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Multiply By To obtain
Length
inch (in.) 2.54 centimeter
foot (ft) 0.3048 meter
mile (mi) 1.609 kilometer
Area
square foot (%) 0.0929 square meter
square mile (mi?) 2.590 square kilometer
Flow
cubic foot per second (ft?/s) 0.02832 cubic meter per second
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Hydraulic Conductivity

foot per day (ft/d) 0.3048 meter per day
Leakance
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*Transmissivity
foot squared per day (ft?/d) 0.0929 meter squared per day
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Sea level: In this report, “sea level” refers to the National Geodetic Vertical Datum of 1929 (NGVD 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.

Altitude: In this report, altitude refers to distance above or below sea level.
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Hydrogeology, Water Quality, and Simulated Effects of
Ground-Water Withdrawals from the Floridan Aquifer
System, Seminole County and Vicinity, Florida

By Rick M. Spechler and Keith J. Halford

Abstract

The hydrogeology and ground-water quality
of Seminole County in east-central Florida was
evaluated. A ground-water flow model was devel-
oped to simulate the effects of both present day
(September 1996 through August 1997) and pro-
jected 2020 ground-water withdrawals on the
water levels in the surficial aquifer system and the
potentiometric surface of the Upper and Lower
Floridan aquifers in Seminole County and vicinity.

The Floridan aquifer system is the major
source of ground water in the study area. In 1965,
ground-water withdrawals from the Floridan aqui-
fer system in Seminole County were about
11 million gallons per day. In 1995, withdrawals
totaled about 69 million gallons per day. Of the
total ground water used in 1995, 74 percent was
for public supply, 12 percent for domestic self-
supplied, 10 percent for agriculture self-supplied,
and 4 percent for recreational irrigation.

The principal water-bearing units in
Seminole County are the surficial aquifer system
and the Floridan aquifer system. The two
aquifer systems are separated by the intermediate
confining unit, which contains beds of lower per-
meability sediments that confine the water in the
Floridan aquifer system. The Floridan aquifer
system has two major water-bearing zones (the
Upper Floridan aquifer and the Lower Floridan
aquifer), which are separated by a less-permeable
semiconfining unit.

Upper Floridan aquifer water levels and
spring flows have been affected by ground-water

development. Long-term hydrographs of four
wells tapping the Upper Floridan aquifer show
a general downward trend from the early 1950is
until 1990. The declines in water levels are caused
predominantly by increased pumpage and below
average annual rainfall. From 1991 to 1998,
water levels rose slightly, a trend that can be
explained by an increase in average annual rain-
fall. Long-term declines in the potentiometric
surface varied throughout the area, ranging from
about 3 to 12 feet. Decreases in spring discharge
also have been observed in a few springs with
long-term record.

Chloride concentrations in water from the
Upper Floridan aquifer in Seminole County range
areally from 6.2 to 5,300 milligrams per liter.
Chloride concentrations are lowest in the recharge
areas of the Floridan aquifer system in the western
part of Seminole County and near Geneva. The
most highly mineralized water occurs adjacent to
the Wekiva River in northwestern Seminole
County, around the eastern part of Lake Jesup, and
along the St. Johns River in eastern Seminole
County. Analysis of limited long-term water-qual-
ity data indicates that the chloride concentrations
in water for most wells in the Floridan aquifer
system in Seminole County have not changed sig-
nificantly in the 20-year period from 1976 to 1996,
and probably not since the mid 1950is. Analysis
of water samples collected from some Upper
Floridan aquifer springs, however, indicates that
the water has become more mineralized during
recent years. Increases in specific conductance
and concentrations of major cations and anions
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were observed at several of the springs within the
study area where long-term water-quality data
were available. Associated with these increases in
the mineralization of spring water has been an
increase in total nitrate-plus-nitrite as nitrogen
concentration.

A three-dimensional model was developed
to simulate ground-water flow in the surficial and
Floridan aquifer systems. The steady-state
ground-water flow model was calibrated to water-
level data that was averaged over a 1-year period
from September 1996 through August 1997. The
calibrated flow model generally produced simu-
lated water levels in reasonably close agreement
with measured water levels. As a result, the cali-
brated model was used to simulate the effects of
expected increases in ground-water withdrawals
on the water levels in the surficial aquifer system
and on the potentiometric surface of the Upper and
Lower Floridan aquifers in Seminole County.

The calibrated flow model was used to
simulate the possible effects of increased ground-
water withdrawals from the Floridan aquifer
system in the year 2020. Ground-water with-
drawals in the study area have been projected to
increase from 412 million gallons per day
(637 cubic feet per second) in 1996-97 to
591 million gallons per day (915 cubic feet per
second) in 2020. Based on projected 2020 ground-
water withdrawals, the simulated maximum draw-
downs were about 16 feet in the surficial aquifer
system and about 19 feet in the Upper and Lower
Floridan aquifers.

INTRODUCTION

Rapid growth in Seminole County, Fla., and
adjacent areas is creating an ever-increasing demand
for freshwater. In 1965, the population of Seminole
County was about 73,000 and total ground-water with-
drawals were estimated to be about 11 million gallons
per day. By 1995, the population and ground-water
withdrawals were estimated to be about 324,000 and
69 million gallons per day, respectively. The popula-
tion is projected to reach about 509,000 by the year
2020. As population increases, additional water
supplies will be needed.

Ground water, the principal source of water
supply in Seminole County, is obtained from two
aquifers: the surficial aquifer system and the Floridan

aquifer system. The surficial aquifer system has limited
use because of low yields to wells and the potential for
contamination. Water withdrawn from the surficial
aquifer system is used primarily for lawn irrigation.
The Floridan aquifer system is the principal source of
water supply in the study area. Wells open to the Flori-
dan aquifer system yield large quantities of good qual-
ity water; however, dissolved solid and chloride
concentrations exceed secondary limits for potable
water supply in parts of eastern and northwestern
Seminole County. There also is concern that in some
areas heavy withdrawals from the Floridan aquifer
system might cause saltwater intrusion, which could
result in ground water quality degradation. Increased
withdrawals from the Floridan aquifer system also
could lower lake levels and the potentiometric surface
of the Upper Floridan aquifer and decrease the flow
from Upper Floridan aquifer springs.

As the demand for water in Seminole County
increases, additional information about the aquifers is
needed to manage and to develop the water supply
effectively. The U.S. Geological Survey (USGS), in
cooperation with Seminole County and the St. Johns
River Water Management District (SIRWMD),
conducted a study from 1994 to 1999 to describe the
hydrogeology and ground-water quality and evaluate
the effects of increased pumpage on the ground-water
resources of Seminole County.

Purpose and Scope

This report presents a description of the hydroge-
ology of the surficial and Floridan aquifer systems in
Seminole County, characterizes present-day water-
quality conditions in the Upper Floridan aquifer, and
quantifies the effects of future ground-water withdraw-
als. Ground-water level and quality, surface-water
stage and discharge, and water-use data are presented.
A numerical model of the ground-water flow system
was constructed and used to evaluate the effects of
anticipated increases in pumping on water levels in the
surficial and Floridan aquifer systems and on spring
flow from the Upper Floridan aquifer. Although the
primary area of interest was Seminole County, popula-
tion growth and urbanization in adjacent central
Florida counties affect Seminole County, so the study
area was expanded to consider the larger, more regional
system (fig. 1).

2 Hydrogeology, Water Quality, and Simulated Effects of Ground-Water Withdrawals from the Floridan Aquifer System,
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Previous Investigations

Numerous reports on the ground-water resources,
hydrology, and geology of the study area are available.
The ground-water resources of Seminole County were
first described by Stringfield (1934). A study of the
water resources of the Florida Peninsula (Stringfield,
1936) included information about Seminole County.
Stubbs (1937) also reported on the ground-water
hydrology of Seminole County, with emphasis on the
water supply for the city of Sanford. Data reports by
Heath and Barraclough (1954), Barraclough (1961),
and an interpretive report by Barraclough (1962) pro-
vided a reconnaissance of the ground-water resources
of Seminole County. Tibbals (1977) studied the avail-
ability and quality of ground water in the county and
delineated recharge and discharge areas. Phelps and
Rohrer (1987) described the hydrogeology and
geochemistry of the Geneva freshwater lens in eastern
Seminole County, and Boniol and others (1993) exam-
ined the recharge features of the lens. Toth and others
(1989) evaluated the water quality in the Wekiva River
Basin of Seminole, Orange, and Lake Counties.

Reports describing the hydrogeology in all or
parts of Orange County include Unklesbay (1944),
Lichtler and others (1968), Lichtler (1972), Knochenmus
(1975), Tibbals and Frazee (1976), Kimrey (1978),
Shaw and Trost (1984), German (1989), and Bradner
(1991); in Brevard County by Brown and others
(1962); in Lake County by Knochenmus (1971),
Knochenmus and Hughes (1976), Grubb (1978), and
Grubb and Rutledge (1979); in Osceola County by
Frazee (1980), Shaw and Trost (1984), and Schiner
(1993); and in Volusia County by Wyrick (1960),
Knochenmus and Beard (1971), Rutledge (1982,
1985), McGurk and others (1989), Kimrey (1990),
and Phelps (1990).

Ground-water flow modeling studies have been
performed for all or parts of the study area by Bush
(1978), Grubb and Rutledge (1979), Planert and Aucott
(1985), Skipp (1988), Tibbals (1981, 1990), GeoTrans,
Inc. (1991), HydroGeoLogic (1992, 1994), and Murray
and Halford (1996).

Reports describing the regional geology, hydrol-
ogy, and geochemistry of the Floridan aquifer system
in the study area include those by Miller (1986), Bush
and Johnston (1988), Johnston and Bush (1988), and
Sprinkle (1989).
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Well-Numbering System

The USGS assigns a unique site identification
number to each inventoried well and surface-water site.
A 15-digit number based on latitude and longitude is
used to identify wells in the USGS data storage and
retrieval systems. The first six digits denote the
degrees, minutes, and seconds of latitude; the next
seven digits denote degrees, minutes, and seconds of
longitude; and the last two digits denote a sequential
number for a site within a one-second grid. For exam-
ple, well 283740081031401 is the first well inventoried
at latitude 28°37'40" N, longitude 081°03'14" W. Once
assigned, a site identification number does not change,
even though the latitude and longitude of the location
may be revised later. Surface-water sites that are part of
the long-term data collection network are assigned an
eight-digit downstream order number, such as
02234600 for Wekiva Springs, which designates the
major river basin (02) and the order in which the tribu-
tary joins the main stream. Surface-water sites that are
not part of the long-term network usually are given a
15-digit number.

The SJRWMD uses an identification system
similar to the USGS for identifying wells, using lati-
tude and longitude as a primary identifier. They also
use a sequential local number assigned to each well as
it is added to their network files. An abbreviation for
the county where the well is located precedes the well
number and, thus, distinguishes it from a well having
the same number in another county. The prefixes S,
OR, BR, L, OS, PO, and V indicate a well drilled in
Seminole, Orange, Brevard, Lake, Osceola, Polk, and
Volusia Counties, respectively.

4 Hydrogeology, Water Quality, and Simulated Effects of Ground-Water Withdrawals from the Floridan Aquifer System,
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Description of the Study Area

The study area encompasses 2,500 square miles
(miz) in east-central Florida and includes all of
Seminole and Orange Counties and parts of Brevard,
Lake, Osceola, Polk, and Volusia Counties. The pri-
mary area of interest, however, is Seminole County,
which covers about 345 mi? of which 298 mi? is
land and about 47 mi? is water (Purdum and others,
1988, p. 118). The location of Seminole County and the
boundaries of the study area for the ground-water flow
model are shown in figure 1.

350 , ,

Rapid population increases over the past
30 years have occurred in Seminole County and in
adjacent Orange County, the most populated county
in east-central Florida. This trend is expected to
continue through the year 2020. From 1965 to 1995,
the population of Seminole County increased from
about 73,000 to 324,000 (fig. 2). During the same
period, the population of Orange County increased
from about 300,000 to 759,000. Total population in
Seminole and Orange Counties is projected to reach
about 509,000 and 1,236,000, respectively, by 2020
(Smith and Nogle, 1999).

(a)

300
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Source: 1960, 1970 and 1975 from University of Florida,
1976; 1965 from Thompson, 1975; 1980, 1985, 1990 from
Smith and Mohammed, 1991;1995 from University of Florida,
1996; 2000 through 2020 from Smith and Nogle, 1999.

Figure 2. Historical and projected (a) total ground-water use and (b) population for Seminole

and Orange Counties, Florida.
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The topography of Seminole County can be
divided into two types: level lowlands and hilly
uplands (ridges) (Barraclough, 1962, p. 7). The level
lowlands include the areas adjacent to the St. Johns,
Wekiva, and Econlockhatchee Rivers and Lake Jesup.
Land-surface altitude ranges from about 2-3 feet (ft)
above sea level near the St. Johns River to about 30 ft
above sea level where the lowlands merge into the hilly
uplands. The hilly uplands include the remainder of the
county. Surface features of this area include many hills
and lakes. Land surface altitude ranges from about 30 ft
above sea level to more than 125 ft above sea level in
the vicinity of Altamonte Springs.

Sinkholes in all stages of development are com-
mon throughout the area and range from small depres-
sions and recently collapsed depressions a few feet in
diameter to large lakes. Sinkholes are formed by the
collapse of surface deposits into caverns created by the
dissolution of underlying limestone by infiltrating and
circulating ground water. Many of the natural lakes,
ponds, and topographic depressions in the western part
of the study area were formed this way. Larger lakes
often are formed by the coalescence of several sink-
holes. The sinkholes permit local hydraulic connection
between the surficial aquifer system and the Upper
Floridan aquifer, and are important avenues of natural
recharge to the Floridan aquifer system.

The study area is divided into four major surface-
water drainage basins and numerous minor surface-
water drainage basins. The major drainage basins are
the: St. Johns River basin, Ocklawaha River basin,
Kissimmee River basin, and Coastal basin (fig. 1). The
St. Johns River is the most prominent surface-water
feature in the study area and defines the eastern and
northern boundaries of Seminole County and the east-
ern boundary of Orange County. The St. Johns River
flows north and discharges in the Atlantic Ocean at
Mayport, Florida. Occasionally, combined drought,
wind, and tidal effects can influence river stages and
flow at Lake Monroe, about 161 miles upstream. More
than one-half of the study area is drained by the
St. Johns River, including all of Seminole County, most
of the northern and eastern parts of Orange County, and
parts of Brevard, Lake, Osceola, and Volusia Counties.
Major tributaries within the St. Johns River basin
include the Wekiva and Econlockhatchee Rivers.

In the western part of the St. Johns River basin
(the hilly uplands of western Seminole and northwest-
ern Orange County), much of the drainage is into
closed depressions where the water either seeps into the
ground or evaporates. Many of these depressions prob-
ably are drained through permeable material into the
underlying Floridan aquifer system. The bottom of

some sinkhole lakes, however, may contain relatively
impermeable sediments, and the rate of seepage may be
less than in areas adjacent to the lakes.

The Ocklawaha River basin drains parts of
northwestern Orange and eastern Lake Counties. This
basin contains few surface streams and drainage is
mostly into closed depressions or lakes. The Kissim-
mee River basin drains much of the southwestern parts
of Orange and northwestern Osceola Counties. Drain-
age within this basin also is poorly developed. The
Coastal basin drains a small area of northeastern
Brevard and southeastern Volusia Counties. Water
from the coastal area drains into lagoons that connect to
the Atlantic Ocean.

The climate of Seminole and surrounding coun-
ties is classified as humid subtropical and is character-
ized by warm, relatively wet summers and mild,
relatively dry winters. Temperatures commonly exceed
90 °F from June to September, and may fall below freez-
ing for a few days in the winter months. Mean annual
rainfall for the study area (1970-97) is about 51 inches
(averaged from rainfall data collected at Sanford and the
Orlando International Airport) and from September
1996 through August 1997, about 52 inches per year
(in/yr). Rainfall is unevenly distributed during the year
with about 55 percent of the annual rainfall total derived
from thunderstorms that occur frequently during the
months of June through September. Thunderstorms
usually are localized and distribute rainfall unevenly
across the area. During the summer months and early
fall, tropical storms and hurricanes also can bring heavy
precipitation into the area. During the winter, rainfall is
associated with frontal system activity, which is usually
of a longer duration and areally more uniform than
convectional precipitation.

Data Collection

A review of existing wells and water-level and
water-quality data in the study area was conducted to
determine where additional data were needed. Data
collection generally included monthly or continuous
water-level measurements from 43 surficial aquifer
system and 232 Floridan aquifer system wells,
monthly stage measurements from 100 lakes, monthly
discharge measurements from 21 springs, and contin-
uous discharge measurements from 16 streamflow
sites. Water samples collected from 126 wells and
13 springs in Seminole and adjacent counties were
analyzed for common inorganic constituents. Sampled
wells included public supply, domestic, irrigation,
dedicated monitoring, and free-flowing wells. The
location of wells, springs, lakes and streams used
for data collection are shown in figures 3 and 4.
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Figure 4. Location of lake and stream data-collection sites (site information in appendix 2).

The location of surficial aquifer system supplemen-
tary well data-collection sites (water-level data used in
this study but collected prior to 1996) is shown in
figure 5. Well construction data, spring information,
and general information on the lake and stream data-
collection sites are presented in appendixes 1, 2, and 3.

Hydrogeologic maps and sections were gener-
ated by using data from borehole-geophysical, geolo-
gistsi, and drillersi logs. Slug tests were performed on
21 surficial aquifer system monitoring wells to quan-
tify a range of hydraulic conductivity for the surficial
aquifer system. The altitude of the measuring points of
monitoring wells were determined by instrument level-
ing so that accurate potentiometric-surface maps and
hydrographs could be constructed.

Twenty-four surficial aquifer system monitoring
wells also were constructed in areas where ground-
water data were not available. The boreholes were
constructed using a hollow-stem auger. Initially, nominal

2 1/4-inch inner diameter hollow-stem augers were
used to drill a test hole. Split-spoon samples were col-
lected every 5 ft and were used to determine the depth
to water and to provide additional data on surficial
aquifer system lithology. Following split-spoon sam-
pling, the test holes were enlarged by using a 6 1/4-inch
hollow-stem auger. Four-inch diameter monitoring
wells were constructed by installing 10 ft of slot
0.01 schedule 40 PVC screen and an appropriate length
of PVC riser casing. Wells screens were set below the
estimated minimum water table. The screens were
packed with a clean, well sorted sand. Above the
screens, the filter packs were topped with bentonite
seal. The remaining annulus from the bentonite seal to
land surface was grouted with Type I Portland cement.
The monitoring wells were completed with flush-
mounted steel protective casings. Monitoring wells
were developed by pumping. Monitoring well data are
provided in appendix 1.

8 Hydrogeology, Water Quality, and Simulated Effects of Ground-Water Withdrawals from the Floridan Aquifer System,
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Figure 5. Location of supplementary well data-collection sites (site information in appendix 3).

Water Use

The Floridan aquifer system is the principal
source of water supply in the study area. The aquifer
supplies nearly all the ground water used for public
supply, domestic self-supplied, agricultural irrigation,
commercial-industrial self-supplied, and recreational
irrigation. In Seminole and Orange Counties, less than
one percent of the total amount of the ground-water
withdrawn is from the surficial aquifer system
(Marella, 1999, p. 11). Withdrawals vary from season
to season and from year to year, primarily as a function
of the amount and distribution of rainfall. As popula-
tion continues to increase, withdrawals for public
supply also will continue to increase.

Detailed water-use data are collected by the
USGS and SJRWMD every 5 years. In 1965, ground-
water withdrawals from the Floridan aquifer system in
Seminole County were about 11 million gallons per
day (Mgal/d) (fig. 2). In 1995, withdrawals totaled

about 69 Mgal/d (107 cubic feet per second (ft3 /s)). Of
the total water used in 1995, 74 percent was for public
supply, 12 percent for domestic self-supplied,

10 percent for agricultural self-supplied, and 4 percent
for recreational irrigation (fig. 6). Ground-water with-
drawals from the Floridan aquifer in adjacent Orange
County, one of the most populated counties in the state,

increased from 82 Mgal/d (127 ft3/s) in 1965 to about

229 Mgal/d (354 ft3/s) in 1995 (fig. 2). About
72 percent of the ground-water withdrawn was used for
public supply, 10 percent for agriculture self-supplied,
8 percent for commercial self-supplied, 6 percent for
domestic self-supplied, and 4 percent for recreational
irrigation (fig. 6).

