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Ground Water Recharge and
Discharge in the Central Everglades

by Judson W. Harvey?, Steven L. Krupa?, and James M. Krest3

Abstract

Rates of ground water recharge and discharge are not well known in the central Everglades. Here we report esti-
mates of ground water recharge and discharge at 15 sites in the Everglades Nutrient Removal Project and in Water
Conservation Area 2A (WCA-2A), along with measurements of hydraulic properties of peat at 11 sites. A simple
hydrogeologic simulation was used to assess how specific factors have influenced recharge and discharge. Simula
tions and measurements agreed that the highest values of recharge and discharge occur within 600 m of levees, the
result of ground water flow beneath levees. There was disagreement in the interior wetlands of WCA—-2A (located
> 1000 m from levees) where measurements of recharge and discharge were substantially higher than simulated
fluxes. A five-year time series (1997 to 2002) of measured fluxes indicated that recharge and discharge underwent
reversalsin direction on weekly, monthly, and annual timescales at interior sitesin WCA—2A. Ground water discharge
tended to occur during average to moderately dry conditions when local surface water levels were decreasing.
Recharge tended to occur during moderately wet periods or during very dry periods just as water levels began to
increase following precipitation or in response to a pulse of surface water released from water-control structures by
water managers. Discharge al so tended to occur at sitesin the wetland interior for ~1 week preceding the arrival of the
surface water pulse. We conclude that ground water recharge and discharge vary cyclicaly in the interior wetlands of
the central Everglades, driven by the differential responses of surface water and ground water to annual, seasonal, and

weekly trendsin precipitation and operation of water-control structures.

Introduction

Past hydrological investigations in wetlands have
mostly been conducted in relatively small systems, such as
fringing wetlands at the margin of rivers or estuaries. Inter-
actions between small wetland systems and surrounding
terrestrial and aguatic systems have generally been found to
be significant for water and chemical budgets in the wet-
lands (Brinson et al. 1983; Nuttle and Hemond 1988; Har-
vey and Nuttle 1995; Gerlaand Matheney 1996; Hunt et al.
1999; Tobhias et a. 2001). Large peatlands such as those in
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the northern midwestern United States and in southern
Florida have received less attention, in part because of the
difficulty and expense of fieldwork in expansive wetlands.
Progress has been made over the past 20 years, especialy in
efforts to evaluate hydrologic connections of ground water
and surface water in these systems. For example, the
hydrology of the Glacial Lake Agassiz peatlands in north-
ern Minnesota has been investigated for several decades
using a broad array of field techniques and modeling
(Siegel 1983; Reeve et a. 2000). Progress has also been
made in the Everglades, however, many of the investiga:
tions were targeted specifically as support for water
resources management and tended not to be as broad in
scope (Sonenshein 2001). Recently, the number and scope
of hydrological investigations in the Everglades has
increased (Harvey et a. 2002; Price et a. 2003).

The Everglades is a subtropical coastal wetland that
extends 160 km from Lake Okeechobee to Florida Bay in
southeastern Florida (Figure 1). In the past, large quanti-
ties of fresh surface water moved southward by overland
sheet flow through the broad wetland system, ultimately

1090 Vol. 42, No. 7—GROUND WATER—Oceans Issue 2004 (pages 1090-1102)



80045’ 80015’

| [

. Lake

| Okeechobee
g A
3 A'
O ENR
P
]

26930'1 2, Everglades WCA-1 -

i agricultural :

' area C B &

Q

‘Im BeachCount S x

T
J-

Broward County \
\ \ WCA-2A
C' -
5
WCA-3A -5
WCA- ©

/A —

o ‘glI 3A-15 2B o
2600013 . _ . _ Y, ____5 —
&l )Miami-Dade County =
=1 <

3i 74
| WCA- iami
I~ 3B y
5‘ """"""" = 3 e
©
r~ | { B
| - :
—_ . N =
I e g‘o” &
| Ok
o5030'+3:  Everglades & S —
2l National T - /
2| Park | Y % \
S, ' \
= | \
| +- | South Fiorida
' Ecosystem
D I Boundary )
;’\%svz?ﬁ
® Study Area
RS 5)
Florida Bay p% 2 _
JQ IS g
EXPLANATION

V EVERGLADES NUTRIENT REMOVAL

(ENR) PROJECT

STORMWATER TREATMENT AREA (STA)

] WATER CONSERVATION AREA (WCA)
A—A' RESEARCH TRANSECT

— PRIMARY LEVEES AND CANALS
3A-15e RESEARCH SITE NOT SHOWN IN FIGURE 3
0 5 10MILES

bl
0 5 10KILOMETERS

Figure 1. Central Everglades and adjoining areas, south
Florida, showing locationsof WCAs, ENR Project, and STAs.

discharging to the Atlantic Ocean, Florida Bay, or the Gulf
of Mexico depending on the particular flowpath taken
through the wetlands. Recharge and discharge fluxes under
predrainage conditions are assumed to have been relatively
low in the Everglades, due to small driving forces imposed
by natura topographic gradients (Figure 2). Beginning
about 1910, canals were constructed in the Everglades that
extended southeast from Lake Okeechobee to the Atlantic
Ocean (Light and Dineen 1994). Beginning in the 1950s,

additional systems of canals and levees were built that nar-
rowed the main flow-way and completely compartmental-
ized the central Evergladesinto a series of enclosed basins,
called the Water Conservation Areas (WCAS).

