sinkholes are 1 to 2 m in
depth and, based on the steep slopes of the sinkhole walls, appear to be relatively young. The formation of
Sinkhole B began after the start of the North Lakes field study in 1996. Stewart and Parker (1990)
examined the hydraulic significance of sinkholes at a site approximately 15 km from North Lakes. Results
from their study suggest that 90 percent of the recharge to the Floridan aquifer occurs through sinkholes.
Many of the field tests conducted at North Lakes were designed to test the hypothesis that sinkholes have a

large effect on vertical flow velocities.

Methods and Results

Installation of Monitoring Wells

Using different well installation methods, 39 monitoring wells were installed at North Lakes County Park
(Figure 3). Nine wells were installed in the Floridan aquifer with mud-rotary techniques. For six of the

monitoring wells in the Floridan aquifer (FMW-1, and FMW-3 through FMW-7), 4-inch-diameter PVC
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Table 1. Geology and hydrogeology of west-central Florida.

Age
System B.P. Series Stratigraphic Unit General Lithology Hydrogeologic Unit
(m.y.)
0 Holocene Surficial sand, Predominantly fine sand;
Quaternary and terrace sand, interbedded clay, marl, surficial aquifer
2 Pleistocene phosphorite shell, limestone, phosphorite
7 .
Clayey sand and limestone; upperseni-
Hawthorn Group silty, phosphatic confining unit
Miocene . .
Limestone, sandy, fossil-
Tampa : . F
Member iferous; sand and clay
26 in lower part in some areas 1
0
) Limestone, sandy lime- r
Oligocene Suwannee Limestone | gone, fossiliferous i .
37 d Upper Floridan
Tertiary Limestone, chalky, foram- a aquifer
Ocala Limestone iniferal, dolomitic n
near bottom
Limestone and hard brown :
Eocene Avon Park Formation dolomi'te; 'intergranular e
evaporite in lower part ;
in some areas ¢ | Middle confining
Dolomite and limestone with | e unit anq
Oldsmar Formation intergranular gypsum in r | Lower F.'lorldan
53 most areas .aqufef_
Dolomite and limestone with undifferentiated
Paleocene Cedar Keys Formation | intergranular gypsum and Sub-Floridan
65 bedded anhydrite confining unit
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casing was set to a depth of approximately 30 m below land surface. Beneath the PVC casing a 3-m length
of borehole was left open to the aquifer. FMW-2 is the deepest well at North Lakes and has an open-hole
interval of 50 m, starting at a depth of 30 m below land surface. The PVC casing at FMW-2 is 12 inches in
diameter. FMW-2 was used as the supply well for the groundwater pumping test. FTTW-1 and FTTW-2
have open-hole intervals from 10 to 13 m below land surface. These wells also have 4-inch-diameter PVC
casing set above the open-hole interval. FTTW-1 and FTTW-2 were used for the tracer test in the Floridan

aquifer and were installed 7.6 m apart from one another.

Monitoring wells in the surficial aquifer were installed with a hollow-stem auger, solid-stem auger, or hand
auger. Monitoring wells installed with the hollow-stem auger (MW wells; Figure 3) have coarse-grained
sand packs around the well screens. The monitoring wells installed with the solid-stem auger or hand auger

(SW wells; Figure 3) do not have sand packs around their well screens.

Sediment Sampling and Grain-Size Analysis

During the installation of FMW-1 through FMW-5, samples of the unconsolidated surficial deposits were
collected from land surface to top of rock with a split spoon. These samples, collected at 0.6-m intervals,
were stored in core boxes for further analysis. In the laboratory, the split-spoon core was separated into
discrete sedimentary layers. The separation was based on visual inspection with a hand lens. It is assumed
that each discrete layer is homogeneous with respect to grain-size parameters, and homogeneous and
isotropic with respect to hydraulic parameters. From each of the sedimentary layers, at least one sample
was removed for grain-size analysis. The methods used for grain-size analysis conform strictly to the
guidelines stipulated by the American Society for Testing and Materials (ASTM 1990). A detailed

description of the grain-size analysis, results, and conclusions is in process (LaRoche, in preparation).