To estimate water use from September 1996
through August 1997 (the period for which the ground-
water flow model was calibrated), calendar year 1995
water-use data were used as an estimate for agricultural
self-supplied, commercial-industrial, recreational
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irrigation, and power generation. This approach
was used because insufficient data were available
for the model calibration period to determine site
specific discharge rates for these withdrawal cate-
gories. Public supply, which accounted for the larg-
est percentage of the ground water withdrawn, were
updated using 1996-97 data. These data were
obtained by B. Florence (SJRWMD, written com-
mun., 1998), R. L. Marella (USGS, written com-
mun., 1998), Florida Department of Environmental
Protection, and from the public utilities.

Average ground-water withdrawals from
September 1996 through August 1997 within the study
area were approximately 386 Mgal/d (597 ft3/s). Free-
flowing wells, which generally are not included in
water-use statistics, accounted for another 15 Mgal/d
(23 ft3/s). Public supply accounted for 275 Mgal/d
(425 ft3/s), about 71 percent of the water withdrawn
from the Floridan aquifer system. Agricultural self-
supplied accounted for about 21 percent or 80 Mgal/d
(123 ft3/s), and commercial-industrial for about
8 percent or 31 Mgal/d (48 ft3/s). Of the total water
withdrawn from the Floridan aquifer system, about
73 percent or 280 Mgal/d (433 ft3/s) was from the
Upper Floridan aquifer and about 27 percent or
106 Mgal/d (164 ft3/s) was from the Lower Floridan
aquifer. The areal distributions of ground-water with-
drawals from the Upper and Lower Floridan aquifers
are shown in figures 7 and 8, respectively. Little water
is withdrawn from the surficial aquifer system in the
study area, so water use from this aquifer system was
considered zero for this study.

The accuracy of the water-use data varies by
category. For example, public-supply and larger indus-
trial water-use estimates usually are more accurate
because the usage generally is metered, whereas
agricultural water use estimates often are less accurate
because this type of water use generally is not metered.

Water use for public supply is usually reported
by well field, not by individual wells, therefore, pump-
age estimates for each well also had to be determined.
Where data were not available, assumptions were made
to apportion total pumpage between individual wells
and between the Upper and Lower Floridan aquifers.
At well fields containing multiple wells, the average
daily well-field discharge rate was divided by the num-
ber of active wells to obtain an average pumping rate
per well. Discharge from wells that penetrate both the
Upper and Lower aquifers was divided equally
between the two aquifers.

GEOLOGIC FRAMEWORK

The study area is underlain by a thick sequence
of sedimentary rocks that overlie a basement complex
of'igneous and metamorphic strata. The primary water-
bearing sediments are composed of limestone, dolo-
mite, shell, and sand that range in age from late
Paleocene to Holocene. Descriptions of major strati-
graphic units and corresponding hydrogeologic units
are given in figure 9. Stratigraphic units, in ascending
order, are: the Cedar Keys Formation of late Paleocene
age, the Oldsmar Formation of early Eocene age, the
Avon Park Formation of middle Eocene age, the Ocala
Limestone of late Eocene age, the Hawthorn Formation
of Miocene age, and the undifferentiated deposits of
Pliocene to Holocene age.

SEMINOLE COUNTY

69 million gallons per day

AGRICULTURAL RECREATIONAL
SELF-SUPPLIED IRRIGATION
o o,
10 /°\ /4 7% puBLIC SUPPLY
DOMESTIC 74%
SELF-SUPPLIED
12% —

ORANGE COUNTY
229 million gallons per day|

AGRICULTURAL RECREATIONAL
SELF-SUPPLIED IRRIGATION

commeRrciAL- 10% 4%
INDUSTRIAL \ /
SELF-SUPPLIED

8%
DOMESTIC —____

SELF-SUPPLIED
6%

PUBLIC SUPPLY
72%

Figure 6. Total ground-water use in Seminole and Orange Counties, Florida, by category for 1995 (data from Marella, 1999).
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Subsurface structures, such as collapse features
(paleosinkholes) and related fractures, joints, and
faults, can have an effect on the ground-water flow
system. Previous investigators have inferred the pres-
ence of faults in the study area. Wyrick (1960, p. 11)
and Barraclough (1962, p. 18) postulated a general
east-west trending fault along the northern edge of
Seminole County. An east-west trending fault just
south of Lake Monroe in Seminole County was
inferred by Tibbals (1977, sheet 1). Brown and others
(1962, fig. 9) postulated a north-south trending fault
that generally ran along the St. Johns River in western
Brevard County. Displacement in these fault systems
is probably small, but if present, could have some
effect on the ground-water flow system. The faults are
not discernible from well records compiled for this
report, and the faults inferred by previous investiga-
tors are not shown on the hydrogeologic or other
geologic maps.

Numerous circular depressions also are present
on the surface of the Ocala Limestone (top of the Upper
Floridan aquifer). Some of the depressions could be
erosional features formed before the Hawthorn Group
was deposited; however, most were formed by sinkhole
collapse caused by the gradual dissolution of the under-
lying carbonate material. Marine seismic and land-
based seismic reflection have revealed buried collapse
features and other karst features at numerous locations
in east-central and northeastern Florida. Marine seis-
mic-reflection investigations along the St. Johns River
in northeastern Florida by Snyder and others (1989)
and Spechler (1994, 1996) revealed a number of buried
collapse features that originated in the rocks of the
Floridan aquifer system. Marine seismic-reflection
profiles collected off the coast of eastern and northeast-
ern Florida also show the presence of these buried col-
lapse features (Meisburger and Field, 1976; Popenoe
and others, 1984). Using land-based seismic reflection,
these features were also discovered at several locations
in Duval and St. Johns Counties (Odum and others,
1997). Seismic reflection studies (J. Kindinger, USGS,
written commun., 1999) showed the presence of buried
collapse features and other karst features underlying
many lakes in east-central Florida, including Lake
Monroe and the southern part of Lake Harney. Numer-
ous subsidence features also were observed from seis-
mic profiles in Lake Jesup, some of which extended
deep within the subsurface.

HYDROGEOLOGY

The principal water-bearing units in the study
area are the surficial aquifer and the Floridan aquifer
systems (fig. 9). The two aquifer systems are separated
by the intermediate confining unit, which contains
sediments of lower permeability that confine the water
in the Floridan aquifer system. The Floridan aquifer
system has two major water-bearing zones (the Upper
Floridan aquifer and the Lower Floridan aquifer),
which are separated by a less-permeable semiconfining
unit. Underlying the Floridan aquifer system are low
permeability limestone and dolomite that contain con-
siderable gypsum and anhydrites, and that define the
bottom of the freshwater flow system in the study area.
The thickness of the freshwater zone varies consider-
ably and is generally thinnest in the eastern part of the
study area and thickens toward the west. Saline water
underlies the freshwater in all of the study area. Gener-
alized hydrogeologic sections based on geophysical,
geologistsi, and drillersi logs are shown in figure 10.

Surficial Aquifer System

The surficial aquifer system is the uppermost
water-bearing unit in the study area. The system is
unconfined and consists mainly of lenses of fine-to-
medium quartz sand and varying amounts of shell and
clay. The deposits generally are discontinuous and their
lithology and texture can vary considerably over short
distances both vertically and laterally. In some areas,
discontinuous and relatively impermeable beds of red-
dish-brown hardpan are present within a few feet of the
surface (Barraclough, 1962, p. 17). These layers of
hardpan are composed of slightly to well-indurated,
iron-oxide cemented sand and clay.

The upper boundary of the surficial aquifer
system is defined by the water table. In the swampy
lowlands and flatlands, the water table generally is at or
near land surface throughout most of the year. In areas
of higher land-surface elevations, the water table gen-
erally is a subdued reflection of land-surface topogra-
phy but can be tens of feet below land surface. In
addition to the influence of topography, the slope of the
water table varies depending on the hydrologic condi-
tions, such as antecedent rainfall and evapotranspira-
tion rates. During wet periods, when rainfall exceeds
evapotranspiration, the slope steepens as the storage of
water in the surficial aquifer system increases. During
dry periods, the slope flattens as water drains from
storage or is lost to evapotranspiration.

14 Hydrogeology, Water Quality, and Simulated Effects of Ground-Water Withdrawals from the Floridan Aquifer System,
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The base of the surficial aquifer system is
defined by the first persistent beds of Miocene or
Pliocene age containing a significant increase in clay or
silt. The altitude of the base of the surficial aquifer
system ranges from about 75 ft below to more than
75 ft above sea level across the study area (fig. 11).
Thickness of the surficial aquifer system is highly vari-
able. In the low-lying areas around Lake Jesup, and
along the Econlockhatchee, Little Wekiva, Wekiva and
St. Johns Rivers in Seminole County, the surficial aqui-
fer system is about 10-20 ft thick. In western
Seminole County along the sand ridges, thickness
can exceed 60 ft. Along the St. Johns River basin in
eastern Orange County, thickness is generally less
than 10 ft and increases to more than 150 ft along the
high ridge areas of western Orange and eastern Lake
Counties (Murray and Halford, 1996, p. 8).

The water-bearing properties of the surficial
aquifer system vary considerably from place to place
and are dependent largely upon aquifer thickness,
grain-size distribution, sorting, packing, and cementa-
tion of the sediments within the aquifer. Horizontal
hydraulic conductivity values were determined from
slug tests performed on 21 surficial aquifer system
monitoring wells in Seminole County (table 1). Values
ranged from 0.5 to 40 feet per day (ft/d). Hydraulic
conductivity values determined from slug tests per-
formed on 10 surficial aquifer system wells in Lake
County ranged from 0.2 to 35 ft/d (L. Knowles, USGS,
written commun., 1998). A slug test performed at the
Reedy Creek Improvement District rapid-infiltration
basin (RIB) site in southwest Orange County yielded
horizontal hydraulic conductivity values from 25 to
160 ft/d (CH2M Hill, 1989). An additional test con-
ducted just north of the Reedy Creek site yielded values
of'35to 67 ft/d (CH2M Hill, 1993). Camp, Dresser and
McKee, Inc. (1984) reported hydraulic conductivity
values of 20 to 80 ft/d based on laboratory analyses of
numerous cores collected at several RIB sites in south-
western Orange and southeastern Lake Counties.
Halford (1998a) reported an average hydraulic conduc-
tivity of about 30 ft/d at the Orlando Naval Training
Center in central Orange County.

The altitude of the water table in the surficial
aquifer system varies seasonally and responds to
changes in rates of recharge and discharge. Water lev-
els are generally highest in September or October,
which is at or near the end of the rainy season, and
gradually decrease during the dry season to their lowest
levels in April or May (figs. 12 and 13). Rainfall events
cause sharp rises in water level in the surficial aquifer
system, whereas lack of rainfall causes a gradual
decline. Hydrographs of wells in Seminole and

northern Orange Counties completed in the surficial
aquifer system indicate that seasonal fluctuations of

2 to 5 ft are common, and recharge from summer rain-
fall generally is adequate to replenish the aquifer.

Recharge to the surficial aquifer system is
chiefly by the infiltration of rainfall. Most of the rain
that falls in the study area drains into streams or is lost
to evapotranspiration. Some rainfall, however, perco-
lates down through the surficial deposits and enters the
surficial aquifer system. Recharge to the surficial aqui-
fer system also includes septic-tank effluent, irrigation,
land application of reclaimed water, lateral ground-
water inflow from adjacent areas, and upward leakage
in areas where the head in the underlying Upper Flori-
dan aquifer is higher than in the surficial aquifer
system. Water is discharged from the surficial aqui-
fer system by evapotranspiration, by downward leak-
age to the Floridan aquifer system in areas where the
potentiometric surface of the Upper Floridan aquifer is
below the water table, by seepage into lakes and
streams, and by withdrawal from wells.

The surficial aquifer system provides small
amounts of water for lawn irrigation and domestic use.
The water is used for domestic supply primarily in rural
areas where wells tapping the Upper Floridan aquifer
yield water that is too highly mineralized. Well yields
depend on the thickness and permeability of the aquifer
sediments and generally are less than 20 gallons per
minute (gal/min).

Table 1. Horizontal hydraulic conductivity values
for surficial aquifer system test wells in Seminole
County, Florida (locations shown in fig. 3)

USGS Horizontal
Site site hydraulic
number identification conductivity,
number feet per day

126 283719081173601 14

133 283800081154601 6

149 283852081165501 2

152 283858081092001 2

154 283858081221801 40

162 283932081123601 3

166 283933081185701 4

173 283957081270601 6

176 284007081113501 2

184 284049081221501 5

195 284105081154301 5

215 284206081195401 5

217 284216081221801 6

218 284216081250701 10

220 284217081172501 5

235 284255081222201 3

252 284412081071103 18

253 284414081202501 3

289 284630081170101 0.5
302 284728081183101 4

314 284808081213901 18

16 Hydrogeology, Water Quality, and Simulated Effects of Ground-Water Withdrawals from the Floridan Aquifer System,
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Figure 12. Water levels at sites 297 and 145 in the surficial aquifer system, 1992-1999 (site locations shown in figure 3).

Intermediate Confining Unit

The intermediate confining unit underlies the
surficial aquifer system and consists primarily of the
Hawthorn Group of late-to-middle Miocene age and,
locally, low permeability beds of early Pliocene age.
Throughout most of the study area, the intermediate
confining unit serves as a confining layer (except
where breached by sinkholes) that restricts the vertical
movement of water between the surficial aquifer
system and the Upper Floridan aquifer. The unit con-
sists of interbedded, locally highly phosphatic clay, silt,
sand, limestone, and dolomite. The basal part of the
intermediate confining unit often contains permeable
zones of limestone and dolomite. These carbonates,
although in direct contact with the limestones of the
Upper Floridan aquifer are, however, still considered to
be part of the intermediate confining unit because their
hydraulic conductivities are at least an order of magni-
tude less than that of the underlying Floridan aquifer
system limestone (Miller, 1986, p. B43).

Thickness of the intermediate confining unit is
highly variable throughout the study area due to past

erosional processes and sinkhole formation. Data from
geophysical, geologistsi, drillersi logs, and from previ-
ous investigations were used to construct a generalized
map of the of the intermediate confining unit thickness
(fig. 14). Thickness of the unit generally ranges from
less than 25 ft in parts of Seminole and southern Volu-
sia Counties to more than 200 ft in southeastern Orange
County. In Seminole County, the intermediate confin-
ing unit thickness ranges from less than 25 ft around
Lake Mary and north of Lake Jesup to greater than
100 ft in the extreme southwestern part of the county.
The unit is locally relatively thin or absent across west-
ern Seminole, western Orange, and eastern Lake Coun-
ties. In these areas, sinkholes are common. These
sinkholes, which often are filled with permeable surfi-
cial sands, provide direct avenues for water from the
surficial aquifer system to recharge the underlying
Floridan aquifer system.

The leakance of the intermediate confining unit
is highly variable across the study area and depends on
the vertical hydraulic conductivity and thickness of the
individual strata of the unit. Leakance of the intermedi-
ate confining unit reported from aquifer tests range

18 Hydrogeology, Water Quality, and Simulated Effects of Ground-Water Withdrawals from the Floridan Aquifer System,
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Figure 13. Water levels at site 90 in the surficial aquifer system, 1968-1999 (site location shown in figure 3).

from 1x10™ 1/d in eastern Orange County to about
2x1072 1/d in northeastern Polk County, and from
3x107# 1/d to 1x107% 1/d in Seminole County (Murray
and Halford, 1996, p. 11). Leakance values calibrated
in a regional flow model ranged from 1x107 1/d to
4x1073 1/d (Murray and Halford, 1996, p. 55).

Floridan Aquifer System

The Floridan aquifer system, the principal source
of ground water in east-central Florida, underlies all of
Florida, and parts of Alabama, Georgia, and South
Carolina. Miller (1986, p. B45) defined the Floridan
aquifer system as a vertically continuous sequence of
carbonate rocks of generally high permeability that are
hydraulically connected in varying degrees and whose
permeability is, in general, an order of magnitude to
several orders of magnitude greater than those rocks
that bound the system. The aquifer ranges from about
2,000 to 2,600 ft in thickness in the study area (Miller,
1986, plate 27) and includes the following stratigraphic
units in descending order: the Ocala Limestone, the
Avon Park Formation, the Oldsmar Formation, and the
upper part of the Cedar Keys Formation (fig. 9). The
top of the Floridan aquifer system is defined by the
Ocala Limestone of upper Eocene age. The base of the
system is generally defined by the first occurrence of
relatively impermeable, persistent beds of gypsum or
anhydrite found in the upper part of the Paleocene-age
Cedar Keys Formation.

The Floridan aquifer system is divided into two

aquifers of relatively high permeability, referred to as
the Upper Floridan and the Lower Floridan aquifers.

These aquifers are separated by a less permeable unit,
the middle semiconfining unit, that restricts the vertical
movement of water.

The Upper Floridan aquifer consists of the Ocala
Limestone and the dolomitic limestones of the upper
one-third of the Avon Park Formation. The Ocala
Limestone is fossiliferous, and permeable intervals are
characterized by vuggy and cavernous porosity. The
permeability of the upper Avon Park Formation is due
primarily to fractures. Permeability of both units has
been enhanced by the movement of water along bed-
ding planes, joints, and fractures.

Permeability within the Upper Floridan aquifer
is not uniform with depth. Numerous reports describing
well drilling and testing in the study area have docu-
mented the presence of a zone of hard, fractured dolo-
mite in the upper part of the Avon Park Formation
containing abundant secondary porosity. Several
reports (Ardaman and Associates, Inc. 1993; Boyle
Engineering Corporation, 1995; CH2M-Hill, 1996;
Jamaal and Associates, Inc, 1990; and Yovaish Engi-
neering Sciences, Inc., 1994) describe this zone as a
major source of water within the Upper Floridan aqui-
fer. Flow logs from three wells (fig. 15) show that two
distinct zones of different permeabilities exist in the
Upper Floridan aquifer and are, herein, referred to as
zone A and zone B. Zone A, which consists of about the
top two-thirds of the aquifer, generally corresponds
with the Ocala Limestone. Zone B, which consists of
about the bottom one-third of the Upper Floridan aqui-
fer, has a hydraulic conductivity that can be much
greater than that found in zone A.

Hydrogeology 19
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Positive flow rates indicate water moving up the hole.
Negative flow rates indicate water moving down the hole.

Figure 15. Generalized schematic diagram showing flow zones in the Floridan aquifer system.

Although a strong contrast in hydraulic conduc-
tivity between zones A and B of the Upper Floridan
aquifer is clearly shown by the flow logs, making accu-
rate estimates of hydraulic conductivity values can be
somewhat subjective. The flow logs can be difficult to
interpret because volumetric flow rates are estimated
from measured spinner revolution and borehole diame-
ter. Spinner revolutions can be affected by variations
in tool speed, as well as by whether or not the tool is
centered in the borehole. The diameter of the bore-
hole also can vary widely. Zone B, however, gener-
ally has hydraulic conductivities that range from
about 3 to more than 10 times greater than the
hydraulic conductivities in zone A (B. McGurk,
SIRWMD, oral commun., 2000).

A generalized contour map of the altitude of the
top of the Upper Floridan aquifer is shown in figure 16.
The altitude of the top of the Upper Floridan aquifer

ranges from about 50 ft above sea level in the western
part of the study area to more than 250 ft below sea
level in southeastern Orange County. In Seminole
County, the altitude of the top of the Upper Floridan
aquifer ranges from more than 100 ft below sea level in
the northwestern part of the county near Lake Monroe
to less than 50 ft below sea level in much of the eastern,
western, and southern parts of the county. The Ocala
Limestone is absent in some areas as a result of past
erosional processes (Tibbals, 1990, p. E11). The top of
the Upper Floridan aquifer in these areas is defined by
the dolomitic limestones of the Avon Park Formation.
The surface of the Upper Floridan aquifer is irregular
and paleokarstic. Sinkhole-type depressions on the sur-
face are common, however, many of these features are
small and are not shown in figure 16. The Upper Flori-
dan aquifer averages about 300 ft in thickness through-
out most of the study area (Miller, 1986, plate 28).
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The middle semiconfining unit separates the
Upper and Lower Floridan aquifers, and is composed
of beds of relatively less permeable limestone and
dolomitic limestone. The middle semiconfining unit
(middle confining unit [ of Miller, 1986, p. B56) gener-
ally occurs in the middle one-third of the Avon Park
Formation and ranges in thickness from about 300 ft in
eastern Lake County to about 700 ft in northern
Osceola County (Miller, 1986, p. B57). In Seminole
County, the unit ranges in thickness from about 400 to
550 ft. In the extreme southwestern part of the study
area there is a separate and distinct second confining
unit (middle confining unit II of Miller, 1986, p. B56)
that underlies the middle semiconfining unit. The unit
is composed primarily of gypsiferous dolomite and
dolomitic limestone, which forms a non-leaky confin-
ing unit that separates freshwater from more mineral-
ized water in the underlying rocks.

