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CONVERSION FACTORS, VERTICAL DATUM, AND
ABBREVIATED WATER-QUALITY UNITS

Multiply By To obtain
Length
foot (ft) 30.48 centimeter (cm)
mile (mi) 1.609 kilometer (km)
Area
acre (ac) 4,047 square meter (m2)
square mile (mi?) 2.590 square kilometer (km?)
Volume
gallon (gal) 3.785 liter (L)
Flow rate
foot per day (ft/d) 30.48 centimeter per day (cm/d)

Hydraulic conductivity
foot per day (ft/d) 30.48 centimeter per day (cm/d)

1929 NGVD: In this report, “1929 NGVD" refers to the National Geodetic Vertical Datum of 1929—-a geodetic datum derived from a general
adjustment of the first-order level nets of both the United States and Canada, formerly called Sea Level Datum of 1929.

Hydraulic Conductivity: The standard unit for hydraulic conductivity is volume per time per unit cross-sectional area of sediment, such as
13/(f2d). In this report, the mathematically reduced form, foot per day (ft/d), is used for convenience.

Abbreviated water-quality units used in this report: Constituent concentrations, water temperature, and other water-quality measures are
given in metric units. Constituent concentrations are given in milligrams per liter (mg/L), or nanograms per liter (ng/L).

Specific conductance (SC) of water is given in microsiemens per centimeter at 25 degrees Celsius (mS/cm at 25°C). The unit is equivalent to
micromhos per centimeter at 25 degrees Celsius (mmho/cm), a unit formerly used by the U.S. Geological Survey.

Additional abbreviations:
inches (in)

millimeter (mm)

micron (u)

milliliter (ml)

grams per year (g/yr)
inches per mile (in/mi)
ohm-meters (chm-m)
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Interactions between SurfaCe Water and Ground Water
and Effects on Mercury Transport in the North-central

Everglades

By Judson W. Harvey, Steven L. Krupa, Cynthia Gefvert, Robert H. Mooney, Jungyill Choi,

Susan A. King, and Jefferson B. Giddings

ABSTRACT

The hydrology of the north-central
Everglades was altered substantially in the past
century by canal dredging, land subsidence,
ground-water pumping, and levee construction.
Vast areas of seasonal and perennial wetlands were
converted to uses for agriculture, light industry,
and suburban development. As the catchment area
for the Everglades decreased, so did the sources of
water from local precipitation and runoff from
surrounding uplands. Partly in response to those
alterations, water-resources managers
compartmentalized the remaining wetlands in the
north-central Everglades into large retention
basins, called Water Conservation Areas (WCAS).
In spite of efforts to improve how water resources
are managed, the result has been frequent periods
of excessive drying out or flooding of the WCAs
because the managed system does not have the
same water-storage capacity as the pre-drainage
Everglades. Linked to the hydrological
modifications are ecological changes including
large-scale invasions of cattail, loss of tree islands,
and diminishing bird populations in the
Everglades. Complex interactions among
numerous physical, chemical, and biological
factors are responsible for the long-term
degradation of the ecological character of the
Everglades.

Over the past 15 years, a new set of smaller
wetland basins, called Stormwater Treatment
Areas (STAs), have been designed and constructed
by water-resources engineers on the former
wetlands adjacent to WCAs. The purpose of STAs
is to remove excess nutrients from agricultural
drainage water prior to its input to WCAs. STAs
tend to be about one-tenth the size of a WCA, and

they are located on former wetlands on the
northwestern side of WCAs on sites that were
managed as farmland for much of the twentieth
century in an area referred to as the Everglades
Agricultural Area, or EAA.

The objective of the present investigation
was to quantify interactions between surface water
and ground water in the Everglades Nutrient
Removal Project (ENR), a prototype project for
the STAs that began operation in 1994.
Determining the effect of ground water on the
mercury balance of the ENR treatment wetland
was an important additional objective. In order to
broaden the relevance of conclusions to all parts of
the north-central Everglades, interactions between
surface water and ground water and mercury also
were investigated in Water Conservation Area 2A
(WCA-2A) and, to a lesser extent, in two other
WCA basins, WCA-2B and WCA-3A.

An important conclusion of this study is that
creation of the WCA basins, and accompanying
water-resources management, have appreciably
increased both recharge and discharge in the
north-central Everglades compared ‘with
pre-drainage conditions. Recharge and discharge
are highest near the northern and northwestern
edges of the Everglades, in the relatively small
basins such as ENR and the STAs that share
borders with both WCA-1 and the EAA. All
basins experienced greater increases in recharge
relative to discharge, because of the effects that
land subsidence and ground-water pumping
outside the Everglades had on hydraulic gradients.
The highest basin-wide estimate of recharge was
measured in ENR, where recharge averaged 0.9
centimeter per day (cm/d) over a 4-year study
period. For perspective, that estimate of recharge
is the equivalent of 30 percent of pumped
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surface-water inflows and 230 percent of average
daily precipitation in ENR. Ground-water
discharge was 10 times smaller than recharge at
ENR. The present study estimated a
basin-averaged recharge for WCA-2A (0.2 cm/d)
that was a factor of 4 smaller than ENR. Although
preliminary, that estimate of recharge is 5 times
higher than previous estimates (approximately
0.04 cm/d), probably because the newer
measurements were able to quantify recharge and
discharge at finer spatial and temporal scales.
Recharge at WCA-2A 1s smaller than ENR
because WCA-2A has a smaller topographic
gradient (3 x 10-5 and 2 x 104 in WCA-2A and
ENR, respectively), as well as a smaller ratio of
perimeter length to total wetland surface area