For each of the five sites, the median grain size (dso) is plotted versus depth (Figure 4a). The results of the
grain-size analysis were translated to values of hydraulic conductivity using the empirical relationship of
Zamarin (in Vukovic and Soro, 1992). A plot of hydraulic conductivity versus depth, for each of the five
sites, suggests that the surficial aquifer may be differentiable into discrete units (Figure 4b). For this study,
however, the surficial aquifer is treated as a single hydrostratigraphic unit. Single values for hydraulic
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Figure 4. (a) Median grain size versus depth for the five sampling locations. (b) Estimated
hydraulic conductivity versus depth. The estimated values of hydraulic conductivity
were calculated from the results of the grain-size analysis using the empirical
relationship of Zamarin (as referenced in Vukovic and Soro, 1992).



14!

Table 2. Values of average horizontal and vertical hydraulic conductivity for the surficial aquifer.
Hydraulic conductivity values were calculated using a relationship with grain size
(Zamarin, as referenced in Vukovic and Soro, 1992)

Site Ki(m/day) K;(m/day) KK,

Site 1 5.1 0.2 26
Site 2 3.3 0.31 11
Site 3 5:2 0.19 27
Site 4 4.9 0.20 24

Site 5 8.2 0.12 67




conductivity in the horizontal (K,) and vertical (K,) directions were calculated for the surficial aquifer from
the data in Figure 4b. Values of K, were calculated by taking the arithmetic average of the hydraulic
conductivity values for each layer, weighted on each layer’s thickness. Values of K, were calculated by
taking the harmonic mean of the hydraulic conductivity for each layer, also weighted by each layer’s
thickness. The hydraulic conductivity in the horizontal direction ranges from 3.3 to 8.2 m/day (Table 2).

The hydraulic conductivity in the vertical direction ranges from 0.12 to 0.31 m/day (Table 2).

Values of porosity were also estimated from the results of grain-size analysis. The empirical relationship
developed by Isotomina (in Vukovic and Soro, 1992) suggests that the porosity at North Lakes is nearly
constant with a value of approximately 0.4. Results from grain-size analysis indicate that the surficial
aquifer is composed primarily of fine-grained sand with some silt and clay. The porosity value estimated
from the grain-size data lies near the middle of the range presented by Domenico and Schwartz (1990) for a

fine-grained sand (0.26 to 0.53).

Groundwater Pumping Test

A groundwater pumping test was conducted at North Lakes to measure the response of the surficial and
Floridan aquifers to a pumping stress. The groundwater pumping test was conducted during the week of
March 17, 1997. Water was withdrawn from the large-diameter well (FMW-2) at a nearly constant rate of
5150 m*/day (1000 gallons per minute). The discharge water from FMW-2 was transmitted approximately
370 m to the Interceptor Canal on the west side of the weir. The Interceptor Canal was lined with
impermeable plastic sheeting prior to the pumping test to prevent the discharge water from reentering the
aquifer and interfering with the test. Most of the monitoring wells at the site were equipped with pressure
transducers connected to a data logger. The data logger was used to record water levels on a logarithmic
time interval. For those wells that were not equipped with a pressure transducer, water levels were

measured frequently with a water-level indicator.

Monitoring wells in the Floridan aquifer react quickly to the initiation of pumping at FMW-2 (Figure 5).
Drawdowns at the end of the test range from 0.93 to 2.58 m. As expected, the largest drawdown is at
FMW-6, the well closest to the pumping well. The drawdown data for the pumping well, FMW-2, is not
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Figure 5. Drawdown versus time for Floridan aquifer monitoring wells. Drawdown was measured
during the groundwater pumping test conducted in March of 1997.



included because the large pumping rate induced a significant head loss within the well. The data for

FMW-2, therefore, is not considered representative of the drawdown in the aquifer.

Water levels in the monitoring wells of the surficial aquifer were also influenced by the pumping of FMW-
2. Drawdown curves for selected monitoring wells in the surficial aquifer are presented in Figure 6. The
graphs in Figure 6 are separated by location within the wetland. The first graph, Figure 6a, contains
drawdown data for the wells at sinkhole D. At sinkhole D, SW-10 is located within the sinkhole, and SW-9
is located just outside of the sinkhole. The drawdown in the sinkhole (SW-10) is approximately 20 cm less
than the drawdown outside the sinkhole in SW-9. A similar response is shown in Figure 6b. Drawdown in
the sinkhole well, SW-11, is less than the drawdown in the well outside of the sinkhole, SW-12. Three
monitoring wells in the surficial aquifer are located near sinkhole E. At these three wells, drawdowns are
higher outside of the sinkhole (SW-2 and SW-17) than in the sinkhole (SW-16; Figure 6¢). On the other
hand, monitoring wells at sinkholes A and B exhibit a different drawdown response from the other
sinkholes. Drawdown in the sinkholes (SW-13 and SW-14; Figure 6d) is greater than the drawdown in a

well located between the two sinkholes (SW-15).