The middle semiconfining unit, like aquifers,
can store and transmit water, but at much lower rates.
Water from zones of higher hydraulic head can leak
through the semiconfining unit to water-bearing zones
of lower head. The rate of flow or leakage depends on
the thickness, vertical hydraulic conductivity, and the
hydraulic gradient across the middle semiconfining
unit. Although locally the middle semiconfining unit
may yield moderate amounts of water, it seldom is used
as a source of water supply.

The Lower Floridan aquifer, which lies beneath
the middle semiconfining unit, includes about the
lower one-third of the Avon Park Formation and all of
the Oldsmar Formation. The aquifer is highly produc-
tive and is composed of alternating beds of limestone
and fractured dolomite. Permeability within this zone is
primarily related to secondary porosity developed
along bedding planes, joints, and fractures. The top of
the Lower Floridan aquifer dips from the northwest to
southeast across the study area, with altitudes ranging
from about 600 ft to more than 1,200 ft below sea level
(Miller, 1986, plate 31). Thickness of the aquifer
ranges about 1,300 to 1,600 ft across the study area
(Miller, 1986, plate 32). In Seminole County, the unit
ranges in thickness from about 1,300 to 1,500 ft.

The sub-Floridan confining unit underlies the
Lower Floridan aquifer. This unit is composed of low-
permeability rocks and serves as the hydraulic base of
the Floridan aquifer system. The sub-Floridan confin-
ing unit consists of dolomite and limestone deposits
that contain abundant evaporite minerals. The upper-
most stratigraphic occurrence of persistent evaporite
deposits in the upper part of the Cedar Keys Formation

generally is recognized as the top of the sub-Floridan
confining unit (Miller, 1986, p. B74).

More recent data collected from wells in Orange
County, however, indicates that the top of the sub-
Floridan confining unit may be considerably higher
than as mapped by Miller (1986, plate 33). At one well,
located in southern Orange County (site 34), a
gypsiferous dolomite was first found at about
2,240 ft below land surface (McGurk and Sego,
1999, p. 6). Flowmeter and video logs of the test hole
indicated little flow of water entering or leaving the
borehole below 2,000 ft (McGurk and Sego, 1999,
p- 14). Another well, located at the Southern
Regional well field in southern Orange County
(site 19), was drilled to a depth of 2,467 ft. Gypsifer-
ous dolomite was found at about 2,250 ft below land
surface (Boyle Engineering Corp., 1995); however,
decreasing permeability was reported in the dolomites
and limestones below 2,050 ft.

Overview of Hydraulic Characteristics

Transmissivity estimates of the Upper and
Lower Floridan aquifers vary widely across the study
area. Variations from one aquifer test to another can be
attributed to differences in well-penetration intervals
and depths and to the heterogeneity of the aquifer
system. Bush and Johnston (1988) observed that the
carbonate rocks of the Floridan aquifer system are
nearly always characterized by an uneven distribution
of permeability. Variations in the hydraulic characteris-
tics of the rock strata within the Floridan aquifer
system are complex and closely related to the geologic
framework of the system. The porosity and permeabil-
ity of the strata result from a combination of (1) the
original texture of the rock; (2) processes that have
acted on the rock, such as dolomization and recrystal-
ization; (3) joints, fractures, and other structural defor-
mities; and (4) mineral dissolution and precipitation
(Schiner, 1993). Movement of water through the
Floridan aquifer system is mostly through the porous
limestone, and is enhanced by networks of small
fractures or solution openings that occur along joints or
bedding planes. In some places, flow may be through
large cavernous features of paleokarst, resulting in a
dual-porosity flow system.

Transmissivity estimates for the Upper Floridan
aquifer, as determined from aquifer and specific capac-
ity tests, ranged from about 1,200 feet squared per day
(ftz/d) in Seminole County to greater than 500,000 ft/d
in Orange County (fig. 17). Aquifer test analysis is based
on the assumptions that the Upper Floridan aquifer is
homogeneous and the wells fully penetrate the aquifer.
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As discussed previously, flow logs from wells in the
study area indicate that the bottom one-third of the
Upper Floridan aquifer generally is much more perme-
able than the top two-thirds (fig. 15). As a result,
transmissivity estimates for the Upper Floridan aquifer
cannot be treated equally because results from a
partially penetrating well can be much different than
results from a test that penetrates the entire thickness
of the aquifer.

Few data are available describing the hydraulic
properties of the middle semiconfining unit in the
study area. Reported leakance values ranged from
1.2x107 1/d to 1x107 1/d (Szell, 1993; Murray and
Halford, 1996; and Barnes, Ferland and Associates,
Inc., 1997). The vertical hydraulic conductivity of the
middle semiconfining unit ranges from 0.004 to
0.6 ft/d, based on thickness values that range from
300 to 600 ft. The horizontal hydraulic conductivity
calculated for the middle semiconfining unit in the
Cocoa well field (fig. 1) in eastern Orange County is
about 20 ft/d (Phelps and Schiffer, 1996).

Only a few values of transmissivity have been
calculated for the Lower Floridan aquifer (fig. 18).
A transmissivity of about 200,000 ft?/d was reported
in western Orange County (Yovaish Engineering
Sciences Inc., 1996). Lichtler and others (1968, p. 136)
reported a transmissivity of 575,000 ft?/d from an
aquifer test near Orlando. Another test conducted near
Orlando yielded a value of 668,000 ft2/d (Szell, 1993,
p. 193). Transmissivity estimates exceeding
500,000 ft>/d were reported from several aquifer tests
conducted south of Orlando. Murray and Halford
(1996, p. 56) determined that model-derived transmis-
sivity values in the Lower Floridan aquifer for the
study area ranged from about 5,000 to more than
600,000 ft*/d.

The storage coefficient of most confined aquifers
ranges from about 1.0x107 to 1.0x10™> (Lohman,
1972). In the study area, storage coefficient values
calculated from aquifer tests conducted in both the
Upper and Lower Floridan aquifers range from 1x107
to 1x1073 (Murray and Halford, 1996, p. 17).

Effects of Geohydrologic Interpretation on
Estimates of Hydraulic Characteristics

The hydraulic properties of an aquifer usually
are estimated by conducting an aquifer test, which
consists of applying a known stress to an aquifer and
measuring changes in water level, drawdown or

recovery. The hydraulic properties of the aquifer are
then estimated by fitting an analytical or numerical
model to the measured water levels. The assumptions
and boundary conditions of the model should be
consistent with the hydrogeology of the site and the
configuration of observation wells. The geohydrologic
interpretation of a test site can greatly affect model
selection, which in turn affects hydraulic property
estimates.

The transmissivity of the Upper and Lower
Floridan aquifers has been estimated at many locations
within the study area (figs. 17 and 18) by fitting
observed drawdown data to the Hantush-Jacob (1955)
solution, which also is known as the leaky aquifer
solution. The Hantush-Jacob solution assumes that the
stressed aquifer is homogeneous and isotropic, and is
bounded vertically by an impermeable unit above or
below the aquifer and a leaky confining unit opposite
of the impermeable confining unit. While the analysis
of a Lower Floridan aquifer test is reasonably consis-
tent with a Hantush-Jacob solution, the analysis of
an Upper Floridan aquifer test is not.

Previous investigators (Frazee, 1980; Knochenmus
and Hughes, 1976; Lichtler, 1972; Lichtler and others,
1968; Szell, 1993; and Tibbals, 1977) have analyzed
Upper Floridan aquifer tests with the Hantush-Jacob
solution by conceptualizing either the entire Floridan
aquifer system or the Upper Floridan aquifer as a
homogeneous, isotropic unit. Either the sub-Floridan
confining unit or middle semiconfining unit has been
assumed to be an impermeable boundary. In both con-
ceptualizations, leakage originates in the surficial aqui-
fer system and the rate of leakage is controlled by the
vertical leakance of the intermediate confining unit.

The conceptual and analytical models used in the
past to interpret many of the Upper Floridan aquifer
tests are not completely consistent with the geohydro-
logic structure within the study area. The Upper
Floridan aquifer is not a single homogeneous unit, and
the middle semiconfining unit is more similar to an
aquifer than an impervious unit. These inconsistencies
make comparisons between aquifer-test estimates of
transmissivity for the Upper Floridan and estimates
from model calibration difficult. The magnitude of
these difficulties can be illustrated by simulating the
response of the surficial and Floridan aquifer systems
to a typical partially penetrating aquifer test in the
Upper Floridan aquifer.
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Table 2. Model-input hydraulic properties of the surficial and Floridan aquifer systems assumed for a hypothetical

aquifer test

[Specific yield was 0.1; a wellbore diameter of 12 inches was simulated]

Lateral

Vertical

unit feet conductivity, conductivity, 108 per foot per day coefficient
feet per day feet per day
Surficial aquifer system 50 5 0.05 3 250 0.0002
Intermediate confining unit 50 0.6 .006 5 30 .0003
Zone A of Upper Floridan aquifer 210 200 2 1.5 42,000 .0003
Zone B of Upper Floridan aquifer 110 2,000 20 1.5 220,000 .0002
Middle semiconfining unit 580 50 5 1.5 29,000 .0009
Lower Floridan aquifer 300 2,000 20 1.5 600,000 .0005

Drawdowns from pumping a 12-inch well at
600 gallons per minute were simulated for 2 days to
generate i measuredi drawdowns from a system with
known hydraulic properties. A radially symmetric
model of the surficial and Floridan aquifer systems was
constructed in which lateral hydraulic conductivity val-
ues were proportional to the results from flow logs
(fig. 15). The wellbore was simulated as a zone of high
hydraulic conductivity having a specific yield of 1.0.
The hydraulic properties that were used to simulate the
surficial and Floridan aquifer systems are summarized
in table 2. The production well was open to the top
140 ft of the Upper Floridan aquifer, and drawdowns
were observed 42 ft from the production well and 30 ft

below the top of the Upper Floridan aquifer. The aqui-
fer-test model was discretized radially into 99 columns
that ranged in width from 0.05 ft near the well to about
70,000 ft at a distance more than 400,000 ft from the
well. Vertically, the aquifer-test model was discretized
uniformly into 130 rows, each 10 ft thick.

Transmissivity, vertical leakance, and storage
coefficient values were estimated by matching a
Hantush-Jacob solution to the i measuredi drawdown
at the observation well (fig. 19). Drawdowns from the
first 10 minutes of the test were not analyzed because
wellbore storage affected the i measuredi drawdown
during this period.

10 T T T T T T T T T T T T T T T TTITH
— T =39,000 ft%d PERIOD MATCHED ]
. K,/5 = 0.0008 1/d 1 N
E - S=4x10" _
Lu A\ AW AN AW AW AW W O
L | _
Z
=
S q1— ]
O | |
o -
s L N
o — o ]
e 5 EXPLANATION u
— @) “MEASURED” ]
B @) — HANTUSH-JACOB B
@) 10 MINUTES
o v
oq Lol vl el sl vl
0.00001  0.0001 0.001 0.01 0.1 1 10
TIME, IN DAYS

Figure 19. Estimates of transmissivity (T), vertical leakance (Kz/b'), and storage coefficient (S) from match of
Hantush-Jacob solution to imeasuredi drawdown after wellbore storage effects have dissipated.
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The analytically derived transmissivity estimate
0f 39,000 ft*/d is a good estimate of the model-simu-
lated transmissivity of zone A of the Upper Floridan
aquifer (42,000 ftz/d), but not of the entire Upper
Floridan aquifer (262,000 ftz/d). This discrepancy
between transmissivity estimates is a natural conse-
quence of the irregular distribution of water-producing
zones that form the Upper Floridan aquifer. The analyt-
ically derived vertical leakance (0.0008 1/d) and storage
(4 x 10'5) estimates could not be related easily to any
individual geohydrologic unit or combination of units.

Estimates of hydraulic properties, especially
vertical leakance and storage coefficient, from an
aquifer test cannot be improved unless an analytical
model is used that more closely approximates the

Time (t) = 3 hours

hydrogeology of the site and the flow patterns induced
in the aquifer systems. Flow patterns in the radial aqui-
fer-test model of the surficial and Floridan aquifer
systems could not be approximated by a Hantush-Jacob
solution during much of the simulated test. Fifty-eight
percent of the pumpage originated below zone A of the
Upper Floridan aquifer and 76 percent passed through
zone B of the Upper Floridan aquifer after 3 hours of
pumping (fig. 20). Near the end of the 2-day test,
68 percent of the pumpage originated below zone A of
the Upper Floridan aquifer and 83 percent passed
through zone B of the Upper Floridan aquifer. After

2 days, 48 percent of the water that originated in and
above zone A of the Upper Floridan aquifer passed
through zone B of the Upper Floridan aquifer.

Time (t) = 2 days

SURFICIAL _ _
AQUIFER S=1 S=T71
SYSTEM i 1 1 1

INTERMEDIATE 0 S =56 0 S=38
CONFINING UNIT 57 109
7 b
ZONE A OF UPPER 0 P ° P
FLORIDAN AQUIFER S =195 600+ S=85 600+
107 96
1 —1
348 455 1 406 502
ZONE B OF UPPER
FLORIDAN AQUIFER S =100 S =45
0 2
MIDDLE 213 248 3161 363
SEMICONFINING
UNIT 0 S =233 93 S =238
1 f 15 l f 216
LOWER FLORIDAN 15 123
AQUIFER S=15 S =123
EXPLANATION

= FLOW ACROSS BOUNDARY

-

NET FLOW ACROSS BOUNDARY

P = FLOW FROM PUMPAGE, IN GALLONS PER MINUTE
S = FLOW FROM STORAGE, IN GALLONS PER MINUTE
348 FLOW RATE, IN GALLONS PER MINUTE

Figure 20. Simulated volumetric flow budget of the surficial and Floridan aquifer
systems for 3 hours and for 2 days after pumping commenced from the top of the
Upper Floridan aquifer at 600 gallons per minute.
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Ground-Water Flow System

The Upper Floridan aquifer is recharged by
downward leakage from the surficial aquifer system,
through breaches in the intermediate confining unit
caused by sinkholes or where the confining unit is thin
or missing, by lateral inflow across the study area
boundaries, and through drainage wells. Water is
discharged from the Upper Floridan aquifer by
pumping, springs, free-flowing wells, diffuse upward
leakage of water to the surficial aquifer system where
the potentiometric surface of the Upper Floridan
aquifer is above the water table, and lateral outflow.

Estimated rates of recharge from the surficial
aquifer system to the Upper Floridan aquifer range
from nearly 0 in/yr to greater than 10 in/yr in Seminole
County and across the study area (Murray and Halford,
1996, p. 14). Highest rates of recharge occur in the
western parts of Seminole and Orange Counties, south-
eastern Lake County, and in the area around Geneva.
These areas are characterized by karstic sand ridges
with relatively deep water tables or an intermediate
confining unit that is relatively thin. These areas also
include numerous closed basins where the intermediate
confining unit has been breached by sinkholes and the
infiltration rate of ground water is high.

Significant amounts of recharge also occur
through numerous drainage wells in the greater
Orlando area and parts of southwestern Seminole
County. Drainage wells primarily are used for control
of lake levels and for the disposal of storm water by
emplacing surface water directly into the Upper Flori-
dan aquifer. From about 1910 to as late as 1960 drain-
age wells also were used to drain wetlands, dispose of
surplus effluent from industrial sites, and to receive
effluent from septic tanks. By the late 1970is, more
than 400 drainage wells had been drilled. By this
time, however, the State of Florida stopped granting
permits for the construction or replacement of any
drainage wells.

The quantity of water that recharges the Floridan
aquifer system by drainage wells can only be esti-
mated. Two methods were used to estimate recharge,
based on whether the drainage wells were used to
provide street and urban drainage or lake-level control.
Recharge values were estimated from September 1996
through August 1997. Street and urban recharge esti-
mates were based on methods used by CH2M HILL
(1997), with some minor modifications. For 124 street
and urban wells that could be verified as active,
recharge for the 1-year period was estimated to be
14.44 Mgal/d (22.3 cubic feet per second (ft3/s)). Lake

recharge estimates were based on methods used by
Bradner (1996). For 118 lake-level control wells that
could be verified as active, recharge for the 1-year
period was estimated to be 31.16 Mgal/d (48.2 ft3/s).
The total amount of surface runoff estimated to be
recharging the Floridan aquifer system by drainage
wells, therefore, was 45.6 Mgal/d (70.6 ft3/s).

Several municipalities in Seminole County
dispose of reclaimed water from municipal treatment
facilities by processes that recharge the ground water.
Treated effluent from wastewater treatment plants is
applied to RIBs or distributed for irrigation to lawns,
golf courses, landscapes, and agricultural areas. From
September 1996 through August 1997, about 15 Mgal/d
(23 ft3/ s) of treated wastewater was applied to RIB
sites or as irrigation in Seminole County. Reclaimed
water application rates at various RIB sites in Seminole
County accounted for about 4 of the 15 Mgal/d; the
remainder was applied as irrigation to lawns, golf
courses, landscapes, and agricultural areas. Much of
the reclaimed water at RIB sites eventually recharges
the Upper Floridan aquifer (OiReilly, 1998). The
effects of the RIB sites on the Upper Floridan aquifer
primarily is a function of the reclaimed water applica-
tion rate and the hydraulic properties of the surficial
aquifer system and the intermediate confining unit.

Natural discharge from the Upper Floridan
aquifer occurs primarily by spring flow. From Septem-
ber 1996 through August 1997, 21 springs in the study
area (fig. 1) collectively discharged about 278 ft3/s of
water from the aquifer (table 3). These springs, which
augment surface-water flow, include eight second-
magnitude springs (average discharge of 10 to 100 ft3/s),
five third-magnitude springs (average discharge of 1 to
10 ft3/s), and eight fourth-magnitude springs (average
discharge of less than 1 ft/ s) (table 3). Wekiva Springs,
the largest spring in the study area, discharged an aver-
age of about 69 ft3/s based on 12 measurements during
the study period. The spring feeds the upper reaches of
the Wekiva River.

Undocumented spring flow or upward diffuse
flow also could be a source of discharge from the
Upper Floridan aquifer. Tibbals (1990, p. 28) indicated
that the vicinity of the St. Johns River, especially
around Lake Jesup and Lake Harney, was a likely area
of ground-water discharge.

Abandoned flowing wells also discharge water
from the Upper Floridan aquifer. As of 1995, about 250
abandoned flowing wells were in the study area (from
the files of the SIRWMD). About 200 of these wells
were in Seminole County, primarily south of Lake
Monroe and near Lake Jesup. Total discharge from
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Table 3. Average measured and simulated discharge from Upper Floridan aquifer springs, September 1996 through
August 1997, and simulated discharge, 2020

Simulated Simulated
discharge, discharge at

USGS Stage, Spring Measured cubic feet Perce'nt the en.d of Perce.nt

) site feet conductance, discharge, per second redtfctlon transient reduction

Spring . e above . in 180-day at end of

identification feet squared cubic feet .

mean sea simulated drought drought

number per day per second . . .
level 1996-97 2020 discharge period, period
cubic feet
per second
Apopka Spring 283400081405100  66.68 2,600,000 31.00 31 17.7 43 0 100
Blueberry Spring 285102081263900 8 240 0.07 0.1 0.1 0 0.1 0
Clifton Springs 284156081141401 9 7,400 1.45 1.5 1 33 4 60
Droty Spring 284940081303800 18 2,700 .65 7 .6 14 S 17
Gemini Spring 285144081183900 2.14 59,000 10.16 10.2 7.6 25 6.7 12
Island Spring 284922081250300 7 26,000 6.45 6.5 5.7 12 4.7 18
Lake Jesup Spring 284236081160500 2 2,500 a72 7 .6 14 4 33
Messant Spring 02235255 25 124,000 b14.83 148 13.2 11 11.3 14
Miami Springs 02234650 14.63 27,000 5.70 5.7 4.5 21 2.6 42
Moccasin Spring 285105081263800 12 1,200 29 3 3 0 2 33
Palm Springs 02234996 22.82 52,000 4.96 5 2.9 42 0 100
(Seminole County)
Palm Spring 285038081270100 12 2,100 53 S 5 0 4 20
(Lake County)

Rock Springs 02234610 25.85 566,00 58.83 58.8 44.6 24 23.9 46
Sanlando Springs 02234991 26.82 496,000 21.08 21.1 6.7 68 0 100
Seminole Springs 02235250 30 555,000 b35.17 352 29.8 15 22.6 24
Shark Tooth Spring ~ 285224081262400 12 500 13 .1 .1 0 .1 0
Starbuck Spring 02234997 22.41 165,000 14.91 14.9 8.7 42 0 100
Sulphur Spring 284612081303400 25 2,600 40 4 3 25 2 33
Wekiva Branch Spring 284903081250800 7 2,200 .60 .6 .5 17 4 20
Wekiva Springs 02234600 13.17 347,000 68.67 68.7 564 18 37.9 33
Witherington Spring 02234620 28 16,000 21.73 1.7 1.1 35 2 82
Study area 278.5 202.9 27 112.6 45
Seminole County 48.9 244 50 34 86

#Discharge estimated from previous measurements.
bDischarge estimated from historical measurements.

abandoned flowing wells is estimated to be 15 Mgal/d
(23 ft¥/s) in the study area, of which, about 12 Mgal/d
(19 ft/ s) was in Seminole County, based on data from
the files of the SIRWMD.