Recharge and discharge have increased since
predrainage times, in part due to the increased gradients dri-
ving recharge of surface water near the WCA boundaries.
At those boundaries, levees separate the WCA wetlands
from areas outside where water levels have been lowered by
cana drainage, subsidence, or ground water pumping for
water supply (Harvey et a. 2002). For example, significant
recharge now occurs along the northern and western border
of the Everglades as aresponse to 80 years of subsidencein
the neighboring Everglades Agricultural Area, an area of
former wetlands now managed for agriculture located
northwest of the WCAs (Figure 1). Significant recharge
also occurs on the eastern side of the Everglades, replenish-
ing water-supply wells and draining to the ocean viacanals.
Another factor that may have increased recharge and dis-
charge is the possible increase in fluctuations of surface
water levels under water management. Several times each
year, water managers rel ease surface water through control
structures to quickly move large quantities of water from
upstream to downstream basins. The sudden releases of
water create gravity waves that are sometimes higher than
1.2 m and propagate southward through the basins. Hydro-
logic simulations by the South Florida Water Management
District (SFWMD) using the South Florida Water Manage-
ment model and natural system model suggest that the
range of annual surface water fluctuationsin the WCA—2A
interior may have increased by ~50% since predrainage
times, from ~60 cm to 90 cm (Tarboton et a. 1999) (aso
see www.sfwmd.gov/or g/pld/restudy/hpmvindex.html). 1t is
difficult to determine precisely how recharge and discharge
have been affected by an increase in surface water level
fluctuations. Our research focused on quantifying recharge
and dischargethat is presently occurring in the central Ever-
glades. We attempted to identify the specific roles of differ-
ent aspects of water management, including the role of
levees, in causing increases in recharge and discharge near
WCA basin boundaries, as well as the possible role of sur-
face water level fluctuations resulting from the operation of
water-control structures in causing increases in recharge
and discharge in the interior wetlands.

Although most scientists acknowledge a connection
between ground water and surface water in the Everglades,
the locations of recharge and discharge, and the volumes of
water exchanged between wetland surface water and
aquifer, remain uncertain. Past investigations of recharge
and discharge were mainly conducted on wetland areas in
theimmediate vicinity of canals (Klein and Sherwood 1961;
Miller 1978; Swayze 1988; Chin 1990; Genereux and Slater
1999; Rohrer 1999; Nemeth and Solo-Garbriele 2001;
Sonenshein 2001). Due in part to logistica constraints,
investigations of surface water and ground water interac-
tions in the vast interior areas of the Everglades are amost
nonexistent. Until recently, it was still common for recharge
and discharge in the Everglades to be computed as net esti-
mates averaged over large areas and long time periods as
part of regional surface water budgets (Fennemaet a. 1994).
Recharge and discharge were estimated in a smaler
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Figure 2. Schematic showing general relationships between
topogr aphy, and surface water and ground water levelsin (a)
predrainage and (b and c) present-day hydrologic systems,
central Everglades, south Florida. Approximate surface
water levels (solid lines) and ground water levels (dashed
lines) are shown for both wet and dry seasons. The vertical
scale is substantially exaggerated to show detail. The
predrainage wetland was relatively wide and surface water
fluctuations were muted (a). Compartmentalization of the
Everglades into enclosed basins narrowed the surface water
flow-way, and increased surface water fluctuations. Subsi-
dence, canal drainage, and ground water withdrawals on for -
mer wetlands to either side of the Everglades contributed to
increased rechargein the wetlands, especially near levees (b).
Along anorth-south axis, theretention of surfacewater in the
enclosed basins created a stair step of water levels, causing
recharge on the upgradient side and discharge on the down-
gradient side of levees (c). Under present-day management,
when levee spillways are opened, a pulse of surface water is
released that flows overland under the influence of gravity
toward the basin interior. The pulsed behavior of surface
water releases may play a role in driving cyclic reversals
between recharge and dischargein theinterior wetlands.

South —

Everglades basin (Everglades Nutrient Removal [ENR] Pro-
ject) using surface water and chloride budgets (Choi and
Harvey 2000), but that work required exceptionally dense
instrumentation and frequent hydrologic and chemical mea-
surements. Thereisan increasing need for information about
recharge and discharge in the interior wetlands of the central

Everglades, such as the WCAs. Estimates of recharge and
discharge in the interior basins are important because the
dominant percentage of the wetlands is far from levees, so
that even relatively small recharge or discharge fluxesinthe
wetland interior could be significant to overal water or
chemical budgets.

The goal of our research was to estimate recharge and
discharge, and delineate spatial and tempora patterns of
those fluxes in the central Everglades using data collected
over a five-year period (1997 to 2002). The study docu-
mented some of the factors influencing recharge and dis-
charge, including effects of compartmentalizing the
wetlands with levees (i.e., dueto the effect on hydraulic dri-
ving forces), and the effect of movement of pulses of sur-
face water released through water-control structures at
leveesinto the interior areas of the basins.

Study Sites

The surficial aquifer is a principal source of fresh
drinking water in south Florida. It is composed mainly of
shallow water marine facies, including cora limestones,
beach and offshore sandbar complexes, lagoonal lime-
stones, and an oolitic ridge along the coast of Miami
(Perkins 1977). The surficia aquifer includes the highly
transmissive Biscayne Aquifer, which underlies Miami-
Dade County, Broward County, and eastern Palm Beach
County. The Biscayne Aquifer is thickest beneath the
Atlantic coastal ridge to the east of the Everglades, and it
thinsfrom east to west, disappearing beneath the north-cen-
tral Everglades. 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).