(6 x 105 and 4 x 104 in WCA-2A and ENR,
respectively), which decreases the importance of
processes outside the wetlands such as land
subsidence or ground-water pumping. At the
present time, recharge and discharge are thought to
be higher in the WCAs compared to the
pre-drainage Everglades (perhaps by a factor of 4
or 5), although that comparison is uncertain
because of the difficulty of estimating
pre-drainage hydrologic fluxes. The reason that
recharge and discharge are thought to be higher
now compared to pre-drainage conditions is that
water-resources management has increased
fluctuations in surface-water levels. The present
study showed that the magnitude of recharge and
discharge, as well as temporary reversals between
recharge and discharge, are related to increased
surface-water fluctuations caused by large water
releases from WCA-1 into WCA-2A.

The most important geologic factor
affecting interactions between surface water and
ground water in the north-central Everglades is the
hydraulic conductivity (K) of the Surficial aquifer.
Estimates of K in the top 40 feet (ft) of the aquifer
at both ENR and WCA-2A are higher (by more
than an order of magnitude) than previously
published estimates of K for the northern
Everglades (typically, reported as 5 ft/day).
Finding higher than anticipated hydraulic
conductivities in the upper sand and limestone

layers of the Surficial aquifer has important
implications. In particular, it was found that the
upper sand and limestone layers with high
permeability are the main parts of the aquifer with
appreciable freshwater. Sampling of major-ion
chemistry in ground water showed that freshwater
was usually located only at shallow depths,
approximately the top 40 ft of the 200-ft deep
Surficial aquifer. Hydraulic and chemical results,
therefore, indicate that in many areas of the
north-central Everglades, interactions between
surface water and ground water primarily involve
the top layers (layers 2 and 3) of the Surficial
aquifer, causing appreciable recharge and
discharge to a depth of approximately 40 ft.

Geochemical measurements provided
further information about the source of the thin
layer of fresh ground water beneath the
north-central Everglades. Water-stable isotopic
ratios of hydrogen and oxygen showed that the
source of fresh ground water was recharge of
Everglades surface waters, specifically, recharge
of surface waters from wetland sloughs that had
been present long enough in the surface flow
system to be substantially evaporated. An
exception was the portion of the aquifer beneath
the interior of ENR, where stable isotopes
indicated that recharge occurred quickly and
without appreciable evaporation. This result, along
with the distinct ionic signature of the water, is
consistent with an interpretation that the source of
recharging water beneath ENR was precipitation
onto ENR during the time period it was managed
for agricultural purposes. The "light" stable
isotopic composition of that water indicates that
precipitation infiltrated quickly through the
unsaturated zone without appreciable evaporation.
Another exception is apparent in ground water
near levees. The amount and type of salts in
ground water in the vicinity of levees indicate that
ground-water seepage beneath the levee causes
deep mixing in the Surficial aquifer that results in
upward movement of relict seawater from the
bottom two-thirds of the aquifer (below 60 ft) to
shallow ground water and to wetland surface
water.
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Part of the motivation for the present study
was a concern that arose among the
water-resources managers that designed the ENR
treatment wetland. The concern was whether
mercury methylation, and, thus, mercury
bioavailability, might increase when agricultural
soils were re-flooded and managed once again as
wetlands. The present study complements the
work of many other mercury investigators in the
Everglades by specifically addressing the effect of
Interactions between surface water and ground
water on mercury cycling.

Total dissolved mercury (Hgr) was detect-
able in all monitoring wells in ENR and WCA-2A
at an average concentration of 0.7 nanogram per
liter (ng/L), which is slightly below the average
concentration in surface water (1 ng/L). An impor-
tant exception was shallow wells on the western
side of ENR, where the average concentration was
40 percent higher (1.4 ng/L) than surface water.
Higher concentrations of Hgy in ground water on
the western side of ENR was the result of recharge
from ENR surface water combined with release of
Hgr from solid phases in peat to recharging water.
Dissolved methylmercury (MeHg) in ground water
was undetectable in all deep wells (greater than
40 ft deep) and most shallow wells (less than
0.02 ng/L compared with 0.1 ng/L in ENR surface
water). Shallow wells beneath the interior of ENR
were the exception, with detectable MeHg concen-
trations as high as 0.2 ng/L. Wells with detectable
MeHg are of interest because they are the same
wells classified by water-stable isotopes and major
ion chemistry as "agricultural recharge water." In
general, Hgr and MeHg concentrations were not
positively correlated with sulfate concentrations at
either ENR or WCA-2A.

A budget was developed for ground-water
fluxes of mercury at ENR, which made possible a
comparison with the surface and atmospheric
components of the mercury budget for ENR
developed by other researchers. Recharge of Hgy
from surface water to ground water was a major
pathway for transport of total dissolved mercury
but not MeHg. Recharge of Hgy accounted for a
loss from ENR surface water equivalent to 10

percent of the total inputs of Hgt to surface water.
In comparison, recharge of MeHg was not
detectable and accounted, therefore, for none of
the losses of MeHg from surface water in ENR.
Chemical data and water-stable isotopic
ratios indicate that most surface water recharged in
ENR is discharged to a seepage canal on the
western and northern side of ENR. Transport of
recharged water through the Surficial aquifer to
the seepage canal appears to take place in a matter
of weeks to months, with only relatively minor
mixing with deeper ground water. Measurements
of Hgr in the seepage canal suggested that Hgr had
not yet discharged to the canal at the end of the
4-year study period. Because the flow path
between points of recharge in ENR and discharge
in the seepage canal was short, it was concluded
that mercury was retained or delayed in its
transport through the aquifer by interaction with
aquifer sand or limestone or fine organic
sediments at the base of the seepage canal.