The potentiometric surface of the Upper Floridan
aquifer in east-central Florida is mapped semiannually
by the USGS and SIRWMD during periods when water
levels are generally at their highest (September) and
lowest (May). These maps are based on water levels
measured in several hundred wells tapping the Upper
Floridan aquifer.

The regional configuration of the potentiometric
surface of the Upper Floridan aquifer for May 1997 for
Seminole County and adjacent counties is shown in
figure 21. Ground water moves from areas of high
potential to areas of low potential, along flow lines per-
pendicular to the lines of equal head. The May 1997
potentiometric surface represents conditions near the
end of the dry season when withdrawals from the aqui-
fer are near maximum and water levels generally are at

their lowest. Ground water in the Upper Floridan
aquifer moves from southwest to northeast across the
study area. The potentiometric surface ranges from
about 120 ft above sea level in extreme northeastern
Polk County to about 8 ft above sea level in southern
Volusia County, northeast of Lake Harney. During Sep-
tember 1996, which represents conditions when water
levels were near seasonal highs, the potentiometric sur-
face ranges from 125 ft above sea level to about 10 ft
above sea level (German, 1997). The most prominent
features on the May 1997 potentiometric-surface map
are the depressions in eastern and western Seminole
County and in southern Orange County. In western
Seminole County, most of the depressions are related to
spring discharge. The depressions in the potentiometric
surface near Lake Harney in eastern Seminole County
are likely the result of undocumented spring discharge
or upward diffuse leakage. Depressions in the potentio-
metric surface in southern Orange County indicate
ground-water withdrawal sites.
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Detailed potentiometric-surface maps of the
Lower Floridan aquifer were not constructed
because few wells within the study area penetrate
this aquifer. However, data available from about
35 wells located primarily in central and western
Orange County (A. OiReilly, U. S. Geological
Survey, written commun., 1998) indicate that the
potentiometric surface of the Lower Floridan aquifer
is similar to the Upper Florida aquifer. Potentiometric
surfaces of the Upper and Lower Floridan aquifers in
May 1997 indicate that in recharge areas, the Upper
Floridan aquifer heads are about 0 to 6 ft higher than
the heads in the Lower Floridan aquifer. In discharge
areas, where only a few wells are available for observa-
tion, the Lower Floridan aquifer heads are about 0 to
6 ft higher than the heads in the Upper Floridan aquifer.

The potentiometric surface of the Upper Flori-
dan aquifer is constantly fluctuating, mainly in
response to seasonal variations in rainfall and ground-
water withdrawals. Seasonal and year-to-year fluctua-
tions of water levels in four wells open to the Upper
Floridan aquifer in Seminole and northern Orange
County are shown in figure 22. Seasonal fluctuations
typically range from 2 to 5 ft. The range of fluctuation
of the potentiometric surface of the Floridan aquifer
also varies to some extent with topography. In general,
the fluctuations are largest in the ridge areas, which are
the principal areas of recharge for the Floridan aquifer
in Seminole County, and smallest in discharge areas.

Population growth in east-central Florida since
the 1950is has resulted in increased water withdrawals
from the Floridan aquifer system, which subsequently
have caused some declines in the potentiometric sur-
face of the Upper Floridan aquifer. Declines in the
potentiometric surface for long periods of time, result-
ing from increased water use and decreased rainfall, are
important because declines indicate change in the long-
term balance between recharge and discharge. Over
time, these changes could shift the natural position of
the saltwater-freshwater interface, causing more miner-
alized water to intrude into the freshwater aquifers.

Long-term hydrographs of four Upper Floridan
aquifer observation wells (fig. 22) indicate a general
downward trend of water levels from the early 1950is
to about 1990. Some of the decline in water levels can
be attributed to an increase in pumpage, but part of the
decline may be due to long-term below-average rainfall
(fig. 23). From 1940 to 1960, rainfall was abundant and
for many of those years rainfall was above average,
producing a cumulative surplus of rainfall of about
18 inches at Sanford. The next 30 years, however, were
drier. From 1961 to 1990 rainfall was below average
for many of the years, and by 1990 there was a

cumulative deficit in rainfall of about 58 inches.
During this time, the four hydrographs showed declines
in water levels ranging from 7 to 27 ft. From 1991 to
1998, water levels began to rise, a trend that can be
explained by a period of above average rainfall. The
lowest water levels generally occurred during the
summers of 1981 and 1990 because of drought
conditions that affected much of Florida.

Decreases in discharge also have been observed
in some springs with long-term record (fig. 24). At
Palm Springs, discharge decreased from about 12 ft3/s
in 1960 to about 5 ft3/s in 1997. A decrease in ground-
water discharge also appears to have occurred at
Wekiva Springs since 1959. At other springs, including
Sanlando and Starbuck Springs, however, decreases in
spring discharge are not discernible.

UPPER FLORIDAN AQUIFER WATER QUALITY

The chemical and physical characteristics of
ground water in the Floridan aquifer system are
affected by many factors, such as, the initial chemical
composition of water entering the aquifer, the compo-
sition and solubility of rocks with which it comes in
contact, and the length of time the water remains in
contact with these rocks. Additionally, the quality of
the ground water can be affected by the mixing of
freshwater with relict or connate seawater.

The chemical characteristics of water also can
determine its suitability for various uses. The Florida
Department of Environmental Protection has estab-
lished primary regulations and secondary standards for
drinking-water distributed by public water-supply
systems (Florida Department of State, 1989). Second-
ary drinking-water standards, pertaining to the
aesthetic qualities of water, set maximum recom-
mended limits for dissolved solids at 500 milligrams
per liter (mg/L) and chloride and sulfate concentrations
at 250 mg/L.

During this investigation, water samples from
86 wells tapping and 13 springs discharging from the
Upper Floridan aquifer were analyzed by the USGS for
major chemical constituents from 1995 to 1997
(apps. 4 and 5). In addition, water-quality data col-
lected by SIRWMD (38 wells) and the City of Sanford
(1 well) during 1991-1995 were used and are included
in Appendix 4. Water-quality data collected in 1986 by
SJRWMD for one additional well also were used.
Although most of the samples collected were in
Seminole County, a few samples also were collected in
adjacent Brevard, Lake, Orange, and Volusia Counties.
The locations of wells and springs sampled are shown
in figure 3.
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Figure 22. Water levels in selected wells open to the Upper Floridan aquifer (well locations shown in figure 3).
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Figure 23. Cumulative departure from average rainfall at Sanford, Florida, 1914-1997.

The wells sampled range in depth from 38 to
595 ft and tap only the Upper Floridan aquifer. Wells
were cased to the top of the Ocala Limestone (top of the
Floridan aquifer system) and completed as open holes.
Because most water samples were collected at the well-
head, the samples represent a composite from the
open-hole section of the borehole.

Purging methods varied depending upon the type
of well. Some of the wells sampled were monitoring
wells, but many were used for private or public water
supply. For monitoring wells, samples were collected
after at least three casing volumes of water were purged
and when temperature and specific conductance became
stable. Depending on the depth to water, either a centrif-
ugal or submersible pump was used to sample monitoring
wells. Public supply wells have high-yielding pumps
that were used routinely. For those wells, sampling
commenced after field-measured parameters stabilized.

Water samples for springs were collected near
the spring vent. At sites where a spring pool was
present, the sample was collected in a weighted bottle
lowered into the spring vent.

Water samples were processed at the time of
collection using standard USGS procedures (Wood,
1976). Samples collected to determine dissolved-con-
stituent concentrations were filtered through a
0.45-micron membrane filter. All water samples
collected by the USGS were analyzed at a USGS
laboratory using analytical procedures described in
Fishman and Friedman (1989).

Major Constituents

The principal chemical constituents of ground
water in Seminole County that affect potability are
chloride and sulfate. Maps of specific conductance,
chloride, and sulfate in water from the Upper Floridan
aquifer were constructed to delineate areas of poorer
water-quality (figs. 25-27).

The extent of mineralization of water in the Upper
Floridan aquifer is indicated by the specific conduc-
tance. In Seminole County, specific conductance ranges
from 210 to 14,700 microsiemens per centimeter
(US/cm) (fig. 25, apps. 4 and 5). Water having the lowest
specific conductance generally occurs in the southwest-
ern part of Seminole County, near Lake Mary, and
around Geneva. In these areas, land surface altitude gen-
erally exceeds 30 ft, and recharge to the aquifer from
rainfall occurs at a relatively high rate through a more
permeable or breached intermediate confining unit.
Highest specific conductance values occur in discharge
areas near the St. Johns and Wekiva Rivers. Most of the
mineralized water in the Upper Floridan aquifer in east-
ern Seminole County and near the St. Johns and Wekiva
Rivers probably is a mixture of freshwater and relict
seawater that entered the aquifer system during a higher
stand of sea level in the geologic past. Movement of this
mineralized water is relatively slow, particularly beneath
the St. Johns River from Lake Harney northward.
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Figure 25. Generalized distribution of specific conductance of water from the Upper Floridan aquifer.

The relatively small amount of water discharged from
the Upper Floridan aquifer to the St. Johns and Wekiva
Rivers by diffuse upward leakage and undocumented
spring flow is replenished by the upward movement of
more saline water from deeper in the aquifer (Murray
and Halford, 1996, p. 28).

Although specific conductance values cannot be
used to determine precisely the dissolved solids con-
centrations in natural waters, they can provide a practi-
cal estimate. For the range of specific conductance
values found in Seminole County, multiplication of the
specific conductance by 0.6 to 0.7 gives a reasonable
approximation of the dissolved solids concentration.
Thus, specific conductance values in figure 25 indicate
that water in much of the eastern part of the county
exceeds the 500 mg/L recommended standard for
dissolved solids (Florida Department of State, 1989).
Water in the remainder of the county probably is below
the standard for dissolved solids concentrations.

36
Seminole County and Vicinity, Florida

Chloride in ground water can be derived from
several sources, including the dissolution of chloride
minerals, contamination from septic tank effluent,
agricultural activities, industrial waste, small amounts
contributed by rainfall, and by the mixing of connate or
relict seawater with fresh ground water. Chloride is the
major anion of seawater and is an important indicator
of saltwater intrusion.

In Seminole County, chloride concentrations of
water in the Upper Floridan aquifer range from 6.2 to
5,300 mg/L (fig. 26, apps. 4 and 5). The lowest con-
centrations, generally less than 25 mg/L, occur in areas
of high recharge in southwestern Seminole County,
near Lake Mary, and around Geneva. Chloride concen-
trations ranging from 25 to 250 mg/L are found prima-
rily in a northwesterly trending area that extends from
Chuluota to Lake Monroe and in a narrow strip along
the Wekiva River. Chloride concentrations ranging

Hydrogeology, Water Quality, and Simulated Effects of Ground-Water Withdrawals from the Floridan Aquifer System,
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Figure 26. Generalized distribution of chloride concentrations of water from the Upper Floridan aquifer.

from 250 to 1,000 mg/L are found primarily in a small
area of the Wekiva River, the area around Lake Monroe
extending south to the north side of Lake Jesup, and in
the area around Geneva. Chloride concentrations
exceed 1,000 mg/L in the discharge areas adjacent to
the Wekiva and St. Johns Rivers in northwestern
Seminole County, around the eastern part of Lake
Jesup, and along the Econlockhatchee and St. Johns
Rivers in eastern Seminole County. The highest
chloride concentration (5,300 mg/L) occurs south of
Lake Harney. Ground water having a chloride concen-
tration exceeding 1,000 mg/L is unsuitable for drink-
ing, for many industrial uses, and for the irrigation of
most crops.

The most abrupt changes in chloride concentra-
tions of water in the Upper Floridan aquifer occur
around the i Geneva Freshwater Lens.i This isolated
lens of freshwater contains water with a chloride

concentration less than 25 mg/L and is surrounded by
brackish water. Chloride concentrations around most of
the edge of the lens increase from about 25 mg/L to
about 1,000 mg/L in less than 1 mile. At the eastern
edge of the lens, chloride concentrations increase from
25 mg/L to more than 4,000 mg/L in less than 3 miles.
Abrupt changes in chloride concentrations also occur
in parts of the Upper Floridan aquifer in northwestern
Seminole County. In this area, chloride concentrations
also increase from 25 mg/L to more than 1,000 mg/L
over a distance of about 1 mile.

In Seminole County, sulfate concentrations of
water in the Upper Floridan aquifer range from 0 to
760 mg/L (fig. 27, apps. 4 and 5). Sulfate concentra-
tions of less than 50 mg/L are found across much of
the study area, with concentrations of less than
10 mg/L found primarily in southwestern Seminole
County, near Lake Mary, and around Geneva.

Upper Floridan Aquifer Water Quality 37
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Figure 27. Generalized distribution of sulfate concentrations of water from the Upper Floridan aquifer.

Sulfate concentrations of 50 to 250 mg/L are found
primarily in a northwesterly trending band extending
from Chuluota, across Lake Jesup to Lake Monroe,
and in an area west of the Wekiva River. Sulfate con-
centrations generally exceed the 250 mg/L recom-
mended standard for drinking water along the St. Johns
River in eastern Seminole County and near parts of the
Wekiva River. The highest sulfate concentration of
760 mg/L is found south of Lake Harney.

Probable sources of sulfate in the Upper Floridan
aquifer include the mixing of relict seawater with fresh-
water, and to a lesser extent, from the dissolution of sul-
fate-bearing minerals, such as gypsum or anhydrite. In
the eastern part of the county, high sulfate concentra-
tions typically are present in water that also has high
chloride concentrations. This indicates that the source
of sulfate probably is due, in part, to the mixing of
ancient seawater with freshwater.

Thirteen springs discharging from the Upper
Floridan (fig. 3) also were sampled for major cations
and anions. The quality of water discharging from
Upper Floridan aquifer springs, like those from the
numerous wells sampled, varied considerably (app. 5).
Water sampled at Droty, Miami, Palm, Rock, Sanlando,
Starbuck, and Wekiva Springs contained low concen-
trations of chloride (less than 25 mg/L) and sulfate (less
than 35 mg/L). Water sampled from Seminole and
Messant Springs contained somewhat higher sulfate
concentrations (64 and 240 mg/L, respectively), but
low concentrations of chloride (less than 10 mg/L).
At Clifton, Gemini, Island, and Wekiva Branch
Springs, water sampled was more mineralized, contain-
ing chloride concentrations ranging from 130 to
1,900 mg/L, and sulfate concentrations ranging from
37 to 510 mg/L.
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Water-quality analyses of ground water from
wells and springs in the study area indicate differences
in the ionic composition of water in the Upper Floridan
aquifer. One method of graphically displaying the ionic
compositions of various water types is by using a trilin-
ear diagram (fig. 28). Three end-member water types
are characterized in the Upper Floridan aquifer: a calcium
bicarbonate type, a calcium magnesium sulfate or
calcium sulfate type, and a sodium chloride type.

Calcium bicarbonate type water results from the
dissolution of limestone. This water type typically pre-
dominates in the recharge areas located primarily in the
western part of Seminole County and is indicative of
waters that have relatively short, shallow flow paths.
The dominant ion is bicarbonate and the water com-
monly is low in chloride, sulfate, and dissolved-
solids concentrations, indicated by the clustering of
data just above the left apex of the diamond-shaped
area in figure 28.

Calcium-magnesium-sulfate water type is less
common in the Upper Floridan aquifer in Seminole
County. As water moves downgradient, the dissolved-
solids concentration of the water increases. This
increase in mineralization also corresponds to increases
in magnesium and sulfate concentrations, primarily
due to the dissolution of dolomite and gypsum, respec-
tively. Calcium-magnesium-sulfate type water proba-
bly has traveled along longer and deeper flow paths
than the calcium-magnesium-bicarbonate type water.
The final product is a water type higher in calcium,
magnesium, and sulfate, as represented by the cluster-
ing of data toward the apex of the diamond.

Sodium chloride water type represents the mix-
ing of freshwater with entrapped relict seawater or
from the upwelling of deeper more saline water. This
water type is predominant in many of the wells in east-
ern Seminole County and in the vicinity of the Wekiva
River. Analyses of sodium chloride water are plotted
above the right apex of the diamond (fig. 28).
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Figure 28. Chemical composition of water from selected wells and springs from

the Upper Floridan aquifer.
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Vertical Distribution of Chloride
Concentrations

Little historical data are available on the quality
of water underlying the Upper Floridan aquifer in
Seminole County. Since the early 1990is, however,
several monitoring wells have been drilled into the
Lower Floridan aquifer in Seminole and adjacent coun-
ties to acquire information about variations in water
quality within the Floridan aquifer system. Chloride
concentrations in water samples collected during the
drilling of four monitoring wells in Seminole County
are shown in figure 29. Water samples at all sites were
collected through the drill stem as the wells were
drilled. In general, chloride concentrations increased
with depth. Water in the Lower Floridan aquifer was
more mineralized than in the Upper Floridan aquifer,
especially in areas located near the transition zones.

Well data show that throughout much of western
Seminole County, ground water having chloride con-
centrations less than 25 mg/L extends to considerable
depths in the Floridan aquifer system. In much of the
extreme southwestern part of Seminole County,
chloride concentrations change little with depth until
about 1,800 ft below land surface. Ardaman and
Associates, Inc. (1993) reported that chloride concen-
trations at the Charlotte Street monitoring well near
Altamonte Springs (fig. 29) did not change during the
drilling operations. The well, 1,506 ft deep, yielded
water having chloride concentrations of less than
12 mg/L.

Chloride concentrations in water from the
Oviedo monitoring well ranged from 16 mg/L to about
80 mg/L to a depth of 1,095 ft below land surface
(fig. 29). In the interval from 1,110 to 1,388 ft, chloride
concentrations increased from 169 to 1,210 mg/L
(Yovaish Engineering Sciences, Inc., 1994, p. F-1).
From 1,388 ft to the bottom of the hole (1,607 ft), chlo-
ride concentrations increased slightly to 1,290 mg/L;
however, a water sample obtained after a high capacity
test pump was installed produced a chloride concentra-
tion of 6,410 mg/L. This rather large discrepancy in
chloride concentrations seems to be a result of the
method used in obtaining water samples while the well
was being drilled (reverse air), which resulted in some
mixing and dilution of the formational waters. Accord-
ing to Yovaish Engineering Sciences, Inc. (1994),
because of the mixing with the overlying fresher

waters, water samples collected from 1,380 to 1,607 ft
during drilling (fig. 29) probably represent a chloride
concentration that is too low.

At the Yankee Lake site (fig. 29), a test well was
drilled to a depth of 2,260 ft below land surface
(W. Osburn, SJRWMD, written commun., 1998). From
the top of the Upper Floridan aquifer to a depth of
435 ft, chloride concentrations remained below 25 mg/L.
Chloride concentrations ranged from 32 to 74 mg/L
from about 466 to 605 ft. Chloride concentrations
increased sharply to 656 mg/L at about 615 ft. In the
interval between 615 and 1,352 ft, chloride concentra-
tions varied from 644 to 4,300 mg/L. At 1,383 ft,
chloride concentrations increased to 6,080 mg/L.
Another sharp increase to 9,600 mg/L was observed at
1,443 ft. From 1,443 to 1,695 ft, chloride concentra-
tions varied from 9,080 to 10,740 mg/L. At 1,727 ft,
chloride concentrations increased to 15,000 mg/L. In
the interval between 1,759 ft and the bottom of the hole
at 2,260 ft, chloride concentrations ranged from 16,600
to 18,000 mg/L (W. Osburn, SJRWMD, written
commun., 1998).

In 1999, the Lake Mary monitoring well was
completed to a depth of 1,390 ft below land surface.
Chloride concentrations were 25 mg/L or less from a
depth of 84 to 1,141 ft (W. Osburn, SIRWMD, written
commun., 1999). In the interval between 1,204 to
1,329 ft, chloride concentrations ranged from 125 to
308 mg/L. Chloride concentrations increased sharply
to 3,560 mg/L at about 1,345 ft and to 4,400 mg/L at
1,390 ft.