Beyond these few studies cited here, there is relatively
little comprehensive information available about the hydro-
geology beneath the centra Everglades in western Palm
Beach and Broward counties. Miller (1988) illustrated some
of the effects that water management has had on ground
water levels in that part of the centra Everglades. Recent
work characterized the geology and hydraulic properties of

Tablel

Hydrolithogeological Propertiesof Surficial Aquifer, WCA—-2A Central Everglades
Average Hydraulic
Thickness Primary Common Geologic Conductivity
(m) Lithology Formation Name Timescale K (cm/day)
1 Peat Undifferentiated deposits Holocene 60
1 Fresh water marl/sand Undifferentiated deposits Holocene 50
45 Sand Fort Thompson Pleistocene 2500
4 Limestone with sand stringers Fort Thompson Pleistocene 9000
75 Sand Fort Thompson Pleistocene 5000
9 Sand with fine sand layers Tamiami Pliocene 4000
Modified from Harvey et a. 2002 and Harvey et a. 2000
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the surficial aquifer beneath the northern WCAs in greater
detail than previoudy available (Harvey et a. 2002). The
present study extended that work through collection of addi-
tional hydraulic conductivity data from shalow layers (1a
and 1b, Table 1). Table 1 combines and summarizes basic
hydrogeologic information collected beneath WCA-2A,
which is representative of much of the central Everglades.

Everglades Nutrient Removal Project

The ENR Project was constructed and operated in the
1990s as a prototype to test the capacity of larger con-
structed wetlands, called storm water treatment aress, to
remove nutrients from agricultural drainage waters (Figures
1and 3a). ENR iscomprised of a 1545 ha areathat wasfor-
merly part of the Everglades, but was drained and farmed
beginning in the mid-1900s, and then recently returned to
management as a constructed wetland. The source of sur-
face water to ENR is pumpage from agricultural land to the
west and from surface water from Lake Okeechobee.
ENR’slocation in the Everglades |andscape affects interac-
tions between surface water and ground water. To the east
of ENR is WCA-1, where water surface elevations are
maintained at relatively high elevations compared with the
rest of the Everglades. To the west of the ENR is the Ever-
glades Agricultural Area (EAA), where subsidence and
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canal drainage have substantially decreased the ground ele-
vation and water table relative to WCA-1 and ENR. Prox-
imity to the agricultural area has a significant effect on the
ENR water budget, with recharge in ENR accounting for
flow equal to 30% of the pumped inflow of surface water
(Choi and Harvey 2000).

Water Conservation Area 2A

Located 10 km to the south of ENR, WCA—-2A is 25
times larger in area (42,525 ha) than ENR (Figure 3b).
Studying WCA-2A is a logical complement to investiga
tions in ENR, because of the much larger area and much
longer history of nutrient pollution (Urban et a. 1993;
Jensen et al. 1995). WCA-2A shares boundaries with
WCA-1 and the EAA, lands developed for light industrial
and residential areasto the east, and WCA—3A to the south-
west. In the 1950s, construction began on a new system of
levees and borrow canals to connect the canal and levee
systems that bordered WCA—-2A to the north and south
(Light and Dineen 1994). By about 1963, WCA—2A was
completely surrounded by levees and canals (Figure 3B).

Researchers started investigating the ecology of
WCA—-2A beginning about 1975, documenting, for exam-
ple, theloss of treeislands and atransition from a sawgrass-
dominated wetland to one affected by extensive cattail

(B) WCA-2
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Figure 3. Research sites, instrumentation, and natural and manmadefeaturesin (a) ENR Project and (b) WCA-2, central Ever-

glades, south Florida.
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growth in some areas (Jensen et al. 1995). Possible causes
for those ecological changes are excess nutrients from agri-
cultural runoff, and excessive periods of drying and wetting
due to water-management practices.

Methods

Three research transects with an orientation similar to
local directions of ground water flow were selected for
study—onein ENR, and two in WCA-2A (Figure 3). Tran-
sects were also selected to take advantage of existing infra-
structure and to colocate our measurements with other
complementary studies. In total, 10 sites on the ENR tran-
sect and seven sites on the two transects at WCA—2A were
investigated. Some additional measurements were also col-
lected at single sitesin WCA-3A and WCA-2B (Figures 1
and 3b). Research sites had instrumentation including (in
various combinations) a surface water stage recorder, one
or more research monitoring wells emplaced in the surficial
aquifer underlying the Everglades, one or more shallow dri-
vepoints emplaced in the peat, and two or more seepage
metersinstalled in wetland peat.

Six research monitoring wells (3.2 or 5.1 cm nominal
outside diameter) with 60 cm screens were emplaced in the
surficial aquifer at a depth of ~2 m below the ground sur-
face. Shallow drivepoints (0.95 to 1.9 cm nominal outside
diameter) with 1to 5 cm screens were emplaced in peat and
in the underlying organic/marl/sand transitional sediments
to depths ranging from 0.1 to 2 m. More details on well and
drivepoint construction, installation procedures, exact loca
tions of instruments, and measurement techniques are given
in Harvey et a. (2000).