INTRODUCTION

Surface-water resources in the Florida Ever-
glades are managed to accommodate a rapidly growing
urban area to the east and an agricultural industry oper-
ating in former wetlands to the northwest. Management
of the north-central Everglades for flood control and
water supply has changed the character of flow in the
wetlands. Since the 1960s, the wetlands have been
divided into large artificial basins called Water Conser-
vation Areas (WCAs) that are fed by drainage from
Lake Okeechobee, runoff from the Everglades Agricul-
tural Area (EAA), rainfall, and ground-water discharge
directly into wetlands or canals that overflow into the
wetlands. Surface water flows from one conservation
area to the next, moving southward through the wet-
lands, canals, culverts, and spillways, eventually into
Florida Bay or the Gulf of Mexico (fig. 1). Along the
way, surface flow may be depleted by evapotranspira-
tion or by recharge to ground water. A portion of the
surface water in the Everglades replenishes ground
water that will be withdrawn later for domestic use
from well fields to the east of the Everglades. In other
areas, recharge contributes to high water tables and
seepage problems for housing developments located
just east of the Everglades. During wet periods in south
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Florida, a large amount of surface water moves east-
ward through canals and discharges directly to the
Atlantic Ocean.

Concern has been growing for many years in
south Florida over the long-term decreases in surface
water flowing through the Everglades, and the effects
of these decreased flows on wildlife within Everglades
National Park (ENP). Simultaneous to the decreasing
surface flow, there has been increasing awareness of
the deteriorating surface-water quality in WCAs and
accompanying changes in the ecology of the wetlands.
Ecological changes include disappearance of tree
islands, proliferation of cattails, and loss of wading
bird populations. In the past 20 years, these concerns
have fueled wide-ranging discussions on how to
improve water management in the Everglades in a way
that would restore proper ecosystem function. In 2000,
Congress approved a plan for restoration of the Ever-
glades, referred to as the Comprehensive Everglades
Restoration Plan or CERP. The overall goal of CERP is
to restore some of the pre-drainage conditions, includ-
ing the overall volume of surface flow, and characteris-
tics of the depth, duration, and flow patterns of surface
water. Restoration objectives also include reducing
excessive inputs of dissolved nutrients and other con-
stituents that could have deleterious effects on bio-
geochemical processes and ecological characteristics in
the Everglades (McPherson and Halley, 1996; South
Florida Water Management District, 1995; Stober and
others, 1996; Gerould and Higer, 1995).

Evaluating the success of ongoing management
and restoration efforts depends on reliable hydrologic
information, including a better understanding of inter-
actions between surface and ground water. One of the
major initiatives already underway is the extensive
rerouting of surface-water inflows to WCAs so that
water first passes through Stormwater Treatment Areas
(STAs) to remove excess nutrients before water enters
the WCAs. A concern regarding the function of STAs
is their potential effect in mobilizing toxic forms of
mercury. Addressing that concern required consider-
able effort on the part of the South Florida Water Man-
agement District and cooperating agencies (Florida
Department of Environmental Protection, U.S. Geolog-
ical Survey, and others). One difficulty in developing a
reliable mercury mass balance for STAs is uncertainty
about how mercury is affected by interactions between
surface water and ground water.

In an effort to learn more about interactions
between ground water and surface water in the Ever-

glades, the U.S. Geological Survey (USGS) and the
South Florida Water Management District (SFWMD)
developed an agreement to undertake a detailed study
of interactions between surface water and ground water
in selected areas of the north-central Everglades. The
study would provide insight about the effect of interac-
tions between ground water and surface water and
chemical balances of STAs and WCAs. Investigations
of surface and ground-water interactions were focused
in two principal areas. The first area was the 3,815-acre
Everglades Nutrient Removal Project (ENR), a proto-
type STA. The second area was Water Conservation
Area 2A (WCA-2A), a 105,000-acre basin with a long
history of ecological research on the changing charac-
ter of the Everglades.

Purpose, Scope, and Source of Funding

The purpose of this report is to interpret results
and develop final conclusions of an investigation of
surface-water and ground-water interactions and their
effect on the mercury budget in the north-central Ever-
glades. The overall goals of the project were to:

1.) quantify ground-water recharge and discharge
in the ENR and WCA-2A,

2.) determine relative importance of geologic,
climatic, and water-resources management in
affecting ground-water recharge and discharge,
and

3.) use improved estimates of ground-water
recharge and discharge to develop accurate
hydrologic budgets and chemical mass bal-
ances for mercury in the two areas.