Data from numerous wells were used to estimate
the depth to the 250 and 5,000 mg/L chloride isochlors
in the Floridan aquifer system (figs. 30 and 31, respec-
tively). The maps are based primarily on chloride con-
centrations of samples collected from monitoring wells
and test drilling in Seminole and adjacent counties
(McGurk and others, 1998, and B. McGurk, SJRWMD,
written commun, 1999). Time domain electromagnetic
measurements collected by the SIRWMD in the mid to
late 1980is were also used to interpolate between data
points. The 250- mg/L isochlor is important because it
represents the threshold for potable water. The
5,000-mg/L isochlor represents the base of the
freshwater flow system.
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The altitude of the top of the transition zone
(250-mg/L isochlor) is variable throughout Seminole
County. The estimated position of the 250-mg/L isoch-
lor is less than 200 ft below sea level in much of the east-
ern part of Seminole County (with the exception of the
area around Geneva), near Lake Monroe, and along
parts of the Wekiva River. The thickest section of fresh-
water in Seminole County is located in the extreme
southwestern part of the county. The altitude of the
250-mg/L isochlor in this area is more than 2,000 ft
below sea level. In general, the shape of the 5,000-mg/L
isochlor (fig. 31) is similar to that of the 250-mg/L
isochlor (fig. 30). The estimated altitude of the 5,000-
mg/L isochlor ranges from less than 200 ft along the
St. Johns River in eastern Seminole County to more
than 2,000 ft below sea level in the southwestern part
of the county.
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and B. McGurk, SURWMD, written commun., 1999).

Long-Term Trends

Monitoring chloride concentrations in ground
water as an indicator of saltwater intrusion has been
used to some degree since the 1950is in a few wells
tapping the Upper Floridan aquifer. Detection of
chloride-concentration trends in water from wells in
the Upper Floridan aquifer is essential to water-
resources management, especially in areas that are
experiencing rapid population growth and that are
near the transition zones.

The frequency of water-quality monitoring
varies from well to well. In the early to mid 1950is
and again in the early 1970is, many wells were
sampled throughout Seminole County. Since then,
however, water samples have been collected intermit-
tently. In addition, some of the monitoring wells have
been destroyed or plugged, providing fewer wells for
long-term observation.

Hydrogeology, Water Quality, and Simulated Effects of Ground-Water Withdrawals from the Floridan Aquifer System,
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In an effort to evaluate long-term water-quality
changes in Seminole County, 14 wells sampled by
Tibbals (1977) during the period from 1973-74 were
located and resampled in 1995-96. Based on a limited
number of water samples (two to three per well), it
seems that chloride concentrations in water from these
wells and other wells in the Upper Floridan aquifer
have not changed significantly in Seminole County
during the period from 1973-96, and probably not since
the mid 1950is. Tibbals (1977) reported that there was
no significant change in chloride concentration of
water from the Upper Floridan aquifer in Seminole
County from the early 1950is to the early 1970is. Toth
and others (1989) also found little change in chloride
concentrations for wells sampled in the Wekiva River
basin during 1973 and 1986. As water use continues to
increase, however, water levels in the Upper Floridan
are likely to decline further. Well fields located near the

transitions zones risk the possibility of saline water
intruding into the fresher water-bearing zones as fresh-
water heads are reduced. Heavy pumping could lower
the head in a freshwater well enough to cause the tran-
sition zone to move upward and cause wells open
within that zone to yield saltier water.

Recent water-quality data show that the upward
movement of saline water is occurring in some well
fields in the Oviedo area, which is near the transition
zone (D. Hearn, Yovaish Engineering Sciences, Inc.,
written commun., 1999). Graphs showing chloride
concentrations of water from seven public supply
wells in the Oviedo area (four of which are shown in
figure 32) indicate that chloride concentrations are
increasing with time. Initial chloride concentrations
in several of the wells were greater than 30 mg/L,
indicating that the wells had already penetrated the
transition zone.
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Figure 32. Chloride concentrations of water from four wells tapping the Upper Floridan aquifer near
Oviedo, Florida.
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The chemical quality of water has been moni-
tored by the USGS at selected springs in the study area
since about the mid 1950is. In some Upper Floridan
aquifer springs, water gradually has become more min-
eralized (fig. 33). Increases in specific conductance
were observed at several of the springs where long-term
water-quality data were available, including Wekiva,
Sanlando, Starbuck, and Palm Springs. At Wekiva
Springs, specific conductance of discharged water

increased from about 225 uS/cm in 1956 to 319 uS/cm
in 1997, whereas at Sanlando Springs, specific conduc-
tance increased from about 229 to 352 uS/cm during the
same period of time.

Increases in major cations and anions, such as
chloride and sulfate, also were observed in many of
these springs. Chloride and sulfate concentration trends
for samples collected between 1956 and 1998 from
Wekiva and Sanlando Springs are shown in figure 34.

350 | | | | | | | |
Wekiva Springs

300 [~ Site number: 231 -

250 — —|
o
w200 — _
|_
L
S 150 | | | | | | | |
E 1955 1960 1965 1970 1975 1980 1985 1990 1995 2000
L
O 400 T T T T T | | |

Sanlando Springs

E 350 . pring -
o Site number: 200
v 300 _|
i

250~ 7
m
F) 200 ]
@) 1 l | l l l | | |
T 150
O 1955 1960 1965 1970 1975 1980 1985 1990 1995 2000
=
> 400 T T T T T T T T
= a0k Starbuck Spring |
g Site number: 211
<Z( 300 _|
= - _|
O 250
-]
A 200 _
Z
(@) 150 | | | | | | | |
8 1955 1960 1965 1970 1975 1980 1985 1990 1995 2000
L 350 | I I I | T T T
8 Palm Springs
O 300 Site number: 205 —
0

250 ]

200~ 1

150 | | | | | | | |

1955 1960 1965 1970 1975 1980 1985 1990 1995 2000
YEAR

Figure 33. Specific conductance in water from selected springs discharging from the Upper
Floridan aquifer (spring locations shown in figure 3).
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Figure 34. Chloride and sulfate concentrations in water from Wekiva and Sanlando Springs

(spring locations shown in figure 3).

At Wekiva Springs, chloride concentration increased
from 8 to 13 mg/L and at Sanlando Springs, chloride
concentrations increased from 9 to 17 mg/L. Sulfate
concentration in water from Wekiva Springs increased

from 6 to 18 mg/L and at Sanlando from 8 to 12 mg/L.

There are two possible explanations for the
observed increase in mineralization of spring water.
The first is the upward movement of saltwater into
fresher water-bearing zones within the Upper Floridan
aquifer. If upconing were occurring, then the transition
zone between fresh and saltwater would be moving
upward, and chloride concentrations would be
expected to increase with depth. However, data from
two wells indicate otherwise. An examination of the
water quality of an Upper and Lower Floridan aquifer
well near Wekiva Springs shows that less mineralized

(and older) Lower Floridan aquifer water underlies
more mineralized Upper Floridan aquifer water (Toth,
1999, p. 24, 60). Therefore, the observed increase in
mineralization of spring water near Wekiva Springs
(and other nearby springs experiencing increasing
mineralization) is likely from a shallower source and
not from deeper zones of the aquifer.

The second possible explanation for the increase
in the mineralization of spring water could be related to
the observed increase in the total nitrate-plus-nitrite as
nitrogen concentrations since the mid 1970is. Increas-
ing total nitrate-plus-nitrite as nitrogen concentrations
have been observed at seven springs in the study area
having long-term observations (Wekiva, Rock, San-
lando, Starbuck, Palm, Seminole, and Gemini (Toth,
1999)), six of which are shown in figure 35. Total
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Figure 35. Average annual total nitrate-plus-nitrite as nitrogen concentrations in selected Upper
Floridan aquifer springs (spring locations shown in figure 3) (D. Toth, SUIRWMD, written commun.,

1999).

nitrate-plus-nitrite as nitrogen concentrations exceed
0.2 mg/L at all of these springs, with concentrations
exceeding 1.60 mg/L at Wekiva and Rock Springs (D. Toth,
SIRWMD, written commun., 1999). The primary
drinking water standard for nitrate-nitrogen is 10 mg/L
as nitrogen (Florida Department of State, 1989).

The presence of elevated levels of nitrate-plus-
nitrite in spring water could be an indication of contam-
ination from fertilizers, animal waste, or septic tanks.
These sources also can contain chloride and sulfate,
which could account for the increase in specific con-
ductance and chloride and sulfate concentrations.
Recharge water containing these constituents can enter
the Upper Floridan through breaches in the intermedi-
ate confining unit caused by sinkholes or where the
confining unit is thin or missing. Nitrates are readily
transported in water and are stable over a considerable

range of conditions (Hem, 1986, p. 124). The presence
of elevated levels of nitrate-plus-nitrite in spring water
suggests a significant contribution to spring discharge
from shallow to intermediate flow paths (Toth,
1999, p. 23).

WATER BUDGET

A water budget accounts for the total amount of
water within the study area and can be used to provide
limits for recharge rates estimated during model cal-
ibration. A long-term water budget (1970-96) for the
study area is shown in figure 36 and can be described by
the following equations:
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Qg is lateral flow (net) in the surficial aquifer
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Qsw 1s surface-water discharge, in inches per year; is assumed to be negligible over the period
Qo 1is overland runoff, which is a subcomponent used to estimate a long-term water budget
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Inflows to the study area include precipitation,
irrigation, and reclaimed water (fig. 36). Precipitation
is the dominant and most variable source of water.
Mean annual rainfall for the study area from 1970-97
was about 51 in/yr, and from September 1996 through
August 1997 was about 52 in/yr. The application of
irrigation water pumped from the Floridan aquifer
system adds about 1.3 in/yr to the surficial aquifer
system in the study area, but because of the localized
nature of irrigation, application rates at individual sites
are considerably higher than the average rate. Drainage
wells redirect about 0.4 in/yr from precipitation and
irrigation to the Upper Floridan aquifer.

Outflows from the study area include surface-
water discharge, pumpage, lateral flow through the
Floridan aquifer system, and evapotranspiration
(fig. 36). Surface-water discharge removed an average of
11 in/yr between 1970-96. Pumpage removed an average
of 2.5 in/yr from 1970-96 and 3.4 in/yr in 1996-97.
Lateral flow (net) through the Floridan aquifer in the
study area is less than 1 in/yr (Murray and Halford,
1996). In order to balance the water budget, evapotrans-
piration was estimated to be about 39 in/yr (fig. 36).

Discharge per unit area from the four major
surface-water basins that drain the study area is spa-
tially variable. The long-term average unit discharges
from the Ocklawaha, Kissimmee, St. Johns River, and
Coastal basins (fig. 1) are 3, 6, 14, and 12 in/yr, respec-
tively. The Ocklawaha and upper Kissimmee basins
are topographically high basins with extensive inter-
nally drained areas. The relatively low unit discharges
from the Ocklawaha and upper Kissimmee basins
suggest that most precipitation infiltrates and leaves
the basins as lateral flow through the Floridan
aquifer system. The relatively high unit discharge
from the St. Johns River basin could be caused both
by reduced infiltration and the discharge of ground
water that originated in other basins. The Coastal
basin covers only 4 percent of the study area and is
not important to the overall water budget.

Separation and identification of many of the
components in the water budget are difficult because
many subcomponents are intertwined within each mea-
surable component. Evapotranspiration removes water
from plant canopies, depression storage, soil moisture,
the saturated ground-water system, and surface-water
features. Surface-water discharge is the sum of over-
land runoff and ground-water discharge minus evapo-
transpiration losses from stream and riparian areas.
Drainage wells receive water from precipitation, irriga-
tion, overland runoff, and ground-water discharge from
the surficial aquifer system.

Recharge to the water table (N) is the subcompo-
nent of the water budget that drives ground-water flow
through the surficial and Floridan aquifer systems
(fig. 36), and cannot be defined easily from equation 1.
The surficial aquifer system is recharged when the
amount of applied water exceeds evapotranspiration
losses and overcomes capillary effects in the unsatur-
ated zone. Overland runoff (Q) occurs when the infil-
tration capacity of the soil is exceeded and additional
precipitation or applied irrigation water drains directly
to local streams or depressions without infiltrating the
subsurface, or when the water table intercepts land
surface in topographically low areas. Of the applied
water that reaches the water table, recharge () is the
fraction that is not immediately extracted by evapo-
transpiration and moves downgradient. Natural dis-
charge from the surficial and Floridan aquifer systems
occurs as evapotranspiration or flow to streams.

Recharge usually is indirectly estimated as a
calibration parameter in a ground-water flow model
because of the complexity and interdependence of the
processes that control it. Recharge rates have been esti-
mated in this manner at the former Orlando Naval
Training Center and for the Reedy Creek area (fig. 1),
about 5 and 25 miles south of Seminole County,
respectively. Average recharge rates were estimated to
be 19 in/yr in the former Orlando Naval Training
Center (Halford, 1998a) and 5 to 25 in/yr for the Reedy
Creek area (OiReilly, 1998). These estimates are for
areas without artificial recharge sites, where locally
induced rates can exceed 1,000 in/yr.

The water-budget analysis provides a general
idea of how much water passes through the surficial
and Floridan aquifer systems, but cannot indicate what
fraction of flow passes through each individual aquifer.
The direction and rate of the movement of water also
cannot be determined through a water-budget analysis.
A ground-water flow model can help address these
more specific questions.

SIMULATION OF GROUND-WATER FLOW
IN THE SURFICIAL AND FLORIDAN
AQUIFER SYSTEMS

The conceptual model and hydrologic data dis-
cussed in the previous sections were used to construct
a three-dimensional numerical ground-water flow
model of the surficial and Floridan aquifer systems.
The McDonald and Harbaugh (1988) modular finite-
difference model (MODFLOW) was used to simulate
flow in the surficial and Floridan aquifer systems and
to solve the governing equation:
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where

is del, the vector differential operator;

is hydraulic conductivity, in feet per day;

is saturated thickness, in feet;

is hydraulic head, in feet;

is a source or sink, in feet per day;

is the net recharge, in feet per day;

is storage coefficient in confined aquifers and
the specific yield in unconfined aquifers, dimen-
sionless; and

is time, in days.

n=2e >o=xd

~

A steady-state numerical model of the ground-
water flow system was constructed and calibrated to
time-average data for the period September 1996
through August 1997. Time-averaged data were used in
the calibration because data needed to define long-term
historical changes in ground-water levels, pumpage,
and recharge within the study area were not available.
The September 1996 through August 1997 period was
used because most of the water-level and water-use
data were collected in the study area during this time.

Estimates of all model-parameter values, fluxes,
and boundary conditions were made to construct the
initial model. A systematic sensitivity analysis of
model response to changes in each parameter value
and boundary conditions was then made. Calibration
of the model consisted of making changes to parame-
ters and boundary conditions and focusing on the most
sensitive parameters until the best fit between model-
simulated and measured ground-water levels and
fluxes was obtained.

Description of the Ground-Water Flow
Model

To implement a finite-difference model, the
study area was discretized into a rectangular grid of
cells by row and column. The active model grid cov-
ered an area of about 2,500 mi? and was divided into
137 rows of 195 columns (fig. 37). The model cells
ranged in area from 0.034 t0 9.8 miZ and the largest
cells were in peripheral areas away from Seminole
County. Seminole County was discretized into uniform
square cells of'a 1,000 ft on a side. Of the 80,145 model
cells, 13,321 cells were inactive outside the study area.

The grid was oriented along a north-south axis.
Neither a majority of known stresses nor boundary
conditions were aligned along any particular axis. No
measurements of anisotropy were available and a lat-
eral anisotropy ratio of 1:1 was used for simulation.
Values of aquifer and confining-unit hydraulic proper-
ties were assigned to the center of each cell, defined as
a node, by interpolation from observed point values.

The model was vertically discretized into three
active layers to simulate the surficial (layer 1), Upper
Floridan (layer 2), and Lower Floridan (layer 3) aqui-
fers (fig. 9). Vertical impedance to flow between
aquifers was simulated by assigning leakance values at
each cell between model layers. The leakance repre-
sented the average vertical hydraulic conductivity of
the confining unit material between layers divided
by the thickness of the confining unit and was in units
of feet per day per foot (1/d).

Previous models (Tibbals, 1990; Murray and
Halford, 1996) have treated the Upper Floridan aquifer
as a single active layer. More recent hydrogeologic
information suggests that the Upper Floridan aquifer
may be better simulated by two layers to better approx-
imate the hydraulic conductivity contrast between
zones A and B. Assigning the appropriate open interval
for many of the observation and production wells that
are classified as Upper Floridan, however, is difficult
because the top and bottom of the open interval are
unknown. Also, the middle semiconfining unit could
be simulated as an active layer because the hydraulic
properties of the middle semiconfining unit are similar
to zone A of the Upper Floridan aquifer.

Hydraulic Properties

The hydraulic conductivity distribution of the
surficial aquifer system (layer 1) was defined by an
eastern area and a western area. The divide between
the two areas generally was based on the eastern
extent of the Mt. Dora Ridge (fig. 37). A uniform
hydraulic conductivity of 5 ft/d was assigned to the
eastern area and was estimated from the geometric
mean of 21 slug tests conducted in Seminole County
during the study (table 1). A uniform hydraulic
conductivity of 30 ft/d was assigned to the western
area based on estimates from OiReilly (1998). The
estimates of OiReilly (1998) were for the area south
of Lake Apopka. The initial hydraulic conductivity dis-
tribution was not changed throughout model calibration
because the data were insufficient to identify spatial
trends and could not be correlated to mappable features
such as land cover, lithology, or topography.
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Transmissivity estimates for the Upper Floridan
aquifer were converted to horizontal hydraulic conduc-
tivity to make use of the numerous partially penetrating
aquifer tests. Transmissivity estimates from aquifer
tests with a producing well that penetrated 65 percent
or less of the Upper Floridan aquifer were assumed to
be estimates for zone A. Results from other Upper
Floridan aquifer tests were assumed to be estimates for
zones A and B. Based on available flow logs, the
hydraulic conductivity of zone B was estimated to be
10 times greater than the hydraulic conductivity of
zone A. The 1:10 hydraulic conductivity ratio and the
65 and 35 percent division of total thickness between
zones A and B were assumed to exist throughout the
study area. The thickness of the Upper Floridan aquifer
was defined to be the difference between the altitudes
of the top of the Upper Floridan aquifer (fig. 16) and
the top of the middle semiconfining unit (Miller, 1986).

Estimation of horizontal hydraulic conductiv-
ity from aquifer tests for the Upper Floridan aquifer
is best illustrated by example. A transmissivity value
of 17,000 ft2/d was estimated at site 278 from an
aquifer test of a well that was open to about 18 per-
cent of the 380 ft thickness of the Upper Floridan
aquifer. A horizontal hydraulic conductivity value of
69 ft/d was estimated for zone A by dividing
17,000 ft2/d by 247 ft (65 percent of 380 ft).

A transmissivity value of 168,000 ft?/d was estimated
near site 135 from an aquifer test of a well that was
open to the entire 360 ft thickness of the Upper Flori-
dan aquifer. Transmissivity estimates of 26,000 and
142,000 ft2/d were estimated for zones A and B,
respectively, because of the 1:10 hydraulic conductiv-
ity ratio and the fact that zone A makes up 65 percent
and zone B 35 percent of the total thickness of the
Upper Floridan aquifer. Horizontal hydraulic conduc-
tivity values of 113 and 1,130 ft/d were estimated by
dividing transmissivity estimates by the thickness of
zones A (234 ft) and B (126 ft), respectively.

Additional transmissivity estimates for the
Upper Floridan aquifer were made by applying the
Thiem equation to Island, Rock, Sanlando, Seminole,
and Wekiva Springs. The springs were assumed to be
fully penetrating wells with radii that ranged from 2 to
20 ft for the purposes of estimating transmissivity. The
head loss from the spring pool was assumed to range
from about 0 to 1 ft. The maximum transmissivity esti-
mate for each spring ranged from three to five times the
minimum estimate. For example, the transmissivity
estimates for Wekiva Spring ranged from 300,000 to
1,300,000 ftz/d, and were assumed to be for zones A
and B, respectively.

Despite the range of uncertainty, estimates of
transmissivity from springs were useful because they
were consistently greater than estimates interpolated
from aquifer tests for springs with discharges in excess
of 5 ft3/s. Interpolated transmissivity estimates from
aquifer tests ranged from about 15,000 to 70,000 ft2/d
atthe springs. Transmissivity estimates from the Thiem
analyses were proportional to spring discharges within
the range of uncertainty and were extrapolated to the
springs with discharges greater than 0.5 ft3/s (table 3).
The assigned transmissivity estimates for the springs
ranged from 18,000 (Palm Spring in Lake County) to
800,000 ft*/d (Wekiva Spring).