Hydraulic Conductivity and Recharge/Discharge Estimates

Hydraulic conductivity of the sand and limestone
aquifer beneath WCA—-2A and ENR was estimated by a
previous study (Harvey et a. 2000). Hydraulic conductivi-
ties of Everglades’ peat and the organic/marl/sandy sedi-
ments immediately underlying the peat were determined as
part of the present study using either a constant-head,
pump-out method (Tavenas et al. 1990; Brand and Prem-
chitt 1980) or a bail-test method (Luthin and Kirkham
1949) in piezometers. Slug tests are usually thought to be
more sensitive to horizontal hydraulic conductivity, which
could bias results if used to compute a vertical flux. We
used our slug test results as direct estimates of vertical
hydraulic conductivity because, to our knowledge, a more
reliable method has not been demonstrated for peat. An
alternative approach to estimating vertical hydraulic con-
ductivity, i.e., applying corrections to horizontal hydraulic
conductivitiesin the manner typically used in granular sed-
iments, was judged to be inappropriate for peat, because
those approaches do not consider specia features such as
the possibility of preferred flowpaths created by vertical
growth of roots. To be consistent with units of reporting
recharge and discharge estimates, all hydraulic conductivity
values used in the present study are reported in units of
cm/day.

Seepage meters were used to obtain direct estimates of
vertical water fluxes (i.e., recharge and discharge) through
the peat at sitesin ENR. Our seepage meters were designed
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similarly to the Lee-type meter (Lee 1977), but instead of
cutoff drums, we built seepage meters from 0.64 cm thick,
high-density polyethylene (HDPE) by creating rings (76 cm
diameter by 30 cmmwall height), attaching an HDPE conical
dome, and installing a PV C bulkhead fitting with a 1.9 cm
port on top of the dome for quick connections and discon-
nections of a prefilled seepage bag. Simultaneous seepage-
meter measurements using replicate meters at a single site
had an average uncertainty of £ 50%. A more limited data
set on recharge and discharge was collected using seepage
meters at sites WCA-2BS (Figure 3b) and WCA-3A-15
(Figure 1). More detailed information on seepage meters,
including emplacement and operation, and precision and
limit of detection, are given in Harvey et a. (2000).

Limited access to more remote wetland sites in
WCA-2A required a method other than seepage meters to
estimate vertical recharge and discharge fluxes. Daily-aver-
aged surface and ground water level measurements were
combined with estimates of peat hydraulic conductivity to
compute recharge and discharge in WCA—-2A. Calculations
were made by multiplying the average hydraulic conductiv-
ity of peat at a site by the vertical hydraulic gradient mea-
sured at that site. The vertical gradient was estimated as the
difference between the surface water stage and the ground
water elevation in the shallowest monitoring well (~2 m
below the peat surface). For the denominator in the
hydraulic gradient, the thickness of peat was used. This
assumed that head changed linearly through the peat and that
the head measurement in the well was a good estimate of
head at the base of the peat. The sign convention for fluxes
was a positive flux and negative hydraulic gradient when
discharge occurred (i.e., upward flow from ground water to
surface water), and a negative flux and positive hydraulic
gradient when recharge occurred (i.e., downward flow from
surface water to ground water). Our calculations further
assumed that head changesin surface water or ground water
wererapidly transmitted through the peat without significant
time lag, thus maintaining the linear head distribution
assumed by Darcy’s law. That approximation was justified
by the relative timescales involved, i.e., the timescae for
pressure propagation through the peat (minutes) compared
with atimescale of daysto weeksfor changing surface water
levels (which control head at the peat surface). We estimated
the characteristic time of pressure propagation through the
peat, t,, using the equation t,= 12 xL?x QIKM, whereL is
the approximate thickness of the restricting layer (1.5 m), S
is the specific storativity of peat (0.001/m), and K peat isthe
approximate hydraulic conductivity of the restricting layer
(0.3 m/day) (Thibodeaux 1996).

Hydrogeologic Simulation

Factors affecting recharge and discharge were exam-
ined using a simple hydrogeologic model of ground water
flow for aleaky aquifer overlain with athin aquitard adja
cent to acanal. Barlow and Moench (1998) provided a solu-
tion to the problem based on aone-dimensional (horizontal)
flow assumption through the aquifer with uniform hydroge-
ologic properties, and with vertical leakage across the
aquitard (envisioned as Everglades peat in our case).
Because of one-dimensional flow, the head at the left
boundary of the aquifer (in contact with the cana) was



equa to the canal water level and was constant with depth.
That boundary condition represented the hypothetical situa-
tion where the canal fully penetrated the aquifer, which was
not the situation in WCA—2A where the surficia aquifer
was ~60 m thick and the canal was ~4 m in depth. Despite
the fact that the canal only partially penetrates the aquifer,
the fully penetrating assumption was judged sufficient for
our purposes because of its simplicity and because it suc-
cessfully has been used in the past as afirst order approxi-
mation of boundary conditions for situations that were in
reality more complicated. The governing equations for the
hydrogeologic model are asfollows:

?*h S, oh
— ="ty 1
x> K, ot 91 )
?*n' S on' .
> == for thedomainb< z< (b +b’)
0z K' ot
@
K' [ oh'
r— 3
I Kxb( 0z )Zb ©

where h and h’ are hydraulic heads in the aquifer and
aquitard (peat) (m), respectively; x is horizontal distance
from a canal boundary (m) in the domain x, < x< = ; §
and S/ are specific storage of the aquifer and aguitard,
respectively (1/m); K, and K’ are the horizontal hydraulic
conductivity of the aquifer and vertical hydraulic conduc-
tivity of aquitard, respectively (m/s); z is vertical distance
(m); band b’ are the thicknesses of the aquifer and aquitard,
respectively (m); and g’ isthe volumetric flux to or from the
aquifer per unit volume of aquifer divided by the aquifer
hydraulic conductivity (Barlow and Moench 1998). The
initial conditions for the model are

h(x,0) = h,
h(z0)=h

where h; isthe initial head in the aquifer. Boundary condi-
tionsin the aquifer are

h(0, t) = h,
h(ee, t) = hy
where h; is the new head at the cana-aquifer interface
achieved after an instantaneous step change. Boundary con-
ditionsin the aquitard are
h" (x, z=b, t) = h(xt)
h"(x,z=b+Db,t)=h
An analytical solution for these equations exists, but we

chose to solve our problem using the numerical code called
STLK1 provided by Barlow and Moench (1998).