A previous report (Harvey and others, 2000) contains
detailed study methods and complete data sets covering
all topics, including borehole drilling, geophysical
measurements, sampling of ground-water geochemis-
try, and design and operation of shallow piezometers
and seepage meters. The present report and the report
by Harvey and others (2000) constitute the final deliv-
erables for Cooperative agreement C-6661 between
USGS and the South Florida Water Management Dis-
trict. Funding for the investigation also came from the
USGS Place-Based Studies Program.
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Hydrologic Setting: Characteristics of Pre-
and Post-drainage Everglades

A thorough investigation of Everglades hydrol-
ogy requires an understanding of the pre-drainage
hydrologic system. The pre-drainage Everglades
received water primarily from direct rainfall, periodic
overflow from Lake Okeechobee, and runoff from sur-
rounding pine flatwoods and other upland systems
(Gleason and Stone, 1994). In addition, the slough sys-
tems of the Everglades probably received ground-water
discharge and shallow subsurface runoff from the adja-
cent low-lying pinelands.

The driving force for water flow in the Ever-
glades is the water-surface slope, which is controlled
by the regional topographic gradient. In the
pre-drainage Everglades, the topographic gradient was
a relatively consistent 2 inches per mile (in/mi), with
only minor undulations of the natural landscape affect-
ing water flow. Topography varied across the full
(pre-drainage) width of the north-central Everglades
(approximately 50 mi). On the western side of the
Everglades, a major slough system was present that
graded into a broad sawgrass plain in the central area,
back into another major slough system on the east side.
Microtopography in the sloughs consisted of alterna-
ting ridge and slough systems with typical spacing of
approximately 0.5 mi.

Changes in topography (for example, because of
subsidence or construction of levees) or water levels
(because of canal drainage) easily perturb the direction
of water flow in the Everglades. Canal construction and
drainage began to modify water levels and topography
substantially in the northern and north-central parts of
the Everglades beginning about 1912. The initial effort
was to construct four major north-south canals to drain
water to the Atlantic Ocean. Early canal drainage in the
Everglades Agricultural Area (EAA) led to excessive
oxidation of the peat in the vast sawgrass plain and
swamp forest directly south of Lake Okeechobee.
Drainage and oxidation eventually caused between 3
and 10 ft of subsidence in the agricultural area over the
past century. Subsidence and continual pumping in the
EAA to keep agricultural fields dry have had the effect
of reversing the horizontal direction of ground-water
flow in some areas of the Everglades. Where ground
water once flowed toward the southeast, it presently
flows toward the northwest (Miller, 1988).

Drainage canals continue to be the primary
water-management effort in the north-central Ever-

glades. During excessively wet conditions, the major
drainage canals shunt excess water from Lake
Okeechobee or the EAA to the Atlantic Ocean (fig. 1).
Under more typical wet-season conditions, drainage
canals deliver and store water in the WCAs. East of the
Everglades the canals have various functions, including
drainage of the low-lying pinelands and aquifer
recharge to balance losses by ground-water pumping.
Interactions between surface flow in canals and ground
water have been frequently investigated in south Flor-
ida (Miller, 1978: Chin, 1990; Genereux and Slater,
1999; Nemeth and others, 2000, Bolster and others,
2001).

The conversion of wetlands to agriculture com-
pressed the northern part of the Everglades to approxi-
mately one-third its pre-drainage width. By the 1950s,
it was apparent that the canals were too effective in
draining wetlands that were becoming increasingly
important for sustaining water supply to the newly
formed Everglades National Park, and to the growing
population along the Florida Atlantic Coast. Construc-
tion of levees during the 1950s and early 1960s began
to enclose the large basins now known as the WCAs.
These areas are large levee-enclosed basins that
encompass only the easternmost part of the
pre-drainage system. WCAs were designed for multi-
ple purposes, including storage for later delivery to
Everglades National Park, and protection from flooding
for the drained areas just outside the wetlands. The
WCAs are all that remain of the north-central Ever-
glades and their construction and management have
had substantial effects on surface- and ground-water
flow in Palm Beach and Broward Counties (fig. 1).

Under pre-drainage conditions, surface flow in
the Everglades was augmented by substantial shallow
runoff from the surrounding uplands. Under water
management, the water levels outside the WCASs nor-
mally are maintained at lower levels than inside the
WCAs, which causes net recharge from surface water
to ground water in the WCAs (Miller, 1988). Seepage

losses resulting from flow of recharged water beneath

levees represent an important component of water loss
from the WCAs. Seepage appears- to be greatest along
the eastern and northwestern borders of the WCAs,
where land is now being managed for a variety of uses,
including agriculture, light industry, or suburban devel-
opment (Miller, 1988). Water losses from the Ever-
glades by seepage were large enough that they became
obvious almost as soon as the levee-construction
method was tested in the 1950s (U.S. Army Corps of
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Engineers, 1952). Seepage at many of the Everglades
levees began to be widely investigated beginning in the
1960s (Klein and Sherwood, 1961; Swayze, 1988;
Genereux and Guardiario, 1998; Nemeth and others,
2000, Sonenshein, 2001). Although often less studied,
seepage flow also occurs beneath the levees that sepa-
rate WCAs (Harvey, 1996; Harvey and others, 2000).
Because recharge now occurs at locations where for-
merly the Everglades gained water from shallow runoff
and ground-water discharge, seepage losses have
become one of the most important unintended side
effects of water management in the north-central Ever-
glades.

Another factor associated with water manage-
ment that may have affected surface-water and
ground-water interactions is the increasing fluctuations
of surface-water-levels in the WCAs compared with
pre-drainage conditions. From the 30-year comparative
simulations of the South Florida Water Management
Model (SFWMM) and Natural System Model (NSM),
surface-water-level fluctuations under pre-drainage
conditions appear to be from 50 to 75 percent of
present day fluctuations. As shown in the present study,
the increased water-level fluctuations in WCAs drive
recharge and discharge in interior areas of the wetlands
far from levees.