The initial transmissivity estimates of the Upper
Floridan aquifer for the model were generated in steps
to account for observed lithologic and water-quality
changes. Horizontal hydraulic conductivity values for
zones A and B were estimated by inverse-distance
weighted interpolation from the point estimates of log
(K). The transmissivity of each zone was then calcu-
lated to be the product of the horizontal hydraulic con-
ductivity multiplied by the zone thickness. In the part
of the Upper Floridan aquifer that contains freshwater
(layer 2), the transmissivity was thus the sum of
zones A and B transmissivities. Freshwater was
defined as water containing less than 5,000 mg/L chlo-
ride concentration. The part of the aquifer containing
salt water (greater than 5,000 mg/L chloride concentra-
tion) is not considered to be part of the flow system in
this study as has been done in previous investigations
(Tibbals, 1990). Thus, transmissivity is lower than
would be the case if the entire Upper Floridan aquifer
contained freshwater.

The initial transmissivity distribution of the
Lower Floridan aquifer (layer 3) was defined as the
thickness of the aquifer in areas where the aquifer con-
tained water with a chloride concentration of less than
5,000 mg/L multiplied by a uniform horizontal hydrau-
lic conductivity of 400 ft/d. The thickness of the Lower
Floridan aquifer containing water with a chloride con-
centration less than 5,000 mg/L is about 1,000 ft
throughout the western half of the study area and thins
to 0 ftin a 5- tol 5-mile-wide band in the middle of the
study area (fig. 18). The horizontal hydraulic conduc-
tivity estimates for the Lower Floridan aquifer ranged
from 200 to 900 ft/d, assuming an aquifer thickness of
1,000 ft. A uniform value was assumed for the model
because no spatial trend could be inferred from the
tests, and the range of horizontal hydraulic conductiv-
ity estimates at individual sites was similar to the range
of estimates over the study area (fig. 18).
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The initial areal distribution of leakance between
layers 1 and 2 was calculated by dividing a preliminary
estimate of vertical hydraulic conductivity of the inter-
mediate confining unit (0.01 ft/d) by the estimated
thickness of the unit (fig. 14). The initial areal distribu-
tion of leakance between layers 2 and 3 was calculated
by multiplying the thickness of the middle semiconfin-
ing unit (Miller, 1986) by a vertical hydraulic conduc-
tivity value of 0.5 ft/d estimated from aquifer tests
(Boyle Engineering Corporation, 1995).

Surface-Water Features

The distribution and altitude of surface-water
features control the direction and rate of ground-water
flow in the surficial and Floridan aquifer systems.
Ground-water movement through the surficial aquifer
system clearly is affected by surface-water features at a
horizontal scale of less than the highest resolution
(smallest grid node) simulated (1,000 ft). Ground-
water movement through the Floridan aquifer system is
affected predominantly by a few major surface-water
features such as the St. Johns River and Lake Apopka.

Lakes, streams, and wetlands in Seminole
County and parts of adjacent Orange County were
simulated explicitly. Only streams that appeared on
1:100,000 scale maps and lakes with areas that were
greater than half of the area of the smallest model cell
(500,000 ftz) were simulated (fig. 38). The elevations
of the lakes and streams were determined from lake
stage data, river gaging sites, and 1:24,000 scale
U.S. Geological Survey topographic quadrangle sheets.

Interaction between the surficial aquifer system
and lakes, streams, and wetlands was simulated by
using the RIVER package of MODFLOW. The simu-
lated flow rate in or out of the aquifer at a RIVER node
was defined by:

QB = CRB(HRIVERﬁHAQU[FER)’ (5)

where
Qp is the discharge rate, in cubic feet per day;

Cprp 1s the hydraulic conductance of the river-
bed or lakebed, in feet squared per day;

Hpryer 1s the stage of the river or lake, in feet; and

Hyourrer 1s the head in the aquifer beneath the river
or lake, in feet.

Equation 5 applies only if H oy rgg is greater than or
equal to the assigned elevation of the bottom of the sur-
face-water feature.

The river nodes were assigned as specified heads
and were used primarily to facilitate record keeping.
A riverbed hydraulic conductance of 100 times the
river-reach length per cell was used for all river nodes.
The results of model simulations of similar aquifer
conditions at Cecil Field Naval Air Station near Jack-
sonville (Halford, 1998b) indicated that model results
would not be sensitive to changes in riverbed conduc-
tance. The ground-water flow model constructed for
the Cecil Field Naval Air Station was insensitive to
increasing riverbed conductance. Estimates of river-
bed conductance were highly correlated with esti-
mates of horizontal hydraulic conductivity of the
surficial aquifer system, a more sensitive parameter
than the riverbed conductance. This implies that the
interaction between surface water and the surficial
aquifer system is controlled by the hydraulic conduc-
tivity of the surficial aquifer system, rather than by the
riverbed conductance.

A total of 4,092 RIVER nodes was assigned to
layer 1, of which, 1,743 nodes simulated lakes within
the study area. The river-bottom elevation for all
streams was set equal to the river stage to ensure that all
simulated reaches were either gaining flow or were
inactive. This constraint was imposed because dig-
itized reaches in the headwaters of a stream may repre-
sent a dry channel. For lakes, the lake bottom was set
far below the elevation of the water surface so that
water could be gained or lost from these features.

Closed-basin lakes with measured stages were
simulated as RIVER nodes during model calibration
because the stage was known with more certainty than
the lake water budget. The water budget of a closed-
basin lake is affected by precipitation, overland runoff,
and evaporation, in addition to ground-water interac-
tion. A closed-basin lake is expected to be a net source
of recharge to the surficial aquifer system because pre-
cipitation usually exceeds evaporation within the study
area, and all overland runoff discharges to the lake.

Closed-basin lakes were converted to active
lakes in the calibrated model. An active lake is an area
with a specified flux at the water table and high lateral
hydraulic conductance values within the lake that
allows for the simulation of lake-level changes in
response to variations in projected ground-water
pumpage. The conversion from RIVER nodes to active
lakes was accomplished by removing the RIVER
nodes within a lake, specifying high hydraulic conduc-
tance values among all of the nodes within a lake, and
specifying the ground-water flux across the lakebeds to
be equal to rates estimated during model calibration.
The hydraulic conductance values among all of the
nodes within an active lake were set to 100,000 times
the values estimated from the calibration runs by using
the VARI1 package (Halford, 1998c).
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All areas that were not simulated as a lake or
stream were assigned drains with high conductance
values and outlet heads set at a specified water-table
elevation. The specified elevation of the water table
was approximated by using a multilinear regression
among the measured levels in surficial aquifer system
wells, land surface elevation, and the i minimum
water tablei (N. Sepulveda, USGS, written commun.,
2000). The i minimum water-tablel surface was gen-
erated by interpolating between measured and esti-
mated stages of lakes and streams. Land surface
elevations were estimated from digital hypsography
provided by the SJRWMD. The root-mean-square
residual between measured and linearly regressed
water-table elevations was 4.05 ft.

If the simulated water table rises to the regressed
surface, the drains behave as specified heads and simu-
late the removal of water from the surficial aquifer
system (layer 1); otherwise no water is removed from
the surficial aquifer system. Conceptually, active drain
nodes simulate the effects of either limited recharge,
net evapotranspirative losses, or ground-water dis-
charge to surface-water features where the water table
1s within a few feet of land surface. Elsewhere, the
drains are a means of estimating the net recharge while
constraining the water table. The St. Johns River and
adjacent wetlands were simulated with drains because
that area is a broad ground-water discharge area with
little variation in topography (fig. 38).

The net recharge to the calibrated model was
estimated by subtracting the drain discharge from the
applied recharge and was set to 0 where drain discharge
exceeded applied recharge. Only drains that discharged
at rates in excess of the applied recharge rate and were
in locations of ground-water discharge were retained in
the calibrated model. For example, a site with 25 in/yr
of applied recharge and 15 in/yr of water discharged to
adrain would be assigned a net recharge of 10 in/yr and
the drain would be removed from the calibrated model.
Another site with 25 in/yr of applied recharge and
35 in/yr of water discharged to a drain would be
assigned a net recharge of 0 in/yr and the drain would
be retained in the calibrated model.

Pumpage and Spring Discharge

Pumpage and spring discharge are highly
focused stresses that remove water directly from the
Upper Floridan and Lower Floridan aquifers. The
discharge from wells that is pumped at rates greater
than 0.1 Mgal/d (0.16 ft3/s) and springs that typically
flow at rates greater than 0.65 Mgal/d (1 ft3/s) were
either measured or estimated during the study period.
The cumulative discharge from these wells and

springs was estimated to be 578 Mgal/d (894 ft3/s).
The combined discharge from springs and wells that
exceeded 0.5 Mgal/d was 428 Mgal/d (662 ft3/s),
which represents 74 percent of the total pumpage and
spring discharge within the study area. Pumpage
from all sites shown in figures 7 and 8 was simulated
as specified discharges.

A few wells in the study area are open to both the
Upper Floridan and Lower Floridan aquifers. In the
model, pumpage from these wells was apportioned
equally from each aquifer without regard to transmis-
sivity or water-level differences. Due to the water-level
differences that can exist between producing zones, the
flow contribution from each zone is not necessarily
proportional to the transmissivity of each zone
(Bennett and others, 1982). For example, if a well is
screened through two aquifers with identical transmis-
sivities, a higher potentiometric surface in one aquifer
can cause more water to be contributed from that
aquifer than from the other. The water-level differences
between aquifers can induce cross flow between aqui-
fers even when there is no discharge from the well, as
occurs between the Upper Floridan and Lower Floridan
aquifers. The error resulting from this distribution of
pumpage probably did not greatly affect model calibra-
tion because the pumpage from these wells (15 Mgal/d)
was small relative to the total pumpage (386 Mgal/d).

The rates of spring discharge from the Upper
Floridan aquifer are generally well known. Thus,
springs were simulated as specified discharges using
the drain package. Simulated water levels in the Upper
Floridan aquifer were constrained to be greater than
1 ft above the spring pool elevation to ensure discharge
to the drain cell. The drain conductance was estimated
for each spring cell by dividing the known discharge
for the spring by the difference between the spring pool
elevation and the simulated head in the Upper Floridan
aquifer (initially, this was estimated to be 1 ft).

Reclaimed Water and Drainage Wells

Reclaimed water is distributed to RIB sites and
spray irrigation fields in the study area. All of the
48.5 Mgal/d (75 ft3/s) of reclaimed water that was
applied to RIB sites in Seminole, Orange, and Lake
Counties (fig. 39) during the simulation period was
assumed to be direct recharge to the surficial aquifer
system (layer 1). Reclaimed water that was used as
spray irrigation was assumed to affect recharge rates to
the surficial aquifer system and is simulated by higher
recharge rate estimates. The spray irrigation was not
simulated directly and the locations of these sites are
not shown in figure 39.

Simulation of Ground-Water Flow in the Surficial and Floridan Aquifer Systems 55



“Joyinbe uepuiol4 Jeddn ey} ul s|jem abeulelp pue salis (gly) uiseq uonesyul pides Jo UoneooT ‘e ainbid

/| 9uoz ‘uoljosfoid 101e0IB\ 9SIOASURI] [BSIBAIUN
G861 ‘000°001: | ‘eep [eHbip Aoaing [eo1B0j0eY) "S N WOl) payipow eseq

[T [ I [ \ I I
SY3ILIWOTM OL S 0 Y e _
Il Il |
f I ! ebeyadoyo;| axe
STTN O g 0 e |
_ AINNOD V1030SO ALNNCD 310d —{ 0282
—_——_— e — (e e e e e e T e e e e e e e e e - —_— . — - — - —_ _ -
ALNNOO IDNVHO ; L
_ V3V T3A0N
_ 40 AHYANNO4g
J/ mw ° o 1 \
/6o - b
5 @mm\ .. qu _W
o _ m
3 mt
L o , Q'g —.0¢
(eéa.\ M . ....m..w"... @ " W IS
L~ 90“0 g MW .o.o. o0 -oo ol cooo- . . - M 1 |IA_
EY g o ..b..cm @ mﬂwomcmto ° 19JUTAR
= 2 Ao . . o O
o %z&? . u o ou - . LI
} ALNNOD IONVHO 2 A L
F TS T s = T Tos ..
__4\  ALNNOO m_._oZ_m_\,_m_m az& o _ ¢ .
2 \ e
B E MM__EQ !uw_mo.ys% D%c%r_wmm,q n\w G o
1 [&] A K [ . 1
_ Ww, %%Eiuo\:oom :mnl_ﬂmwmmww 4 .7% _ [N
[ORN O o NS |
1 272 R - Du,u b
| nW . m>m:%o 3 - Ww o ) _
| g / ©. 0S5 v
AINNOD | Aouwsmfy 1 o R
adva3dg aye7] ) JAN Aiepy exe1Q s__ __~ (
ALNNOD kmwm\//, Cplojues W.
VISNTOA
B Ve o ONIHdS o ||
) Sl STIAMIOVNIvHa - [|7°
¢ ol AHYANNOSE
; o 3 ALNNOD ITONINIS — -
Ohiegeq s salis ai
| | | x w om_@b * NOILYNVY1dX3
|
105608 00018 01 0T 0€ 0 05018

Hydrogeology, Water Quality, and Simulated Effects of Ground-Water Withdrawals from the Floridan Aquifer System, Seminole

56

County and Vicinity, Florida



An effort was made during preliminary model
calibration to estimate the maximum recharge rate in
spray irrigation areas in Seminole County, indepen-
dently from the maximum natural recharge rate
throughout the rest of the model domain. This approach
was abandoned because the model was not very sensi-
tive to the zones where recharge was potentially
affected by spray irrigation. The lack of sensitivity was
due both to a relative lack of surficial observation wells
and the coarse (1,000 ft by 1,000 ft) discretization of
the surficial aquifer system.

Drainage wells were estimated to add 45.6 Mgal/d
(70.6 ft>/s) directly to the Upper Floridan aquifer in
Orange and Seminole Counties. The injection of water
from drainage wells was simulated as specified inflows
at the locations shown in figure 39.

Boundary Conditions

Proper representation of model boundary condi-
tions is one of the most important aspects in the simu-
lation of an aquifer system. Model boundaries are
assigned to represent the actual hydrologic boundaries
as accurately as possible. If model boundaries are gen-
eralized, they are placed far enough away from the
influence of hydrologic stresses in the model area to
minimize their influence on simulation results.

The upper boundary of the model is the water
table. At lakes, streams, and wetlands, this upper
boundary was simulated using the RIVER package, as
described previously. In the remaining areas of the
model, the upper boundary was simulated in one of
two ways because of different needs and constraints
during calibration and prediction. For calibration,
water-table elevations generally were specified to be
values obtained from regression analysis of measured
water-table elevations. Measured water levels for the
surficial aquifer were too few to constrain model cali-
bration, and the regressed water levels were believed
to better represent the water-table surface. For predic-
tive scenarios, the water table was simulated as a free
surface with recharge rates estimated during the
calibration simulations.

Water-table nodes were constrained to the
regressed water-table elevations by using drain nodes
during model calibration. A spatially uniform maxi-
mum recharge rate of 25 in/yr, except at RIB sites, was
applied to this boundary in all calibration simulations.
The maximum rate was estimated to be the difference
between precipitation (52 in/yr) and an assumed mini-
mum evapotranspiration rate (27 in/yr; Sumner, 1996).

The applied recharge rate represented the maximum
rate for the study area because water was rejected at
nodes where the water table was near or at the
regressed water-table surface.

Net recharge rates estimated from the calibrated
model were applied to the water-table nodes as speci-
fied fluxes for all of the predictive simulations. Net
recharge rates were estimated by subtracting the drain
discharge rate from the applied recharge rate and was
set to 0 where drain discharge exceeded applied
recharge. Only drains that discharged in excess of the
applied recharge rate and that were in areas of ground-
water discharge were retained in the predictive models.

The lateral boundary of the surficial aquifer
system (layer 1) was simulated as a no-flow boundary
because the distance from any ground-water divide to a
surface-water feature in the surficial aquifer system is
typically less than 1 mile. Because all of Seminole
County lies more than 1 mile from the model edges,
errors in the lateral boundary of the surficial aquifer
system would be damped by an intervening surface-
water feature and, therefore, would not affect simulated
results in Seminole County.

The lateral model boundaries of the Upper Flori-
dan aquifer (layer 2) were no-flow boundaries along
the southern and western edges and specified-heads
along the northern and eastern edges (fig. 37). The
southern and western edges of the Upper Floridan aqui-
fer were simulated as no-flow boundaries because a
regional potentiometric-surface high exists in the
southwestern corner of the study area, and the potenti-
ometric surface of the Upper Floridan aquifer indicated
that flow was nearly parallel to the boundaries (fig. 21).
Flow did not cross these boundaries because no
hydraulic gradient exists transverse to the boundaries.
The northern and eastern edges of the Upper Floridan
aquifer were simulated as specified heads because no
natural boundary could be defined conveniently near
the study area. The specified water-levels were an aver-
age of estimates along the boundary from September
1996 and May 1997 potentiometric surfaces.

The lateral model boundaries of the Lower Flori-
dan aquifer (layer 3) were no-flow. The potentiometric
surface of the Lower Floridan aquifer was assumed to
be similar to the potentiometric surface of the Upper
Floridan aquifer and similar lateral flow directions
exist in both aquifers. The southern and western edges
of the Lower Floridan aquifer also were simulated as
no-flow boundaries because no hydraulic gradient was
assumed to exist transverse to the boundaries.
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The eastern boundary was assumed to be no-flow
because it coincides with the freshwater/saltwater
interface where the chloride concentration in water
beneath the freshwater zone exceeds 5,000 mg/L.

The lower model boundary is simulated as a no-
flow boundary throughout the study area, and is
defined by water-quality constraints or the base of the
Floridan aquifer system. In the eastern half of the study
area, where chloride concentrations in water at the top
of'the Lower Floridan aquifer exceeds 5,000 mg/L, the
bottom of the Upper Floridan aquifer (layer 2) was
defined as the lower model boundary (figs. 17 and 18).
In the middle of the study area, the lower model
boundary was defined as the contact in the Lower
Floridan aquifer where chloride concentrations exceed
5,000 mg/L. In the western half of the study area, the
bottom of the Lower Floridan aquifer was the lower
model boundary and was assumed to occur at about
2,000 ft below sea level.

Model Calibration

Calibration is the attempt to reduce the differ-
ence between model results and measured data by
adjusting model input. Calibration was accomplished
in this study by adjusting input values of recharge,
transmissivity, and vertical leakance until an accept-
able calibration criterion was achieved. The i good-
nessi or improvement of the calibration is based on the
differences between simulated and measured ground-
water levels and stream discharges. Simulated water
levels and discharges from a calibrated, deterministic
ground-water model commonly depart from measured
water levels and discharges, even after a diligent cali-
bration effort. The discrepancy between model results
and measurements (model error) commonly is the
cumulative result of simplification of the conceptual
model, grid scale, and the difficulty in obtaining
sufficient measurements to account for all of the
spatial variation in hydraulic properties and recharge
throughout the model area.

A steady-state, ground-water flow model was
calibrated to time-averaged water-level data for the
period September 1996 through August 1997. Water-
level measurement frequency was either monthly or
twice a year. Although water levels fluctuated about
4 ft during the course of the study period, the net
change in storage was assumed to be small because the
difference between beginning and ending water levels
was about 0.5 ft. A uniform 0.5-ft water-level decline

over the study period would result in water being
released from storage at a rate of 1 in/yr if the specific
yield was 0.2.

Calibration improvement was determined by
decreases in the sum-of-squares (SS) error between
simulated and measured water levels, which is defined
by:

nobs

SS(x) = ¥ (fin),)’, (6)
i=1

f(x); = (B(x);fih,), (7)

where

x is the vector of parameters being simulated;
nobs is the number of simulated and measured
observations that are compared; and

f(X);i s the ih residual which is the difference
between the i simulated head (A(x) ;) and

the i measured head (h;).

Although the sum-of-squares error serves as the
objective function, the root-mean-square (RMS) error
is reported instead because RMS error is more directly
comparable to actual values and serves as a composite
of the average and the standard deviation of a set. Root-
mean-square error is related to the sum-of-squares

error by
RMS = | ) . (8)
nobs

Water levels, water-level differences between
aquifers, and ground-water discharge rates to streams
and springs were compared. Only water-level values
were included, however, in the objective function
(eq. 6). Water-level differences between aquifers and
ground-water discharge were compared qualitatively
after model calibration.