The Hantush method (1960) was used with data recorded during the groundwater pumping test to estimate
values for confining unit leakance, Floridan aquifer storativity, and Floridan aquifer transmissivity. The
Hantush method is based on the conceptual model of a two-aquifer system separated by a semi-confining
layer. Results from the Hantush analysis are presented in Table 3. Transmissivity of the Floridan aquifer
ranges from 243 to 1080 m*day. To calculate hydraulic conductivity, the estimated value of transmissivity
is divided by the open-hole interval of the pumping well (50 m). Values of hydraulic conductivity range
from 5 to 22 m/day. Storativity values of the Floridan aquifer range from 2 x 10 to 3 x 10”. Leakance

values range from 1 x 107 to 4 x 10 day .

Flooding Test

To mimic the hydraulic conditions that would exist if the wetland was flooded with reclaimed water, the
southeast portion of the wetland was flooded with potable water. The southeast portion of the wetland was
selected because this area is a topographic low and it contains two sinkholes. The goal of the flooding was
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Table 3. Estimates of transmissivity, hydraulic conductivity, storativity, and leakance from results of

the groundwater pumping test. Values were determined with the Hantush curve-matching
method for leaky aquifers.

61

Transmissivity Bydrantic . -1
Well (mz /day) Co(l::;:icti\;ity Storativity Leakance (day )
ay

FMW-1 1080 22 6x 10" 4x10°
FMW-3 344 7 5x10* 3x10°
FMW-4 1080 22 4x10* 3x10°
FMW-5 243 5 2x 10" 9x10°
FMW-6 687 14 3x10° 4x10°
FMW-7 1080 22 2x 10" 1x10°

Average 752 15 8x10™ 1x107°




to maintain the stage in the wetland between 15.39 and 15.54 m. In order to flood the wetland with potable
water, a discharge conveyance was constructed from the fire hydrant near the park recreation center to the
southeastern portion of the wetland. The conveyance consisted of 270 m of lay-flat hose and PVC pipe. At
the end of the discharge pipe, 24 m of septic diffuser pipe was used to evenly distribute the water over the

flooded area.

During the test, the discharge rate was adjusted frequently to keep the stage between the desired elevations.
An in-line flow meter was used to monitor the discharge volumes. The straight line on the plot of

cumulative volume of water added to the wetland versus time suggests that steady state was achieved after
approximately 3 days (Figure 6). The slope of the straight line on Figure 7 indicates that the discharge rate

required to maintain steady state was approximately 175 m’/day.

By making use of the water balance equation, some quantitative approximations can be made about the
water budget during the time that the flooding rate was constant (steady state). The water balance equation

for this system is:
Qin=Efs+T+Gh+Gv
where,

Qi, = steady state application rate of potable water to the wetland (m3/day);

Ei, = free surface evaporation rate from the flooded portion of the wetland (m3/day);

T = water lost to plant transpiration (m’/day);

Gy, = horizontal, or lateral groundwater flow rate (m*/day);

G, = downward, or vertical groundwater flow rate (m*/day).
As stated previously, the application rate to the wetland (Q;,) was 175 m3/day. The approximate area of the
flooded zone was 4340 m”. During the course of the test, the water level in a nearby evaporation pan
dropped approximately 10.2 cm over 17.8 days, or 0.57 cm/day. By assuming that the pan evaporation rate

is the same as the evaporation rate from standing water in the wetland, the evaporative flow rate for the
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entire flooded region (Eg,) is calculated to be 25 m*/day. This means that approximately 14 percent of the
water added to the wetland was lost to evaporation. Transpiration, horizontal groundwater flow, and
vertical groundwater flow accounts for the remaining 86 percent of the water added to the wetland.
Estimates of transpiration rates and horizontal flow rates are difficult to make, but they are likely much less
than the vertical groundwater flow rate. By assuming, then, that transpiration (T) and horizontal
groundwater flow (Gy,) are zero, an average vertical groundwater flow rate (G,) is estimated to be 150
m’/day. The implied downward groundwater flow velocity is found by dividing this number (G,) by the
flooded area, 4340 m” and porosity, 0.4. The result is 0.09 m/day or 9 cm/day. This estimate of the
groundwater flow rate would be too large if the effects of transpiration and horizontal groundwater flow are

significant.