Site Information

The study described within this report was con-
ducted in the following area: Everglades Nutrient
Removal Project (ENR), Water Conservation Area 2A
or 2B (WCA-2A or 2B), or in Water Conservation Area
3A (WCA-3A). Measurements were made at 17 sites in
ENR, 7 sites in WCA-2A, and 1 site each in WCA-2B
and WCA-3A (figs. 1, 2, and 3). Specific locations for
study were chosen both to satisfy the need for broad
spatial coverage, as well as to co-locate study activities
with previous or ongoing ecological investigations. The
most comprehensive sets of measurements were con-
ducted in the ENR and in WCA-2A. Two or more seep-
age meters were used to measure vertical water fluxes
across the sediment surface at all the interior wetland
sites. Most of the sites (10 sites at the ENR and 7 sites
at WCA-2A) also had one or more research wells
emplaced in the Surficial aquifer underlying the Ever-
glades, and a surface-water recorder.

Everglades Nutrient Removal Project

Although the ENR is a large, constructed wet-
land (3,815 acres), it is relatively small compared to the
WCAs that generally are more than 100,000 acres. The
land encompassed by the ENR was formerly part of the
historical Everglades. It was drained and farmed begin-
ning in the mid-1900s up until construction of the ENR
beginning in 1989. The purpose of the ENR was to test
the capacity of a constructed wetland (with controlled
hydrology, and managed aquatic and emergent wetland
plants) to remove nutrients from agricultural drainage
waters (fig. 2). The ENR project area is located on the
western border of WCA-1, where water levels are
maintained at high elevations. Located to the west of
the ENR is the Everglades Agricultural Area (EAA),
where land is drained to maintain a low water table for
agriculture. Drainage is accomplished by a system of
canals that transports the water southward into the
WCASs. Guardo and Tomasello (1995) and Guardo
(1999) modeled surface-water hydrodynamics and cal-
culated water-balance fluxes and hydrologic residence
times for the ENR project. Preliminary work showed
that both ground-water recharge and discharge are
important components of ground-water interactions at
ENR (Harvey, 1996). This is important because of the
overall steep gradient and step-changes in hydraulic
head over a distance of 5-10 mi from WCA-1 (where
water levels are approximately 14 ft above sea level) to
the EAA (where water levels are approximately 8 ft
above sea level) (fig. 2). Abtew and Mullen (1997)
developed initial estimates of net seepage in ENR as
part of determining a project-wide water balance.
Hydrogeologic investigations within the ENR project
included geotechnical investigations for levee and
pump station footings (Burns and McDonnell, 1991,
Hutcheon Engineers, 1996) and two studies of seepage
under the levees (Hutcheon Engineers, 1996; Rohrer,
1999).

Water Conservation Area 2A

WCA-2A is located to the south-southeast of
ENR (fig. 1). Similar to ENR, WCA-2A shares a
boundary with WCA-1 and is affected by the high
water levels that are maintained in WCA-1. WCA-2A
is 25 times larger in area (105,000 acres) than ENR,
and therefore, is less likely to be affected by
ground-water interactions that result from levee under-
flow. The construction of levees that eventually sur-
rounded WCA-2A began in about 1920. By about
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1963, WCA-2A was completely compartmentalized by
levees and canals, including the split between
WCA-2A and 2B. Since about 1975, researchers have
investigated the ecology of WCA-2A, documenting,
for example, the loss of tree islands and a transition
from a sawgrass wetland to one affected by extensive
cattail growth in some areas. Excess nutrients from
agricultural runoff, and multi-year droughts and flood-
ing have been investigated previously to better under-
stand those ecological changes. The effect of
interactions between ground water and surface water
has not been investigated in WCA-2A. Therefore,
studying the hydrology of WCA-2A is an excellent
complement to similar studies in ENR, because of the
much larger area and much longer history at WCA-2A
of nutrient pollution (Urban and others, 1993; Jensen
and others, 1995).

The wetlands in the vicinity of ENR were con-
verted to agriculture early in the 1900s, and then recon-
structed as a wetland in 1993. In contrast, WCA-2A
remained more in a natural state, without the direct
effects of drainage, ditching, grading, or farming.
WCA-2A also has not been affected by blasting and
excavation of extensive irrigation canals, nor by exten-
sive peat shrinkage and oxidation, as is the case at
ENR. The engineered land slope of ENR is approxi-
mately three times as steep in the direction of flow
compared with the natural slope in WCA-2A (1 x 104
at ENR compared with 3 x 10-5 at WCA-2A). Average
water-level differences when compared with WCA-1
were similar at the two study areas, 2.4 and 2.8 ft at
ENR and WCA-2A, respectively. However, variability
in water-level differences was greater at WCA-2A
compared with ENR. Expressed as a coefficient of vari-
ation, the temporal variability of water-level differ-
ences about the mean was 50 percent at WCA-2A and
18 percent at ENR.