A total of 290 water-level measurements were
used to calibrate the model. Water levels in the surfi-
cial, Upper Floridan, and Lower Floridan aquifers were
compared at 103, 146, and 41 locations, respectively.
Measurements obtained from the supplementary

Observations
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surficial aquifer system wells listed in appendix 3 and
from wells used by OiReilly (1998) were among
the 290 measurements used. Because measured water
levels rarely coincide with the center of a cell, simu-
lated water levels were linearly interpolated laterally
to points of measurement from the centers of surround-
ing cells. Simulated water levels were interpolated
because they were assumed to be part of a continuous
distribution. Vertical interpolation was not considered
because of the uncertainty in the open interval of some
of the observation wells and because of possible
inconsistencies between the conceptual model and
actual geohydrologic conditions.

Twenty-nine pairs of water-level differences
between aquifers also were compared qualitatively to
constrain leakance estimates. Eighteen pairs of water-
level differences, mostly in Seminole County, were
compared between the surficial and Upper Floridan
aquifers. The remaining 11 pairs of water-level differ-
ences, located in Orange and Seminole Counties, were
compared between the Upper Floridan and Lower
Floridan aquifers.

Ground-water discharge, which was compared to
measured stream-discharge, was simulated by sum-
ming the discharge from river, drain, and well nodes
within a basin. The simulated discharge rates from all
river nodes and from the wells that simulated spring
discharge were summed in their entirety. Because drain
nodes also simulate evapotranspiration losses, only
discharge from drain nodes in excess of the applied
recharge rate was assumed to be ground-water dis-
charge. For example, a site with 25 in/yr of applied
recharge and 15 in/yr of water discharged to a drain
would be interpreted to have a net recharge of 10 in/yr
and no ground-water discharge. Another site with
25 in/yr of applied recharge and 35 in/yr of water dis-
charged to a drain would be interpreted to have no net
recharge and a ground-water discharge of 10 in/yr.

Baseflow frequently is not equivalent to ground-
water discharge because other hydrologic phenomena
can significantly affect stream discharge during reces-
sion periods. The quantification of ground-water dis-
charge by using stream-discharge records was
ambiguous because drainage from bank storage, wet-
lands, surface-water bodies, and soils also decreased
exponentially during recession periods. These hydro-
logic phenomena, as well as evapotranspiration, have
been shown to affect stream discharge more than
ground-water discharge during recession periods at

sites in central and northeastern Florida (Halford and
Mayer, 2000).

The range of ground-water discharge was esti-
mated for each site with surface-water discharge
records. The minimum ground-water discharge was the
surface-water discharge during winter recession peri-
ods when riparian evapotranspiration was at a mini-
mum. The minimum ground-water discharge estimate
was recognized to be less than the expected minimum
ground-water discharge because riparian evapotranspi-
ration losses occur during the winter. The maximum
ground-water discharge was estimated to be two to
three times greater than the minimum ground-water
discharge that was not supplied by springs. The ratios
of maximum to minimum ground-water discharge
(two to three) were estimated with the hydraulic prop-
erties of the surficial aquifer and recharge frequency
(Halford and Mayer, 2000). These ratios (two to three)
were subjectively increased to a single ratio of four to
account for potential underestimation of the minimum
ground-water discharge.

Comparisons between simulated and esti-
mated ground-water discharges were performed dif-
ferently from water-level comparisons because of
the large uncertainty associated with the discharge
estimates. At 14 gaged basins, minimum and maxi-
mum ground-water discharges were identified.
Model calibration was affected only by simulated
discharges that were less than the measured mini-
mum discharge or greater than the measured maxi-
mum discharge. The residual was 0 if simulated
discharge was within the range of the measured
minimum discharge and maximum discharge.

Parameter Estimation

Model calibration was facilitated by a parameter
estimation program (Halford, 1992). The parameter
estimation process is initialized by using the model to
establish the initial differences between simulated and
measured observations. These differences, or residuals,
are then minimized by the parameter estimation pro-
gram. The sensitivity coefficients (the derivatives of
simulated water-level change with respect to parameter
change) are calculated by the influence coefficient
method using the initial model results (Yeh, 1986) to
implement parameter estimation. Each parameter is
changed a small amount, and MODFLOW is used to
compute new water levels for each perturbed parame-
ter. The current arrays of sensitivity coefficients and
residuals are used by a quasi-Newton procedure
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(Gill and others, 1981, p. 137) to compute parameter
changes that should improve the model. The model is
updated to reflect the latest parameter estimates and a
new set of residuals is calculated. The entire process of
changing a parameter in the model, calculating new
residuals, and computing a new value for the parameter
is continued iteratively until model error or model-
error change is reduced to a specified level or until a
specified number of iterations are made.

A total of 11 parameters were defined relating to
the vertical hydraulic conductivity of the confining lay-
ers, transmissivity or horizontal hydraulic conductivity
of the aquifers, and surficial aquifer recharge arrays in
the calibrated model (table 4). Values for 4 of the
11 parameters were specified a priori and were not
estimated by model calibration. The parameters were
used as global multipliers to change the hydraulic con-
ductivity, transmissivity, and recharge estimates by
fixed amounts throughout the study area. The
vertical hydraulic conductivity of the intermediate
confining unit and middle semiconfining unit were
divided into multiple zones that were estimated with

independent parameters. Final parameter estimates of
most of the hydraulic properties were not dependent on
initial parameter estimates.

The vertical hydraulic conductivity of the inter-
mediate confining unit was divided into four broad
areas based on the thickness of the intermediate confin-
ing unit: less than 50 ft thick, less than 50 ft with karsti-
fication, 50 to 100 ft thick, and greater than 100 ft
(fig. 40). The area with an intermediate confining unit
thickness of less than 50 ft was subdivided into an east-
ern and western area because the western area is gener-
ally more karstic than the eastern area. The average
vertical hydraulic conductivity is expected to be greater
in areas where the intermediate confining unit is less
thick. The small-scale erosional and karstic features
that are not represented in the smoothed thickness dis-
tribution (fig. 14) tend to disproportionately increase
the leakance where the intermediate confining unit is
thinner. The vertical leakance of the middle semicon-
fining unit was divided into two areas based on the
presence or absence of evaporites (fig. 41).

Table 4. Initial and calibrated values of parameters estimated to calibrate the model

Parameter description Parameter

Initial Calibrated
value value

Including areas
of Upper Floridan
containing saltwater

Constrained

Recharge rate, inches per year N-Maximum 25 yes 25 25
Lateral hydraulic conductivity of Keast 5 yes 5 5
surficial aquifer,
feet per day Kwest 30 yes 30 30
. . L IC-Thin-East 0.005 no 0.0072 0.0067

Vertical hydraulic conductivity of .
intermediate confining unit, }g_ggl_q_()\geg 8(5)5 }Ifleos '8(5)67 887
feet per day IC> 100 005 no 001 0011
Transmissivity multiplier of
Upper Floridan aquifer, K-UF 1 no 1.44 1.43
dimensionless
Vertical hydraulic conductivity of
middle semiconfining unit Mels .5 no .99 1.06
(evaporites absent), feet per day
Vertical hydraulic conductivity of
middle semiconfining unit Manh 5 no .01 .01
(evaporites present), feet per day
Lateral hydraulic conductivity of
Lower Floridan aquifer, K-LF 400 no 250 260
feet per day

RMS ERROR, IN FEET 7.73 5.28 5.24

Hydrogeology, Water Quality, and Simulated Effects of Ground-Water Withdrawals from the Floridan Aquifer System,
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SEMICONFINING UNIT, IN 1/DAY
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2 x 10 (AREA OF ASSUMED EVAPORITES)
Mels PARAMETER NAME FROM TABLE 4

Figure 41. Leakance of the middle semiconfining unit.

The leakance of the intermediate confining unit
was defined with four parameters in the calibrated
model. The vertical hydraulic conductivity estimate for
the IC-Thin-West area (table 4) was constrained to
0.05 ft/d, based on previous estimates (OiReilly, 1998).
Final estimates of leakance of the intermediate confin-
ing unit ranged from 5x10 to 7x107 1/d (fig. 42).
Areas of higher leakance generally occur where the
intermediate confining unit is thin. The highest lea-
kance occurred along the western edge of the study
area where the intermediate confining unit was
estimated to be less than 50-ft thick.

Final estimates of the transmissivity of the
Upper Floridan aquifer were about 1.4 times greater
than the initial estimate, ranging from 2,000 to
1,000,000 ft%/d (fig. 17). Lower transmissivity gener-
ally occurs in the southwestern and northeastern parts
of the study area. The highest transmissivities are
found near Rock and Wekiva Springs. The hydraulic
conductivity estimate of the Lower Floridan aquifer
(table 4) was reduced to about 60 percent of the initial
estimate during model calibration.

The minimum, maximum, average, and RMS
water-level errors of the calibrated model were -23.70,
16.66, -1.04, and 5.28 ft, respectively. The water-level
residuals for the surficial, Upper Floridan, and Lower
Floridan aquifers are shown in figures 43, 44, and 45,

respectively. The simulated potentiometric surfaces
and water-level residuals represent average conditions
during the study period.

The simulated water levels approximated the
measured levels throughout the 120-ft range of mea-
sured levels observed in the study area (fig. 46). The
range in measured water levels (9 to 129 ft above sea
level) is similar to the range in simulated water levels
(10 to 118 ft above sea level) in the surficial and Flori-
dan aquifer systems. The distribution of water-level
residuals was skewed, as indicated by the fact that more
than 50 percent (specifically, 55 percent) were less than
0 ft. Overall, 68 percent of the simulated water levels
were within 5 ft of the measured water levels.

The discrepancy between simulated and mea-
sured water levels could not be compared throughout
the entire model domain because of data limitations.
The veracity of the water-table simulation beyond
Seminole County is limited because of the lack of
water-level observations. Likewise, the difference
between simulated and measured water levels in the
Lower Floridan aquifer is not known along the western
and northern extents of the model domain because of
the lack of water-level observations.

The water table is not as well known as the resid-
uals suggest (fig. 43). The RMS error of the 103 water-
level observations in the surficial aquifer system
(layer 1) is 5.8 ft. This comparison is somewhat mean-
ingless because 87 percent of the water-table values
were specified by the regressed water-table surface,
which was constructed with the 103 water levels that
were used for model calibration.

Simulated water-level differences between the
surficial aquifer system and the Upper Floridan aquifer
approximated the measured differences throughout the
range observed in the study area (fig. 47). The mea-
sured water-level differences ranged from -17 to 68 ft,
a slightly greater range than for the simulated water-
level differences, which ranged from -23 to 51 ft. The
general pattern of simulated differences agrees with the
measured differences (fig. 48). Discrepancies between
simulated and measured water-level differences could
not be compared throughout the entire model domain
because of limitations in the spatial availability of
water-level data.
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Figure 46. Comparison of simulated heads to measured water levels for the calibrated model.

~
(6]

EXPLANATION

+ SURFICIAL AQUIFER SYSTEM AND
UPPER FLORIDAN AQUIFER

O UPPER FLORIDAN AND +
LOWER FLORIDAN AQUIFERS ]

o
o
I

4+

SIMULATED WATER-LEVEL DIFFERENCE, IN FEET

= &

[ [
O

8o

&

o

+
| |

5
N
o
o

25 50 75
MEASURED WATER-LEVEL DIFFERENCE, IN FEET

Figure 47. Comparison of simulated to measured water-level differences for the calibrated model.

Simulation of Ground-Water Flow in the Surficial and Floridan Aquifer Systems 67



"/661 Isnbny
ybnouy) 9661 Joqualdag ‘(g JaAhe)) Jaynbe uepuol4 Jaddn ay) pue (| JaAe|) walsAs Jajinbe |BIoINS 8y} UBaMISQ SBOUBIBYIP [SAS[-I9)eM pajeiNwWIS g 9inbi4

/1 U0z ‘uojoalold 10}e2IB |\ 9SIOASURI] [BSIBAIUN
G861 ‘000°001: | ‘e¥ep [eHbIp AoAIng [e0160j0eD) *S"N WOl payipow asegq

1
SH3ILINOTIM 0L
|

N |

*
S3TIN 0} S

O\O©

ALNNOD
advAa3dd

ALNNOO
VISNTOA

| |
T | eblpyedoyol exe] |
0 ise3 _
ALNNOD
o __]_ AR eERRe] [ el Y L _oood . _ -
ALNNOD IONVHO WW _ .
Y3dVv 13dON
_ 40 AHVANNOSg
| \
e $ _
_
&) 2 2
c _M
5 alo —
5 () g
m Z 4
2 <
14 15}
% s
AINNOD IONVHO Bydody

T
E
(@)
o
£
%
2
(@)

*

aye7 _

ALNNQD FTONINIS ONINAS
90UBIBYIP [9AS]-19}EM

pale|nwis ay} Si Jaqwinu wonjog
"90UBIBYIP [9AS|-1oleM painseauwl
ay} si Jaquinu doj |jem Jsjinbe
uepulo|4 Jeddn ay} Jo uoneoo| ayl si
910419 paso|) “||em Jajinbe [eloins
Uy} JO uoneoso| a8y} st 8410 uado ®/o
--S30N3Y344Ia 1IATT HIIvMm £

AHVANNO4G ALNNOD ATONINTS
G/ -09S
0S-Ge

Gc-0
0 uey} ssa1 _H_

d34INOV NVAIHO14 H3ddN
JHL ANV INILSAS H34INOV TVIOI4dNS FHL
NI3IML3E 1334 NI ‘'STONIHI4IA
13A3T-HILVM AILVINNIS

NOILVNV1dX3
* *

05.08

00018

0F 0S.18

0T8T

0€

Or

0508¢

Hydrogeology, Water Quality, and Simulated Effects of Ground-Water Withdrawals from the Floridan Aquifer System, Seminole

68

County and Vicinity, Florida



Simulated water-level differences between the
Upper Floridan and Lower Floridan aquifers did not
compare as well with the measured differences
(fig. 49). The measured water-level differences range
from -6.4 to 7.3 ft, which is about three times greater
than the simulated water-level differences, which range
from -1.6 to 2.9 ft. The relatively small range of simu-
lated water-level differences suggest that the vertical
hydraulic conductivity of the middle semiconfining
unit may have been overestimated. This estimate could
have been improved by incorporating the measured
water-level differences between the Upper Floridan
and Lower Floridan aquifers in the objective function
(eq. 6) during parameter estimation.

Most of the 14 ground-water discharge rates sim-
ulated were within the range of the estimated minimum
and maximum discharges (fig. 50) for the 1996-97 cal-
ibration period. The simulated discharge was less than
the estimated minimum at 5 of the 14 sites (table 5).
The coarser discretization of the model in the upstream
reaches of these basins may have caused the simulated
discharges to be lower.

Although the model can simulate the ground-
water flow system of the surficial and Floridan aquifer
systems beneath Seminole County fairly well, there are
a few areas where model results may be deficient. The
simulated potentiometric surface of the Upper Floridan
aquifer ranges from 9 to 17 ft higher than measured

water levels just southwest of the confluence of the
Wekiva River and Black Water Creek (fig. 44), proba-
bly because the observation wells are open only to the
top few feet of the Upper Floridan aquifer. Vertical
head differences within the Upper Floridan aquifer
were not simulated, and vertical head differences near
Wekiva Spring have been observed to differ by as much
as 26 ft over a 400 ft interval from the top of the Upper
Floridan aquifer (well 228) to the top of the middle
semiconfining unit (well 227). The simulated potentio-
metric surface of the Upper Floridan aquifer is about
9 ft less than the measured surface near Lake Jesup
(fig. 44).

Sensitivity Analysis

A sensitivity analysis was performed by inde-
pendently varying the estimated parameters from 0.2 to
5 times their calibrated value to determine how param-
eter estimates affected simulation results. Model sensi-
tivity was described in terms of RMS error. The
sensitivity of model results to changing one parameter
while all others were held at their calibrated values is
shown in figure 51. The minimum for each sensitivity
curve did not always correspond with the calibrated
parameter estimate because ground-water discharges
and minimum water levels at springs were used to
calibrate the model but were not included in the
computation of RMS error.

Table 5. Simulated and estimated ground-water discharge for the calibrated model

[Map numbers refer to fig. 4]

Simulated Estimated ground-water

i discharge, cubic
nl?nn?t?er Site name (::I:t‘:i}::a;eg:t, feet pergsecond Residual
persecond  Minimum Maximum

S1 Little Econlockhatchee near Union Park 6 5 20 0
S32 Little Econlockhatchee River at SR 434 33 40 160 -7
S44 Howell Creek near Altamonte Springs 1 2 8 -1
S57 Howell Creek near Slavia 2 3 12 -1
S74 Econlockhatchee River near Chuluota 25 30 120 -5
S79 Little Wekiva River near Altamonte Springs 11 5 20 0
S&9 Little Wekiva River near Longwood 53 40 60 0
S90 Gee Creek near Longwood 3 1 4 0
S95 Wekiva River near Apopka 144 130 160
S96 St. Johns River above Lake Harney 71 100 300 -29
S100  Soldier Creek near Longwood 5 2 8 0
S134  Wekiva River at Old Railroad Crossing near Sanford 218 170 220 0
S138  Wekiva River near Sanford 240 210 270 0
S140  St. Johns River near Sanford 224 200 600 0
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Figure 50. Comparison of simulated to estimated stream discharge for the calibrated model,

September 1996 through August 1997.

The recharge rate (N-Maximum) and the vertical
leakance of the intermediate confining unit across zone
IC 50-100 were the two most sensitive parameters.
The model was very sensitive to these two parameters
because they control the availability of water for the
Floridan aquifer system, and they are areally extensive
parameters that directly affect the most observations.
Model sensitivity to changes in recharge rates was
asymmetric about the calibrated value because water-
table elevations were constrained at or below the
regressed water-table surface. Water levels and flow
rates declined proportionately with decreases in
recharge but became constrained once the recharge rate
was sufficient that the water table intercepted the
regressed water-table surface. Model sensitivity to
changes in horizontal hydraulic conductivity of the
surficial aquifer system was asymmetric about the cal-
ibrated value for the same reasons that affect recharge,
except decreases in the calibrated estimates were con-
strained. The model was least sensitive to the vertical
leakance of the middle semiconfining unit across zone
Manh (fig. 51).

The effect of truncating the salt-water volume of
the Upper Floridan aquifer on parameter estimates and
model calibration was tested. The transmissivity array
for the Upper Floridan aquifer (layer 2) in the cali-
brated model was replaced with an alternative array
that added the transmissivity in the salt-water volume
to the existing initial transmissivity array. The alterna-
tive model was calibrated with the parameter estimates
for the calibrated model as initial values. Model cali-
bration to water levels and flow rates in the study area
did little to determine if the salt-water volume of the
Upper Floridan aquifer should be included or excluded
from the model domain. Inclusion of the part of the
Upper Floridan aquifer containing salt water had little
effect on parameter estimates or the RMS error
(table 4). The maximum change was a 7-percent reduc-
tion of the vertical leakance of the intermediate confin-
ing unit in the IC-Thin-East zone from 0.0072 to
0.0067 ft/d. The RMS error of the alternative model
was 5.24 ft, slightly less than the 5.28 ft RMS error of
the calibrated model.
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Ground-Water Flow During the Calibration
Period

The water-table configuration is strongly influ-
enced by surface drainage features. The simulated lat-
eral flow direction in the surficial aquifer system
commonly is perpendicular to the nearest drainage fea-
ture. The drainage features in western Orange and
Seminole Counties include many closed-basin lakes
and sinks that are directly connected to the Upper Flori-
dan aquifer. The simulated potentiometric surfaces of

the Upper Floridan and Lower Floridan aquifers are,
therefore, strongly influenced by large surface-water
features such as the St. Johns River, as well as by
pumping and spring discharge.

Recharge supplied 1,251 ft3/s of the 1,438 ft/s
simulated flow in the study area through the surficial
and Floridan aquifer systems (fig. 52). Drainage wells
and RIBis supplied 10 percent (146 ft3/s) of the total
flow. Specified-heads in the Upper Floridan aquifer
supplied the remaining 3 percent (41 ft3/ s) of the total
flow simulated during the calibration period.
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*Pumpage included 20.5 cubic feet per second from Wekiva Falls (site 304)

Figure 52. Simulated volumetric flow budget for the calibrated period, September 1996 through August 1997.
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Pumpage was about 44 percent (637 ft3/s) of the
total flow and was the largest flow component that
removed water from the ground-water system (fig. 52).
Simulated discharge to rivers and wetlands was the sec-
ond largest component and accounted for about
34 percent (495 ft3/s) of the total flow. The simulated
spring discharge was 279 ft3/s, which is 19 percent of
the ground-water discharge in the study area. About
2 percent (27 ft3/s) of the simulated flow exited
through specified heads in the Upper Floridan aquifer
(layer 2) along the northern and eastern boundaries.