An estimate for leakance (L) independent of that of Table 3 can be made from the results of the flooding

test. From Darcy’s Law, the leakance (L) is:

-2
A-dh

The head difference between the surficial aquifer and the Floridan aquifer during the flooding test was
approximately 2.3 m. As stated previously, the estimated groundwater flux was 150 m*/day over the
flooded area of 4340 m®. Using these values, leakance for the flooded area is 1.5 x 10 day”. Leakance is
defined as the hydraulic conductivity of the semi-confining layer divided by the thickness of the layer. The
semi-confining layer at North Lakes is thin to absent, which suggests that the resistance to vertical flow
must come solely from the surficial aquifer itself. If the average thickness of the surficial aquifer is 10 m,

then the average value of vertical hydraulic conductivity is approximately 0.15 m/day.

During the flooding test, the fluid conductivity in SW-2 was monitored with a conductivity probe and
recorded with a data logger. After approximately 15 days of flooding, the conductivity of the fluid in SW-2
began to decrease. The decrease in fluid conductivity is attributed to the front of potable water passing the
well screen at SW-2. The plot of conductivity versus time for SW-2 is assumed to represent a breakthrough

curve for a one-dimensional front. The analytical solution for the transport of a continuous-source plume in
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a one-dimensional flow field is reported by Fetter (1993). For this application, the constant source is the

potable water, and the relative fluid conductivity is used as a proxy for concentration.

The analytical solution matches well with the conductivity data measured in the field (Figure 8). To fit the
analytical solution to the field data, the values of velocity and longitudinal dispersivity were adjusted until
the analytical curve matched the observed breakthrough curve. The groundwater flow velocity required to
match the data is 0.11 m/day, a very consistent value with that estimated from the water balance method.

The value of longitudinal dispersivity that was required to match the curve is 0.1 m.

Surficial Aquifer Tracer Test

During the time the wetland was flooded with potable water, tracer tests were conducted in the surficial
aquifer to measure groundwater flow velocities. One tracer test was conducted in Sinkhole E (Figure 2).
The other tracer test was conducted in the area between the Sinkholes D and E (Figure 9). After steady
state was achieved for the flooding test, concentrated bromide solutions were injected just below land
surface in TIP-1 and TIP-2 (Figure 9). Groundwater samples were then collected frequently from multi-

level sampling tubes to monitor for the presence of the tracers.

The tracer fluid used for the tests was a highly concentrated bromide solution with a Br’ concentration of
353,000 mg/L. Half of this tracer fluid (1.9 liters) was injected in TIP-1 and the other half was injected at
TIP-2. A peristaltic pump was used to inject the fluid into the tracer introduction points. Bromide
concentrations were measured in the field with an Orion, Bromide-Specific Ion Probe and meter. In
addition to measurements of bromide concentration that were made in the field, approximately 150 samples
were collected during the course of the tracer tests. The field meter was used to determine which samples
to collect. Blanks and duplicates were also collected to ensure quality control. These samples were
analyzed for bromide by the analytical laboratory at SWFWMD with an ion chromatograph. Compared

with the field meter and probe, the ion chromatograph produced results that were more accurate.

Of the 30 multi-level sampling ports (3 vertically distributed ports at each sampler location), three became

clogged prior to the test and did not produce water. Sampling ports that show an increase in bromide
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concentration are D Shallow, F Shallow, G Shallow, and G Intermediate (Figure 10 and Table 4). D

Shallow is located at SATT-1. The other three are sampling ports within the sinkhole at SATT-2.

A curve-matching technique was used to estimate groundwater flow velocities for G Shallow and G
Intermediate. Data from the G multi-level sampler was selected for curve matching because measured
bromide concentrations at these ports were the highest. In addition to an estimate of groundwater flow
velocity, the curve-matching technique provides estimates of longitudinal and transverse dispersivity. The
method works by matching a predicted breakthrough curve, calculated with an analytical solution, to the
observed data. The analytical solution is based on the transport of a three-dimensional, discontinuous,
point-source groundwater plume flowing in a one-dimensional flow field (Domenico and Schwartz, 1990).
Values of groundwater flow velocity, longitudinal dispersivity, and transverse dispersivities are adjusted in
a spreadsheet until the predicted curve matches the observed data. Four variables can be adjusted in the
analytical equation: groundwater flow velocity, longitudinal dispersivity, transverse dispersivity in the y
direction, and transverse dispersivity in the z direction. The x direction of the analytical solution is oriented
downward, in the same direction as groundwater flow. Advective flow in the horizontal direction is
assumed negligible because standing water in the wetland is a horizontal plane. It is possible that
horizontal flow components exist if, for example, there are heterogeneities in the surficial aquifer. Without

a detailed description of these heterogeneities, however, it is assumed that all groundwater flow is vertical.