Unlike ENR, where an attempt is made to main-
tain relatively stable operating water levels, WCA-2A
has large (up to 4 ft) fluctuations in water levels lasting
from weeks to months. These water-level fluctuations
result, in part, from the operation of control structures
that release water from WCA-1, and partly from natu-
ral processes such as rainfall and evapotranspiration.
Another important feature affecting water flow at
WCA-2A is a berm on the tailwater side of the Hills-
boro canal (fig. 3). Water in the canal flows to the east
at times of low water before water enters the wetland.
However, when large releases from the S10C spillway

occur, the high water in the tailwater canal overtops the
berm and moves directly into the wetland in a south-
western direction.
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HYDROGEOLOGY OF THE
NORTH-CENTRAL EVERGLADES

The Surficial aquifer is a principal source of
fresh drinking water in south Florida. Sediments within
the aquifer were deposited during the middle Pleis-
tocene epoch and range in age from 1.8 million years
before present (BP) to 13,000 years BP (Perkins,
1977). These Surficial aquifer sediments are composed
mainly of shallow water marine facies, including coral
limestones, beach and offshore sandbar complexes,
lagoonal limestones, and an oolitic ridge along the
coast of Miami (Perkins, 1977; Hoffmeister, 1974).
The Surficial aquifer includes the highly transmissive
Biscayne aquifer, which underlies Miami-Dade, Bro-
ward and eastern Palm Beach Counties. The Biscayne
aquifer is thickest beneath the Atlantic coastal ridge to
the east of the Everglades, and it thins from east to
west, disappearing beneath the north-central Ever-
glades. Aquifers to the west of the Biscayne and
beneath the Everglades generally have been ignored as
potential sources of ground water, both because of the
lower transmissivities (Fish, 1988) and because of the
higher total dissolved solids in ground water beneath
the Everglades (Howie, 1987; Miller, 1988).

Except for a few studies mentioned above, there
is little comprehensive information available about the
hydrogeology beneath the north-central Everglades.
Previous site-specific investigations included various
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studies at ENR. A study by Hutcheon Engineers at
ENR was associated closely with engineering design
projects for STAs, but provided relatively little in the
way of lithologic or hydrogeologic data. Rohrer (1999)
broadly characterized the hydrogeology of the ENR
from boreholes placed on ENR levees and focused
attention on the near-surface layer of the Surficial aqui-
fer. A goal of the present investigation was to charac-

terize in detail the geology and hydraulic properties of .

the Surficial aquifer at new drilling sites in ENR and
WCA-2A. Of particular importance was identifying
layers of relatively high or low hydraulic conductivity
and their relation to physical properties and geologic
classification of aquifer layers.

Geologic Setting of Study Areas

In Palm Beach County, the Surficial aquifer
extends from near ground surface to depths in excess of
165 ft below land surface (bls). Deposition of the shal-
low water marine units in south Florida was regulated
by eustatic sea-level fluctuations associated with gla-
cial and interglacial stages of the Pleistocene (Perkins,
1977). Climatic instability, and glacial retreat and
advance during the Pleistocene caused sea level to
repeatedly recede and advance over large areas of south
Florida. Many of the sediments appear lithologically
similar but often represent different depositional events
(Perkins, 1977). Sediment deposition during this period
resulted from dune building, near-shore progradation of
the coastline, and soil development.

The Quaternary and Tertiary deposits of south
Florida are dominated by shallow water marine carbon-
ates and siliciclastic materials deposited as part of reef
systems, tidal flats, and coastal barrier/bar complexes.
Interbedded within these units are indications of sub-
aerial exposure, including paleosols and freshwater
limestones (Perkins, 1977). The stratigraphy of these
Quaternary sediments is described briefly below fol-
lowing from Parker and others (1955), Brooks (1968),
and Perkins (1977).

Lake Flirt Marl Formation

The Lake Flirt Marl is Pleistocene in age.
According to Schroeder and others (1958), it is up to 6
ft thick, relatively impermeable, and composed prima-
rily of calcareous mud with some areas of dense lime-
stone. The Lake Flirt Marl underlies the organic (peat)

soils throughout much of the Everglades and coastal
marshes (Parker and others, 1955). Reese and Cunning-
ham (2000) found the Lake Flirt Marl in southwestern
Palm Beach County to be composed of silty marl or
quartz sand with a marl matrix. The areal distribution
of the Lake Flirt Marl and lithographic textures are
consistent with deposition in freshwater lakes (Reese
and Cunningham, 2000).

Fort Thompson Formation

The Fort Thompson Formation consists of alter-
nating beds of marine, brackish and freshwater lime-
stones similar to those found at the type locale along
the Caloosahatchee River. The formation overlies the
Caloosahatchee Marl and is Pleistocene in age (Parker
and Cooke, 1944; Mitterer, 1975). The thickness of the
formation is about 40 ft in eastern Miami-Dade, Bro-
ward and Palm Beach Counties (fig. 1) where it makes
up the highly productive zone of the Biscayne aquifer
(Fish and Stewart, 1991). This formation covers the
greatest geographical expanse of all Quaternary forma-
tions in southern Florida. The depositional environment
of this formation can be linked to late Quaternary sea
level fluctuations. The discontinuity surfaces of the
Fort Thompson Formation can include dense,
well-indurated laminated crusts (Giddings, 1999). Core
samples collected during this study are primarily from
the Fort Thompson Formation.