The simple hydrogeologic simulation described here
was used to try to isolate the effect of the levee boundary on
discharge in the wetland. The stress applied to the model
was asudden 1 mincreasein head at the left boundary (rep-
resenting anincreasein thewater level of acanal that is sep-
arated from the wetland by a levee). The model ignored
other possible influences, such as climatic factors, surface
water pumping, and operation of water-control structures,
aswell asthe dight slope of the wetland ground surface and
water level surface. Assuming that the surface water level
in the wetland is constant presumes quick drainage away
from the levee of recently discharged ground water. Con-
stant surface water level was implemented using the source
bed option of the STLK1 model, which holds the hydraulic
head constant at the top of the restricting layer. Aquifer and
restricting layer thicknesses, aquifer hydraulic conductiv-
ity, and head change at the boundary were set on the basis
of field estimates and held constant for al simulations.
Hydraulic conductivity of the restricting layer (peat) was
initially set to 30 cm/day, an intermediate val ue of K peat that
was representative of vertical hydraulic conductivity in
both ENR and WCA-2A. A value of specific storage for
both peat and aquifer (0.001 m) was selected based on liter-
ature values (Anderson and Woessner 1992). Other para
meter values used in model simulations were aquifer depth
60 m, peat depth 1 m, and K ¢ 3000 cm/day. For the pur-
pose of testing sensitivity to the value of Kpearr tWO addi-
tional simulations were run using values of K., = 0.3 and
3000 cm/day, respectively.

Results

Hydraulic conductivities of peat (erat) arereported as
geometric meansfor three areas of the central Evergladesin
Table 2. In the WCA-2A interior, 19 measurements were
made at four sites in the wetland interior, and near the
WCA-2A levee seven measurements were made at one
site. In ENR, 17 measurements were made at six sites. No
obvious vertical pattern was seen in the vertical distribution
of K peat estimates (Figure 4), which supports the simple
approach of using the geometric mean of all K, estimates
from a site as a reasonable characterization of vertical
hydraulic conductivity at the site. There was atrend toward
higher values of K peat in the WCA—2A interior (geometric
mean of 55 cm/day) compared with ENR (6 cm/day). Val-
ues of K., a sites near the Hillsboro levee in WCA—-2A
(24 cm/day) were intermediate between interior WCA—2A
and ENR. A tendency toward lower K., values in ENR
may be the result of irreversible compaction of peat that
probably occurred there due to decades of drainage and
farming before the site was reconverted to a wetland (Har-
vey et a. 2002). That interpretation is consistent with bulk
density measurements which indicate that peat sedimentsin
ENR are a factor of three denser than in the WCA—-2A inte-
rior. Finding lower K__. near the WCA—2A |evee compared
to values from the WCA—2A interior is consistent with the
higher bulk density of peat measured near thelevee (Table 2),
which may bethe result of interactions with the nearby canal,
where frequent overbank flooding over the past 30 yearsis
likely to have ddivered large amounts of fine-grained
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Table2
Measur ed Physical Propertiesand Hydraulic Conductivity of Peat and Underlying Transitional
(Fresh Water Marl/Sand) Sedimentsin WCA—-2A and ENR, Central Everglades

Hydraulic Conductivity (cm/day)

Number Number of Mean Bulk Density
L ocation of Sites  Observations  Depth (cm) Mean Min Max (g/cmd)
Peat
WCA-2A interior 4 18 120 59 7 1400 0.06
WCA-2A—near levee 1 4 80 26 17 42 0.09
ENR 6 11 110 6 0.2 110 0.20
Transitional
WCA-2A interior 2 8 n.d. 61 15 420 n.d.
WCA-2A—near levee 1 7 >100 6 1 20 11
ENR 5 5 n.d. 18 4 46 11

All means are geometric means.
n.d. means no data.

mineral sediments into the wetlands. Probably as a result of
being less disturbed by human activities, interior areas of
WCA-2A appeared to have a higher K., that was more
representative of predrainage conditionsin the central Ever-
glades (Gleason and Stone 1994).

At some sites, we also estimated hydraulic conductiv-
ity in the fresh water marl/sand layer immediately underly-
ing the peat. Average hydraulic conductivities in
transitional layers at WCA—2A interior, WCA-2A levee,
and ENR siteswere 61, 6, and 18 cm/day, respectively (Fig-
ure 4 and Table 2). K in the transitional layer therefore did
not differ greatly from K., above. K values were 2000 and
900 cm/day near thetop of the surficial aquifer at WCA—2A

and ENR, respectively (Harvey et al. 2000). Finding that
hydraulic conductivity in the surficial aquifer was one to
two orders of magnitude higher than in the peat or fresh
water marl/sand transition layer indicated that peat, along
with the transitional matrix, function together as a layer
restricting vertical fluxes of water by recharge and dis-
charge.