The number of variables used in the analytical equation to match the field data were reduced from four to
two by setting the transverse dispersivities equal to 1/10 the longitudinal dispersivity. The multiplier of
1/10 is commonly found in the literature as the ratio of transverse dispersivity to longitudinal dispersivity
(Anderson, 1979). The analytical solution best matches the field data when velocity is 0.18 m/day and the
longitudinal dispersivity is 0.35 m (Figure 11). Both of the transverse dispersivities are 0.035 m. These
parameter estimates appear to be a unique solution to the analytical transport equation. Reasonable curve
matches could not be made with other values for the parameters. In addition, an iterative solver was used
to match the analytical curve to the field data by minimizing the sum of the squares of the residuals. The

iterative solver reproduced, nearly identically, the solution presented.
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Table 4. Summary of the results from the surficial aquifer tracer test.

Vertical Distance Peak Time to
Sampling Point  From Injection Concentration Peak
Point (m) (mg/L) (days)
D Shallow 1.4 3065 1.11
F Shallow 1.2 92.8 5.46
G Shallow 1.2 1066 3.77
G Intermediate 2.2 240 4.2
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Figure 11. Observed and predicted bromide concentrations for G Shallow. The solid line
represents the predicted breakthrough curve for a three-dimensional groundwater
plume. The analytical equation used to generate the solid line assumes advective and
dispersive transport.



For G Shallow, it was not possible to match the observed data by setting the transverse dispersivities equal
to 1/10 the longitudinal dispersivity. Instead, three variables were allowed to vary in order to match the
bromide concentrations from G Intermediate. These variables were velocity, longitudinal dispersivity, and
transverse dispersivity (transverse dispersivity in the y direction is set equal to the transverse dispersivity in
the z direction). For this data set, the analytical solution best matches the field data when velocity is 0.18

m/day, longitudinal dispersivity is 0.9 m, and the transverse dispersivities are 0.045 m (Figure 12).

Floridan Aquifer Tracer Test

To better understand the properties of the Floridan aquifer at the North Lakes, a forced-gradient tracer test
was conducted on August 4, 1997. The objective of the test was to estimate the value of effective porosity
in the Floridan aquifer. The tracer test was conducted by pumping groundwater from FTTW-1 and
injecting a highly conductive tracer fluid in FTTW-2. The tracer fluid consisted of approximately 90 kg of
sodium chloride dissolved into 150 L of water. The fluid conductivity of the tracer solution was
approximately 360,000 uS/cm. Before introducing the tracer, a steady-state flow system was achieved by
pumping water from FTTW-1 with a submersible pump. FTTW-1 was pumped at rate of 350 m*/day (65
gpm). After steady state was achieved, the conductive tracer fluid was injected under pressure into FTTW-
2 with a centrifugal pump. Discharge water from FTTW-1 was then monitored for the presence of the

tracer with fluid conductivity meters.

Background conductivity, measured prior to the introduction of the tracer fluid, averaged 300 uS/cm.
Approximately 15 minutes after the injection of the conductive fluid, the first signs of the tracer appear as
shown by the increase in fluid conductivity (Figure 13). After 40 minutes into the test, fluid conductivity
reaches a maximum value of 1315 uS/cm. The conductivity of the discharge water then decreases to

background levels.

Robinson (1990) estimates the effective porosity of an aquifer unit with the volumetric displacement
method. This method is based on the relationship between effective porosity and the time required to
remove a cylindrical volume of water in the aquifer between the injection well and <ns1:XMLFault xmlns:ns1="http://cxf.apache.org/bindings/xformat"><ns1:faultstring xmlns:ns1="http://cxf.apache.org/bindings/xformat">java.lang.OutOfMemoryError: Java heap space</ns1:faultstring></ns1:XMLFault>