Anastasia Formation

The Anastasia Formation consists of alternating
offshore bar, beach ridge, and dune system deposits
and may be at least 39 ft thick along the coast (Perkins,
1977). The age of the formation is estimated to be late
Pleistocene and is considered to be contemporaneous
with the Fort Thompson Formation (Parker and others,
1955). This formation can be divided into two distinct
facies: a coquina facies and a shell rock facies (Love-
joy, 1983). The coquina facies represents a high-energy
environment typical of an offshore bar complex and
generally is aligned with the present coastline. The
shell rock facies is found behind the coquina facies,
between the offshore bar complex and the shoreline.
The shell rock facies is characterized by a diverse mol-
luscan fauna with minimal damage to the fossils in a
fine-grained quartz matrix, suggesting a shallow bay
origin (Lovejoy, 1983). The Anastasia Formation is
seen in areas east of the study sites.

Hydrogeology of the North-central Everglades 11



Caloosahatchee (Marl) Formation

The transition between the Tertiary Pliocene and
the Quaternary Pleistocene occurs in the upper mem-
bers of the Caloosahatchee Formation (Enos, 1977).
The Caloosahatchee Marl is composed of sandy marl,
clay, and silt-size particles interbedded with shell beds
(Land and others, 1973). Parker and others (1955)
describe the Caloosahatchee Marl as sandy marl, clay,
and silt with interbedded layers of sand and shell beds.
Hydraulic conductivities range from 1 ft/d to 10 ft/d
(Scott, 1977). Parker and others (1955) state that in
many places the Caloosahatchee Marl is thinner
because of erosion and solutioning, whereas in some
places it is absent or appears only in isolated patches.

Tamiami Formation

The Tamiami Formation underlies the Caloosa-
hatchee Formation and generally is described as cream,
white, and greenish-gray clayey marl, silty and shelly
sands, and shell marl that may be hardened locally into
limestone (Schroeder and others, 1958). In Broward
County, the formation grades from hard, sandy lime-
stone interbedded with calcareous sandstone to green
marly silt (Parker and others, 1955). Fish (1988)
describes the Tamiami Formation in Broward County
as greenish clay marl, silty and shelly marl with calcar-
eous marl, locally hardened to impure limestone. The
Tamiami Formation is estimated to be about 6 million
years before present (Hoffmeister, 1974). Parts of the
upper Tamiami are cavity-riddled and hydraulically
similar to the Anastasia Formation (Russell and Wex-
ler, 1993). In this study, the formation was found only
at ENR site MP3-A.

Hawthorn Group

The Hawthorn Group underlies the Tamiami For-
mation and is described by Scott (1988) as highly com-
plex. In south Florida, the upper layer of the Hawthorn
Group consists of phosphatic siliciclastic sediments of
fine- to coarse-grained quartz sand, quartz silt, and clay
minerals (Scott, 1992). According to Miller (1987),
impermeable and semi-permeable marls (calcareous
clays) of the Hawthorn Group form the base of the
Surficial aquifer. Because of the phosphatic sediments,
the Hawthorn Group in south Florida generally has a
higher gamma-ray signature than underlying or overly-
ing layers (Scott, 1988). In this study, these sediments
were seen only at the bottom of the borehole at site
MP3-A.

A summary of the chronostratigraphy of the
Surficial aquifer is shown in table 1. The age of each
formation, its average thickness, primary lithology, and
Q unit designations are shown in table 2.

Subaerial Exposure and Weathering
Affecting Aquifer Hydraulic Properties

Subaerial exposure and weathering is one of the
most important factors affecting the hydraulic proper-
ties of Surficial aquifer sediments (Perkins, 1977).
Exposure to the atmosphere and chemical weathering
of the exposed rock by dissolution resulted in forma-
tion of discontinuous bands of dense caliche-type
crusts, paleosols, freshwater limestone, and laminated
crusts (Perkins, 1977; Beach, 1982). Identifying sub-
aerial exposure surfaces is an accepted means of identi-
fying the boundaries between different stratigraphic
subdivisions of the Quaternary units. In practice, these

Table 1. Chronostratigraphy of the Quaternary sediments underlying the

north-central Everglades, south Florida

[-, not applicable]

Age (years before present)

Q Unit Mitterer, 1974 Giddings, 1999 Formations in Study Areas
Q5 125,000 115,000 Anastasia and Fort Thompson
Q4 180,000 200,000 Anastasia and Fort Thompson
Q3 236,000 350,000 Anastasia and Fort Thompson
Q2 324,000 Estimated 400,000 Anastasia and Fort Thompson
Ql - Estimated 800,000 Anastasia and Fort Thompson
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subaerial exposure surfaces are difficult to identify
because their thicknesses may be appreciably less than
3 ft (Perkins, 1977). Detailed continuous geologic logs
are, therefore, the only reliable means to identify these
surfaces.

Perkins (1977) differentiated the depositional
framework of south Florida into five distinct marine
units punctuated by episodes of subaerial exposure.
The estimated age of the QS5 unit was assigned based
upon radiometric dating of the Key Largo Limestone
and Miami Limestone (Osmond and others, 1965;
Broecker and Thurber, 1965). Dates for the remaining
four Quaternary sediments were estimated from amino
acid racemization results from the Fort Thompson For-
mation (Mitterer, 1974, 1975; Giddings, 1999). Drill-
ing at ENR site MP3 fully penetrated this complete
Quaternary sequence. The chronostratigraphic details
of these units are shown in table 1.