Spatial and Temporal Variability of
Measured Recharge and Discharge Fluxes

Recharge and discharge fluxes were greater near levees
compared with interior sites in wetlands (Table 3 and Fig-
ure 5). Fluxes at those sites (within 2000 m of levees) aso
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Figure 4. Hydraulic conductivity of wetland peat and fresh water marl/sand layersthat are transitional to the underlying sur-
ficial aquifer, ENR Project and WCA—-2A, central Everglades, south Florida.
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tended to be unidirectional with time (i.e., always recharge
or discharge, depending on position upgradient or downgra
dient of alevee) (Figure 53). At near-levee sites, the median
(50th percentile) values of vertical fluxes ranged in magni-
tude from 0.03 to 4 cm/day. Highest values of discharge in
WCA-2A and ENR occurred at sites close to the levee bor-
dering WCA-1. For example, relatively high vaues of dis-
charge occurred at ENR sites M104, M106, M 105, and at
site S10C-Sin WCA—-2A (Figure 5a). The highest value of
recharge occurred in ENR at the site that was closest to the
levee bordering the agricultural area (site M201) (Figure 5a).

At wetland sites in the WCA—-2A interior, the average
behavior of vertical fluxes was better represented by the
25th and 75th percentile fluxes compared with the 50th per-
centile flux. This was because those sites experienced
reversalsinthedirection of vertical fluxesonaregular basis
that tended to balance one ancther, resulting in a median
near zero. The median (50th percentile) fluxes tended to be
very small (< 0.06 cm/day), while the 25th and 75th per-
centile fluxes better represented the typical magnitudes of
recharge and discharge (on the order of 0.5 cm/day).

Interior sites at ENR had even smaller median fluxes
(approximately 0.03 cm/day). Also, rather than experienc-
ing changing directions of fluxes, vertical fluxes at theinte-
rior sites in ENR experienced recharge ~90% of the time
(Figure 5c).

Hydrogeologic Simulation

The hydrogeologic simulation suggested that surface
water level differences across levees can drive vertica
fluxes across the peat surface aslarge as 10 cm/day near the
levees, and that fluxes decline exponentialy with distance
and become negligible beyond 1000 m (Figure 6). The
model performed reasonably well simulating data collected
near levees (within 2000 m). All data collected near levees
in ENR and WCA—2A plotted within an envelope describ-
ing sensitivity of the model to a range of vertical values of
K peat (0.003 to 30 m/day). Measured vertical fluxes in the
interior of WCA—2A (up to 12,000 m away) were larger by
several orders of magnitude than fluxes simulated by the
model. The range of measured fluxesin the wetland interior
was large, with 25th and 75th percentile fluxes being much
larger in magnitude (0.1 to 1 cm/day) than their corre-
sponding median fluxes (~0.06 cm/day). Higher magni-
tudes of fluxes on the quartiles resulted from switching of
vertical fluxes back and forth between recharge and dis-
charge at most sites, averaging to a net flux of approxi-
mately zero. The hydrologic simulation predicted a zero
vertical flux at all times in the interior wetlands, which
vastly underpredicted the observed recharge and discharge
fluxes. These results suggest that a time-dependent factor
must exist that drives alternating periods of recharge and
discharge in the interior of WCA-2A.

Table3
Vertical Fluxes Acrossthe Peat Surface M easured at Wetland Sitesin WCA—-2A
and ENR Project, Central Everglades, South Florida
Vertical Flux (cm/day)
Per centile
Distance
from Period of Number of
Site Levee(m) Record Observations 10% 25% 50% 75% 90%
S10C-S 50 9/9-11/02 1651 15 2.3 2.9 3.7 4.0
E1l 2191 2/97-10/02 1945 -09 -0.7 -0.03 0.3 0.6
ﬁl E4 6915 2/97-10/02 1679 -1 -0.4 0.00 04 0.8
6 Ul 14,447 2/97-10/02 1741 -0.8 -04 -0.06 0.2 0.6
= F1 1968 2/97-10/02 1885 -0.7 -04 0.04 0.3 0.4
F4 6906 2/97-10/02 1616 -1.0 -0.8 -05 —-0.08 0.2
U3 11,075 2/97-10/02 1955 -0.3 -0.1 0.02 0.2 0.5
‘%i M104 50 10/96-4/98 110 0.2 0.3 0.7 11 13
L M 106 132 3/7-4/98 43 0.2 0.2 0.3 0.8 4.7
DZ: M105 257 12/96-4/98 40 0.1 0.2 04 2.3 47
w | M103 867 6/96-4/98 37 -0.2 -0.1 -0.04 0.01 0.02
B | M201 50 8/96-4/98 68 -12 -9.6 -33 2.3 -11
= M206 180 3/97-4/98 14 -0.7 -0.1 -0.07 -0.06 -0.04
DZ: M206 359 10/96-4/98 43 -0.4 -0.2 -0.07 -0.05 -0.02
w | M203 1027 6/96-4/98 53 -0.2 -0.06 -0.03 -0.01 0.01
Five-year (WCA-2A) and two-year (ENR) time periods were investigated, with fluxes reported by percentiles.
Discharge fluxes are positive and recharge fluxes are negative.
Vertical fluxesin WCA-2 and ENR were estimated by seepage meter and Darcy-flux calculations, respectively.
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Figure 5. Cumulative distributions of vertical fluxes across
the peat surface at wetland sites (a) near levees, (b) interior
sitesin WCA-2A, and (c) interior sitesin ENR Project, central
Everglades, south Florida. Vertical fluxes in WCA-2A and
ENR were estimated by seepage meter and Dar cy-flux calcu-
lations, respectively. Note the two times and 10 times exagger -
ation of vertical flux (x-axis) in (b) and (c), respectively.