Another potentially important type of weathering
surface was described by Krupa (1999). Krupa (1999)
established the presence of radioactive crusts in the
sediments that he referred to as Secondary Deposi-
tional Crusts (SDC). These SDCs are less distinctive
than the Q unit indicators and they usually are not visi-
ble. They typically are associated with increases in the
natural gamma measurements at a depth just below a
subaerial exposure surface. Evidence indicates the
SDCs are a function of the paleo ground-water inter-
face location (Krupa, 1999). Krupa proposed that the
crusts are formed by residual leachate deposited at the
ground-water interface as a result of downward perco-
lation of rainfall through the vadose zone. The SDCs
were found to exhibit levels of elements such as Ca,

Mg, Al, Sr, Fe, U, Th, and K above the natural back-
ground level of the area. Krupa (1999) suggested those
elements could be important in the hydraulic properties
of the rock because of the effects of secondary cemen-
tation within the pore network.

Lithology of the Surficial Aquifer

To characterize the lithology, the deepest bore-
hole at each levee site was sampled continuously from
top to bottom. Split-spoon sampling was used for
unconsolidated sediments, and conventional or wireline
coring was used for consolidated sediments. Detailed
sampling methods are described in Harvey and others
(2000). Visual observations of split-spoon and core
samples indicate that the aquifer generally is composed
of sand overlying limestone with interbedded sand
stringers in the top third. The bottom two-thirds of the
aquifer is composed of sands of varying grain size. A
detailed lithologic description of these core and sand
samples and the grain-size analyses are given in Harvey
and others (2000). Lithostratigraphic interpretations for
two sections (locations shown in figure 1) are provided
in figures 4 and 5.

The relative percentage of sampling by split
spoon or coring provides an indication of site-to-site
lithologic variation. Sites MP1, MP3, and MOP1 in the
northern part of ENR (fig. 2) were sampled by coring
for more than 80 percent of their lengths. The high per-
centage of coring indicates that sediments are mostly
consolidated in the upper 100 ft at those sites. In con-
trast, two boreholes south of ENR, sites MOP2 and

Table 2. Summary of hydrogeologic, lithostratigraphic, and chronostratigraphic units in Everglades Nutrient Removal (ENR)
project and Water Conservation Area 2A (WCA-2A), north-central Everglades, south Florida

[BP, before present; <, less than; >, greater than; —, not applicable]

Average . Perkins Estimated age of
Layer thickness Primary Common Geologic time scale (epochs) Q1-Q5 formation
litholo formation/group name
(ft) gy group Series (years BP)
la 23 Peat Recent Holocene - <5000
b 1.0 Marly sand/sand ~ Lake Flirt Marl Transition to Pleistocene - 20,000
2 2.0 Sand Upper Fort Thompson Pleistocene Q5-Q4 125,000 to 210,000
3 270 L‘lmefto_ne W'}h Fort Thompson Pleistocene Q3-Q2 270,000 to 500,000
sand stringers
Fort Thompson Lower Pleistocene Ql 500,000 to 1,600,000
4 91.0 Sand Caloosahatchee Marl _
Tamiami Upper Pliocene
o pper = 1,600,00 102,800,000
5 >93.0 Fine sand Tamiami/Hawthorn Pliocene to Miocene - 2,800,000 to 23,700,000
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S10C, were sampled by standard penetration tests
(SPT) for at least 75 percent of their lengths, indicating
mostly unconsolidated sediments (figs. 2 and 3). Site
MP2 in central ENR was sampled with roughly an
equal combination of SPT and coring.

Additional information about sediment density is
found in "blow count” summaries from the SPT sam-
pling. Blow count refers to the number of times per
foot that the split-spoon sampler was hammered by the
drilling rig. Harder formations require more "blows"
than softer formations to penetrate 1 ft. Blow counts
are informative regarding relative sediment packing
and density, as well as the presence or absence of cav-
erns or solution features. Blow counts, therefore, are
best used to compare boreholes between sites of similar
lithology. Holtz and Kovacs (1981) classify sediment
density based on N, the total of the uncorrected blow
counts for the second and third 6-in segments of a stan-
dard 24-in sample. The number of samples at three
sites (MP2, MOP2, S10C) separated into ranges of N is
shown in table 3.

The results in table 3 indicate that the unconsoli-
dated sediments at WCA-2A are less dense than those
at ENR. Blow counts for sites S10C (in WCA-2A) and
MOP2 (in ENR) are plotted with sample elevation in
figure 6. Gaps indicate elevations where SPT sampling
was not possible. Whereas the overall range of N values
at the two boreholes is similar, variations are apparent.
Near the top of the aquifer (5 ft NGVD) N is equal to 3
at S10C compared with 50 at MOP2. At —46 to —56 ft
NGVD, the N values at MOP2 also are higher than
those of S10C. The denser sands at ENR could be a
result of differences in grain-size sorting or greater sed-
iment compaction.

Grain-size analysis is a tool that is used for inter-
pretation of depositional environments (Boggs, 1995)
and for determination of the sediment hydraulic con-
ductivity. To quantify variations in sample grain size,
sorting, and sediment classification, samples were

25

T T T T
15+ E
—o— 510C
—&— MOP2
5L -
5L 4

—
a5k i
— ——
— =

ELEVATION, IN FEET RELATIVE TO 1929 NGVD

-75

-85 1 Il L L

0 20 40 60 80 100 120 .

BLOW COUNTS, IN UNCORRECTED N VALUES

Figure 6. Standard penetration test N values from the
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