Temporal Trends in Recharge and Discharge
in Interior Wetlands of WCA—-2A

During afive-year measurement period at site U3, ver-
tical fluxes varied cyclicaly back and forth between
recharge and discharge (Figure 7). The temporal record was
based on daily calculations of Darcy-flux, which was based
on measured surface water levels and ground water head at
the site. Unfortunately, asimple correlation was not evident
between the fluctuating pattern of recharge and discharge,
and measured fluctuations in surface water. Instead, the
direction of vertical fluxes aternated on annual, monthly,
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and weekly timescales. Trends for each timescae are
described separately, beginning with annual trends. The
years 1997 to 2002 were a time of average wetness in
WCA-2A with a dlight (interannual) trend toward drying
out over the five-year period (-3 x 10° m/day). The first
half of the record followed awetter period in the mid-1990s
and was a time of average wetness. During that time, the
annual trend in recharge and discharge was weighted
toward ground water discharge. Recharge and neutral
fluxes occurred more often in the second half of the record
(2000 to 2002), which was atime of transition to drier con-
ditionsin WCA-2A (Figure 7).

Viewed from amonthly perspective, the most obvious
repeating features are the ~14 peaks in surface water level
that last from several weeks to several months (Figure 7).
Plotting the times of spillway discharges from site S10C
(Figure 3b) on Figure 7 suggested that most of those peak
water levels (above 3.8 m NGVD [National Geodetic Ver-
tical Datum of 1929]) were adirect result of the movement
of apulse of surface water released from the S10 spillways
into the central wetland where U3 islocated. It appears that
the ~8 smaller peaks in surface water elevation (below
3.8 m NGVD) were not associated with surface water
pulses, but rather with periods of heavy precipitation near
the end of the dry season (Figure 7).

The weekly pattern of vertical flux began with many
missing values, and was then followed by severa sharp
spikes of recharge and discharge in late 1997, followed by a
few months of recharge in early 1998. A discharge trend
began in mid-1998 and continued through the rest of that
year and into early 1999. Discharge in the summer of 1999
was interrupted by two short-lived reversals to recharge
associated with peat rewetting events. The trend toward dis-
charge continued through April 2000, when it transitioned to
alternating periods of recharge and discharge for theremain-
der of the year. A brief period of neutral conditions (with
approximately zero fluxes) followed, and then transitioned
three monthslater to one of thelonger periods of rechargein
the record lasting through August 2001. During September
and October 2001, the arrival of severd large surface water
pulses drove aternating periods of recharge and discharge.
Neutral flux conditions prevailed between November 2001
and February 2002. Recharge occurred throughout the
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remainder of the record, except for short-term reversals to
discharge caused by precipitation (April 2002) and by the
approach of a surface water pulse in June 2002.

Controls on Reversals Between Discharge
and Recharge in Interior Wetlands

Reversals between recharge and discharge were com-
monly associated with peat rewetting events. Peat rewetting
is the process of refilling of unsaturated pore spaces and
reflooding the wetland following adry period when ground
water levels decline below the sediment surface. With a
maximum drawdown of the water table of ~0.24 m below
the wetland surface elevation, it islikely that the peat rarely
dries out substantially, athough surface cracking was
observed in the late spring of 1999. Peat rewetting can
either occur sowly, due to multiple precipitation events
over a period of months, or rapidly, due to the sudden
arrival of a large pulse of surface water. Specific factors
involved in peat rewetting probably involve a combination
of processes, including ground water discharge and infiltra-
tion of surface water from surface water flowing across
what had just previously been relatively dry or variably sat-
urated wetland sediment. The effects of peat rewetting at
site U3 were easiest to visualize in Figure 7 during the peri-
ods March through July 2001, and March through June
2002.

Peat rewetting and fluctuations in surface water levels
in WCA—2A were affected by precipitation and evapotran-
spiration, and also by spillway operations that released
water from WCA-1. Precipitation and evapotranspiration
were the primary controls on water levels when water-con-
trol structures were inactive. At those times, surface water
levelsin the northern (higher elevation) areas of WCA—2A
were usually similar to topographic slopes, whereas in the
southern areas surface water tended to be ponded (i.e., zero
surface water slope) (Romanowicz and Richardson 2000).
Threeto four timesayear, the S10 spillways at the northern
levee of WCA—-2A are opened for a period of weeks to
months, releasing large amounts of surface water that flow
in awavelike manner (initially with an amplitude of 0.5 to
1 m) to the southwest, toward the center of WCA—2A under
theinfluence of gravity. The surface water pul se often takes
aweek or more to travel south into the central area of the
basin and, asit travels, it becomes attenuated and dispersed.

Thereisapotential for surface water pulsesto influence
surface water and ground water interactions in the interior
wetlands of WCA—2A. In particular, if surface water levels
increase faster than ground water heads, a downward
hydraulic gradient is expected that would drive ground water
recharge. Conversely, an upward hydraulic gradient and
ground water discharge are expected if surface water levels
decline faster than ground water heads. We characterized the
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previous examples as the ground water lag mechanism of
driving vertical exchange. Evidencefor the ground water lag
mechanism was apparent in the five-year record at site U3,
particularly inthe many recharge eventsthat occurred simul-
taneously with peak surface water levels (Figure 7). Con-
versely, discharge tended to occur both on thefalling limb of
surface water levels and (for short periods encompassing
several weeksor less) prior to thearrival of the surface water
pulse (Figure 7). While discharge on the fdling limb of a
surface water peak is consistent with a ground water lag in
pressure heads, short-lived discharge preceding the arrival
of a pulse of surface water is not. The data suggest that,
under certain circumstances, ground water heads propagate
faster through the wetlands than the pulse of surface water.
For example, in awetland that was relatively dry or variably
saturated (dry in some areas and wet in others), the pressure
associated with a surface water release at the spillway could
potentially propagate faster toward the central wetland
through the aquifer compared with moving with surface
water acrossthetop of thewetland. What we observed at site
U3 in the interior of WCA—2A were approximately seven
instances when a few days or weeks of discharge occurred
immediately preceding the arrival of asurface water pulse at
site U3 (Figure 7). Pressure must have traveled faster in the
aquifer to cause discharge (for even a short-lived period)
before the surface water pulse arrived. This mechanism is
referred to here as the ground water pressure-wave mecha-
nism of driving vertical exchange. Although we believe our

explanation is plausible, we acknowledge that more field
data and model simulations are needed to confirm our inter-
pretation. Once the peak of the surface water pulse arrived,
then the direction of vertical flux tended to reverse to
recharge as anticipated by the ground water lag effect (Fig-
ure7).

Discussion

Hydraulic conductivity of Everglades peat was ~30
cm/day, which was more than a factor of 30 less than the
hydraulic conductivity of sand and limestone sediments of
the surficia aquifer. Lower hydraulic conductivity of peat
in some areas of the central Everglades appears to be
explained by human alterations of the wetlands, with the
lowest average hydraulic conductivity measured in ENR,
an area of former wetlands that was farmed for decades and
then only recently converted back to wetlands. Transitional
organic/marl/sand sediments beneath the wetland peat had
hydraulic conductivitiesthat were similar to peat, indicating
that the layersrestricting recharge and discharge fluxes may
be thicker than the peat itself. The depth of the transitional
layer was uncertain at most of our sites and should be more
rigorously determined in future studies.

Model simulations were consistent with field data in
suggesting that recharge and discharge were highest near
levees. Modeled vertical fluxes declined exponentially and
were not significant beyond 600 m. In the wetland interior
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(farther than 1000 m), our measurements of recharge and
discharge were significantly higher than simulated fluxes,
and our observation in interior wetlands therefore could not
be accounted for as a direct effect of ground water flow
beneath levees. Field observations showed that most inte-
rior sites also demonstrated cyclic changes from recharge to
discharge and vice versa, with reversals occurring on
monthly or longer timescales.

Estimates of recharge and discharge from a subset of
our sites in the centra Everglades are summarized in
Figure 8 and contrasted with average precipitation, evapo-
transpiration, and basin-averaged surface flows in the cen-
tral Everglades (SFWMD 1999). Recharge and discharge
were greatest in the smaller basins (ENR and the Stormwa-
ter Treatment Areas [STAS]) of the north-central Ever-
glades. At some sites in ENR, recharge was larger than
precipitation and evapotranspiration, and was also signifi-
cant relative to surface flows (Figure 8). Choi and Harvey
(2000) showed that recharge in ENR accounted for aflux of
water equal to 30% of surface flow. Farther south in the
much larger WCAS, area-averaged recharge and discharge
were smaller, although the fluxes were still significant rela-
tive to other water balance fluxes (Figure 8). The trend of
decreasing vertica fluxes farther south in the central Ever-
glades is probably the result of severa factors, including
larger basin size (and correspondingly less effect of ground
water flow beneath levees) and also asmaller overall driving
forcefor recharge dueto surface water levelsin the wetlands
that are not as high relative to areas outside of the wetlands
compared with wetlands farther north (Miller 1988).

Recharge and discharge are important to water budgets
inthe central Everglades. Over thelong term, recharge gen-
erally exceeds discharge (Harvey et a. 2002). The present
research suggests that in addition to net, long-term
recharge, there are alternating periods of recharge and dis-
charge in the interior wetlands. These fluxes cancel out in
long-term hydrologic budgets, but they are of great poten-
tial importance to seasonal water balances and water qual-
ity. For example, seasona recharge during rising surface
water levels transports surface water (and surface water
contaminants) into peat porewater and the aquifer (Harvey
et a. 2002). The stored water is later released by ground
water discharge during falling surface water levels, supple-
menting low flows and perhaps exporting subsurface con-
stituents back to surface water. In this way, aternating
periods of recharge and discharge can be viewed as a nat-
ural process of aquifer storage and recovery that may be
important to ecosystem processes as well as storage and
return of dissolved contaminants to surface water.

Comparison with Predrainage Conditions

Knowing exactly how recharge and discharge have
changed since predrainage times in the central Everglades
is impossible, which means that present-day spatial trends
are the best source of information to extrapolate backward
to estimate predrainage conditions. The best modern analog
for recharge and discharge relationshipsin the central Ever-
glades to represent predrainage conditions is probably
WCA-3A, where driving forces for recharge and discharge
by natural topographic gradients are small, and great dis-
tances from levees and water-control structures reduce the

effects of increased surface water level fluctuations.
Recharge and discharge in WCA—-3A were the smallest
measured in our study. We conclude that in most areas of
the central Everglades, particularly the much smaller basins
(thousands of hectares) near the northern and northwestern
boundaries (i.e.,, ENR and the STAS), recharge and dis-
charge have vastly increased due to the effects of water
resources management. Our work confirms that isolation of
surface water at different levels in basins surrounded by
levees creates significant driving forces for recharge and
discharge. Our work a so identifiesthat, perhapsfor thefirst
time, greater surface water level fluctuations associated
with water resources management have also played arolein
increasing recharge and dischargein theinterior areas of the
central Everglades.
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