The simulated water budget for Seminole
County differs from the water budget of the study area
because 56 percent (207 ft3/s) of the budget is supplied
by lateral inflow through the Upper Floridan and
Lower Floridan aquifers. Recharge supplied 154 ft/s
of the 367 ft/s flow that was simulated through the
surficial and Floridan aquifer systems in Seminole
County (fig. 52). Drainage wells and RIB sites in Sem-
inole County supplied about 2 percent (9 ft3/s) of the
total flow through the county.

Simulated discharge to rivers and wetlands
was about 44 percent (160 ft3/s) of the total flow
through Seminole County and was the largest flow
component that removed water from the ground-water
system in the county (fig. 52). Net lateral flow
through the Upper Floridan and Lower Floridan aqui-
fers (157 ft3/ s) transports about 1.5 times the amount
of water that is discharged from Seminole County as
pumpage (110 ft3/s). The simulated spring discharge
was 49 ft3/s, which is 13 percent of the total ground-
water discharge from Seminole County and about
18 percent of the spring discharge within the entire
study area.

Net flux to the water table is the sum of applied
recharge, artificial recharge, and leakage from lakes
minus the amount of water rejected at drains or dis-
charged to rivers and lakes. Where artificial recharge,
rivers, and lakes were absent, the net recharge rates in
the study area ranged from 0 to 25 in/yr and were high-
est in western Orange and Seminole Counties (fig. 53).
The highest rates occurred where the vertical leakance
of the intermediate confining unit was greatest, and all
of the applied recharge entered the ground-water flow
system. Ground-water discharge occurred mostly in the
St. Johns, Econlockhatchee, and Wekiva Rivers and the
adjacent wetlands.

The distribution of leakage from the surficial
aquifer system to the Upper Floridan aquifer (fig. 54) is
similar to the distribution of net recharge to the water

table because the predominant flow direction in the
surficial aquifer system is vertical. The surficial aquifer
system collects about 7.2 in/yr of water from sporadic
recharge events and continually discharges this water
to surface-water features (1.0 in/yr) and to the Upper
Floridan aquifer (6.2 in/yr). Most of the lateral ground
water movement in the study area passes through the
Floridan aquifer system because the aquifer system is
about 1,000 times more transmissive than the surficial
aquifer system.

Water supply for the Sanford and Oviedo well
fields was of interest because projections for popula-
tion and water use in 2020 indicate proportionately
greater increases near these well fields than in the rest
of Seminole County. The Sanford well field has
26 wells that pumped 5.6 Mgal/d (8.7 ft*/s) in 1996-97,
and the Oviedo well field has 7 wells that pumped
3.6 Mgal/d (5.6 ft3/s) in 1996-97. Pumpage from the
two well fields was simulated with 14 well nodes
because several of the wells were within 1,000 ft of
one another.

The source areas for the Sanford and Oviedo
well fields were estimated by backtracking particles
from individual well nodes to the water table using
MODPATH (Pollock, 1994). Particles were applied
uniformly to the four lateral faces of the 14 well nodes
that simulated the 33 wells. The number of particles
that was applied to each well node was proportional to
the pumpage. For example, 200, 400, and 800 particles
were applied to nodes that produced 1, 2, and 4 Mgal/d,
respectively. Particle tracking was performed for
both the current (1996-97) and projected (2020)
pumpage conditions.

The primary source areas for the Sanford well
fields for 1996-97 were two areas that extended about
8 miles south-southwest of the production wells
(fig. 55). The southern source areas were deflected to
the east because of the influence of Palm, Sanlando,
and Starbuck Springs. The primary source areas for the
Oviedo well field extended about 6 miles southwest of
the production wells. The source areas were separated
near Oviedo because of local ground-water discharge
to Bear Creek between the two source areas. Relatively
little water may be contributed from distant source
areas in Lake and southwestern Orange Counties. This
water would likely travel along deeper flow paths
before discharging at the well fields.
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Simulation of Ground-Water Flow in the Surficial and Floridan Aquifer Systems 77



Simulation of Projected 2020
Withdrawals

Pumpage in the study area has been projected to
increase from 412 Mgal/d (637 ft3/s) in 1996-97 to
591 Mgal/d (915 ft*/s) in 2020. Projected pumpage
increases from public-supply and commercial sources
account for all of the change from the calibration
period to 2020. Pumpage from agricultural and recre-
ational wells was assumed to remain at 1995 rates. All
free-flowing wells in the study area were assumed to
have been plugged by 2020. The areal distributions of
projected ground-water withdrawals from the Upper
and Lower Floridan aquifers in 2020 are shown in
figures 56 and 57, respectively.

Potential changes in the specified-heads in the
Upper Floridan aquifer (layer 2) along the northern
and eastern boundaries were estimated from a larger
regional model (B. McGurk, SJRWMD, written
commun., 2000). Specified heads for projected 2020
conditions were estimated by subtracting drawdown
estimates from the regional model for the period
1995-2020 from the specified heads for the calibrated
model for 1996-97. The additional drawdown gener-
ally was less than 2 ft except for an area with a 2-mile
radius near DeBary in Volusia County. The maximum
drawdown in this area was about 18 ft.

Because of the manner in which the calibrated
model converts the recharge rate and specified water-
table drains to a net recharge rate, additional recharge
cannot be induced as the simulated water table is low-
ered. This causes predicted drawdowns in the Floridan
aquifer system (particularly in the Upper Floridan aqui-
fer) to be greater than if the recharge mechanism had
not been changed. The limited recharge increases in the
predictive simulations originated from increased leak-
age from lakes that were simulated with river nodes.

Net recharge rates used in the steady-state model
were assumed to have the appropriate spatial distribu-
tion. Evapotranspiration was neglected in the hypothet-
ical projections because little is know about the
quantitative effects of large temporal changes in the
depth to the water table and about how much evapo-
transpiration rates would be reduced for a given decline
in water-table altitude. In addition, the discharge of
ground-water by evapotranspiration is difficult to pre-
dict because the roots of established plants may, to a
limited extent, keep pace with a declining water level,
especially if the change occurs slowly (Durbin, 1978).

The projected 2020 pumpage reduced simulated
water levels from 1996-97 conditions by as much as
16 ft in the surficial aquifer system and 18 ft in both the
Upper and Lower Floridan aquifers (figs. 58-60). The
greatest declines from 1996-97 to 2020 occurred pri-
marily near projected new pumping centers in central
Orange County.

Declines of greater than 5 ft in the surficial aquifer
system generally occurred in the southern part of the
modeled area (fig. 58). The maximum decline in the
surficial aquifer system was about 16 ft, which occurred
in an area northwest of East Lake Tohopekaliga.
Declines in the active lakes averaged 4.8 ft and ranged
from 0.4 to 10.9 ft. Recharge to the water table and
leakage to the Upper Floridan aquifer increased
slightly (35 ft%/s).

Declines of more than 5 ft in the surficial aquifer
system (fig. 58) were induced by nearby pumpage and
high leakance across karstic areas. The area near the
Polk-Orange County lines was affected mostly by
nearby pumpage increases in the Upper Floridan aqui-
fer. The areas in southern Seminole and central Orange
Counties were affected by general water-level declines
in the Upper Floridan aquifer being transmitted
through a leakier intermediate confining unit within
internally drained, karstic areas.

Projected increases in pumpage from the Flori-
dan aquifer system in Orange and Osceola Counties
from 1996-97 through 2020 affected simulated water
levels in Seminole County. Simulated water levels in
the Upper and Lower Floridan aquifers were reduced
by about 9 ft in the southwestern part of Seminole
County (figs. 59 and 60, respectively). Declines of less
than 2 ft in the Upper Floridan aquifer occurred
primarily in the northeastern part of Seminole
County and along the St. Johns River. Declines of
greater than 14 ft in the Upper and Lower Floridan
aquifers generally occurred in the south-central part
of the modeled area, with the greatest declines of
more than 18 feet occurring in an area just northwest
of East Lake Tohopekaliga.

Recharge supplied 1,286 ft*/s of the 1,486 ft>/s
flow through the study area that was simulated through
the surficial and Floridan aquifer systems (fig. 61).
Drainage wells and RIB sites supplied 10 percent
(146 ft3/s) of the total flow. Specified-heads in the
Upper Floridan aquifer supplied the remaining
4 percent (54 ft3/s) of the simulated flow.
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Figure 61. Simulated volumetric flow budget for projected 2020 pumpage.

In the simulations for 2020, projected pumpage
was the largest flow component, removing 914 ft3/s
(fig. 61). Simulated discharge to rivers and wetlands
was about 22 percent (330 ft3/s) of the total flow, a
reduction of 165 ft3/s from 1996-97. The simulated
spring discharge was 203 ft3/s, which was 14 percent
of the ground-water discharge in the study area. About
3 percent (39 ft3/s) of the simulated flow exited
through specified heads in the Upper Floridan aquifer
(layer 2) along the northern and eastern boundaries.

The simulated flow through Seminole County in
2020 was 338 ft*/s, which is 31 ft*/s less than in
1996-97. Increased pumpage in Orange and Osceola

Counties caused a reduction of lateral inflow to Semi-
nole County through the Upper Floridan and Lower
Floridan aquifers to 172 ft3/s (fig. 61). Recharge sup-
plied 160 ft3/s to Seminole County in 2020, which was
6 ft°/s greater than the recharge simulated in 1996-97.
Drainage wells and RIB sites in Seminole County were
assumed to supply water at the 1996-97 rate, which was
9 ft’/s.

Projected pumpage from Seminole County in
2020 was 158 ft*/s, which is 44 percent greater than
pumpage in 1996-97 (fig. 61). Simulated discharge to
rivers and wetlands was about 35 percent (118 ft3/s) of
the total flow through Seminole County and was the
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second largest flow component that removed water
from the ground-water system in Seminole County.
Simulated lateral discharge from Seminole County
through the Upper Floridan and Lower Floridan
aquifers in 2020 was 39 ft3/s, a decline of 22 percent
from 1996-97 rates. The simulated spring discharge
in 2020 was 25 ft3/s, which is about 8 percent of the
ground-water discharge from Seminole County and
about 12 percent of the spring discharge within the
study area.

Projected pumpage increases in 2020 affected
discharge from springs in Seminole County. Simulated
spring discharge in Seminole County declined
50 percent, whereas spring discharge in the study area
declined 27 percent. Sanlando Spring was affected
more than any other spring in the study area, and the
simulated discharge decreased by 68 percent from
21.1 ft*/s in 1996-97 to 6.7 ft3/s in 2020 (table 3).
Discharge from Palm (Seminole County) and Starbuck
Springs accounts for 41 percent of the spring discharge
in Seminole County, and the discharges from these
springs were both reduced by 42 percent.

The simulated source areas for the Sanford and
Oviedo well fields were affected by the increased
pumpage from 1996-97 to 2020 (fig. 55). Pumpage
from the Sanford well field was projected to increase
pumpage by 5.5 Mgal/d (8.5 ft3/s) to a total of
11.1 Mgal/d (17.2 ft3/s) from their existing 26 wells.
The Oviedo well field was projected to increase pump-
age by 1.8 Mgal/d (2.8 ft3/s) to a total of 5.4 Mgal/d
(8.4 ft3/ s) from their existing seven wells and six new
wells. Projected 2020 pumpage from the two well
fields was simulated with 21 well nodes because sev-
eral of the wells were within 1,000 ft of one another.

The contributing areas for the Sanford well fields
expanded primarily to the west in 2020 probably as a
result of increased pumpage from both Orange and
Seminole Counties (fig. 55). The source areas for the
Oviedo well field in 2020 expanded to the south and
east of the source areas in 1996-97. New wells and
increased pumpage from the Oviedo well field
decreased simulated ground-water discharge to Bear
Creek and adjacent wetlands from 3.6 to 1.5 ft>/s
between 1996-97 and 2020.

Simulation of a Drought in 2020

Projected pumpage increases from 1996-97 to
2020 will increase the range of seasonal water-level
changes and ground-water discharges to rivers,

wetlands, and springs. The effects of pumpage
increases will be most pronounced during the dry sea-
son (November-May). Water levels in the surficial
aquifer system have been observed to decline steadily
during this period, with minimal recharge reaching the
water table (OiReilly, 1998).

The ground-water system is further stressed dur-
ing the dry season because pumpage tends to increase
during periods of little precipitation. Ground-water
withdrawals during May 1997 were 25 percent greater
than the average withdrawals during 1997 and
50 percent greater than the September 1997 withdrawals.

The effects of an extreme drought were investi-
gated using a transient model of the study area. Tran-
sient flow in the surficial and Floridan aquifer systems
was simulated with a 180-day stress period with no
recharge. The projected 2020 pumpage was increased
by 50 percent during the drought period. The specific
yields of the surficial aquifer system and the active
lakes were assumed to be 0.2 and 1.0, respectively.
Storage coefficients of the Upper Floridan and Lower
Floridan aquifers were both assumed to be a uniform
value of 0.0005 throughout the study area. The initial
water levels for the transient simulation were the
steady-state water levels that were simulated with the
average 2020 pumpage. All drainage wells were
assumed to have stopped flowing at the start of the
180-day drought.

The effects of an extreme drought caused water
levels in the surficial aquifer system to decline more
than 2 ft in the western part of the study area, in western
Seminole County, and around the Seminole-Orange
County line near the Econlockhatchee River
(fig. 62).The maximum simulated drawdown in the
surficial aquifer system was about 8§ ft, which
occurred just south of Orlando. Simulated water
levels declined by as much as 20 ft in the Upper Flori-
dan aquifer and 24 ft in the Lower Floridan aquifer.
Simulated water-level declines in the active lakes
averaged 0.4 ft and ranged from 0 to 1.8 ft at the end
of the 180-day drought.

Storage was the primary source of water at the
end of the 180-day drought. Storage supplied 1,557 ft3/s
of the 1,721 ft/s simulated through the surficial and
Floridan aquifer systems in the study area (fig. 63).
RIB sites supplied 4 percent (75 ft3/s) of the total flow.
Specified-heads in the Upper Floridan aquifer supplied
the remaining 5 percent (89 ft3/s) of the total flow that
was simulated during the 180-day drought.
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Figure 63. Simulated volumetric flow budget for the end of the 180-day transient drought simulation

with 2020 pumpage increased by 50 percent.

Pumpage at the end of the 180-day drought was
about 79 percent (1,359 ft3/ s) of the total flow, and was
the largest flow component that removed water from
the ground-water system (fig. 63). Simulated dis-
charge to rivers and wetlands was the second largest
flow component and removed 226 ft3/s, a reduction
of 32 percent from average 2020 conditions. The
simulated spring discharge was 113 ft3/s, which was
a 45 percent reduction from average 2020 discharge
rates. About 2 percent (31 ft3/s) of the simulated
flow exited through specified heads in the Upper

Floridan aquifer (layer 2) along the northern and
eastern boundaries.

The simulated flow through Seminole County at
the end of the 180-day drought was 353 ft3/s, which is
23 ft’/s more than the flow with average 2020 pumpage
conditions. Greater pumping rates in Orange and
Osceola Counties reduced lateral inflow to Seminole
County through the Upper Floridan and Lower Flori-
dan aquifers to 140 ft3/s (fig. 63). Storage sup-
plied 207 ft*/s to Seminole County in 2020, which
was 29 percent greater than the average 2020 recharge
rate (160 ft3/s).
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Pumpage from Seminole County at the end of the
180-day drought was 235 ft3/s, and was the largest flow
component that removed water from the ground-water
system in Seminole County (fig. 63). Simulated dis-
charge to rivers and wetlands was about 21 percent
(75 ft3/s) of the total flow through Seminole County,
a 36 percent reduction from average 2020 discharge
rates. Simulated lateral discharge from Seminole
County through the Upper Floridan and Lower Flori-
dan aquifers at the end of the 180-day drought period
was 38 ft/s, which was similar to average 2020 rates.
Simulated spring discharge at the end of the 180-day
drought declined 86 percent in Seminole County and
45 percent in the study area. Palm, Sanlando, and Star-
buck Springs were affected more than any other springs
in Seminole County, and ceased to flow before the end
of the 180-day drought period (table 3).

Model Limitations

The flow model addresses questions about
ground-water flow and water-level changes in the surf-
icial and Floridan aquifer systems beneath Seminole
and surrounding counties fairly well, but it cannot
mimic exactly the true system. This model, or any other
model, is limited by simplification of the conceptual
model, discretization effects, difficulty in obtaining
sufficient measurements to justify all of the spatial
variation in hydraulic properties throughout the model
area, and limitations in the accuracy of land surface
altitude measurements.

The use of net recharge rates estimated for the
1996-97 calibration for predictive simulations tends to
underestimate the amount of water available for
recharge as water levels decline. Reduction of water-
table elevations from 1996-97 conditions would
expand the area that can capture recharge. Unfortu-
nately, the magnitude and extent of these changes are
poorly understood. A more conservative approach was
adopted for the predictive simulations because of insuf-
ficient knowledge about how much additional water
would be captured by lower water-table elevations.

The boundary conditions in the Upper Floridan
and Lower Floridan aquifers limit the predictive utility
of the calibrated model. Specified water levels in the
Upper Floridan aquifer along the northeastern edge of
the study area constrain water-level changes near this
boundary in the Upper Floridan and Lower Floridan
aquifers. Drawdown estimates near the northeastern
edge will be underestimated when the simulated

stresses are greater than the stresses observed in
1996-97 because the specified water levels cannot
decline. No-flow boundaries along the southern and
western edges of the study area will cause drawdown
estimates to be overestimated near these boundaries.

The Upper Floridan aquifer was truncated
beneath the St. Johns and Wekiva Rivers where chlo-
ride concentrations were greater than 5,000 mg/L to
avoid the effects of variable water density. The trun-
cated boundary of the Upper Floridan aquifer was
approximated by a no-flow boundary along the current
freshwater/saltwater interface, which was established
during the last 10,000 years (Lane, 1994). This is a
reasonable simulation approach if the water-quality
and potentiometric distributions are in equilibrium and
are expected to remain so for all predictive simulations.
However, the water-quality and potentiometric distri-
butions within the study area probably were not in
equilibrium in 1996-97 and cannot be expected to be so
during the predictive simulations. Over the last
100 years, pumpage within the study area has gone
from negligible rates to 412 Mgal/d (637 ft*/s) in
1996-97, and has been projected to increase to
591 Mgal/d (915 3 /s) in 2020. Not simulating the
areas with chloride concentrations of more than
5,000 mg/L may result in underestimating the potential
for the degradation of water quality due to the
encroachment and upconing of saline waters.

Another limitation of the model is that the verti-
cal discretization of the hydrogeology was overly
generalized. Results from flow logs indicated that
the Upper Floridan aquifer can be discretized into at
least two layers to simulate the prevailing order-of-
magnitude contrast in hydraulic conductivity between
the top two-thirds and bottom one-third of the Upper
Floridan aquifer. In addition, the middle semiconfin-
ing unit probably could be simulated as an aquifer. The
coarse vertical discretization used in this model
affected comparisons between simulated and measured
water levels in areas with large vertical water-level
gradients. Thus, in future models the Floridan aquifer
system probably should be simulated with a minimum
of four layers in the Seminole County area; however,
current data limitations prohibit the construction and
calibration of such a model.

Lateral discretization of the study area into a
rectangular grid of cells and vertical discretization
into layers forced an averaging of hydraulic proper-
ties. Each cell represents a homogeneous block or
some volumetric average of the aquifer medium.

88 Hydrogeology, Water Quality, and Simulated Effects of Ground-Water Withdrawals from the Floridan Aquifer System,

Seminole County and Vicinity, Florida



Discretization errors occurred in even the smallest
model cells, which were 1,000 ft on a side and about
20 ft thick, because the permeable zones in the aquifers
are sand lenses, solution features, or fractures that are
considerably smaller in one or two dimensions than the
model cells. Due to the averaging of the hydraulic
properties, the model cannot simulate the local effects
on flow caused by aquifer heterogeneity.

The model of a heterogeneous aquifer system
was simplified further by the methods used to describe
the spatial variability of the hydraulic conductivity dis-
tributions. The uniform areas of lateral hydraulic con-
ductivity in the surficial aquifer system and the Upper
and Lower Floridan aquifers provide estimates of the
average values but not variations within the areas. The
vertical hydraulic conductivity distributions of the
intermediate confining unit and middle semiconfining
unit also were estimated with broad averages of poorly
defined areas. The lack of sufficient measurements to
account for all of the spatial variation in hydraulic
properties throughout the model area necessitated
these simplifications. Simplifying the model to this
degree does not invalidate the model results, but does
mean that model results should be interpreted at scales
larger than the representative elemental volume of
hydraulic conductivity.

Alternative Models

More than a dozen alternative models were con-
structed using estimates of recharge and hydraulic
properties that were different than those presented in
this report. These alternative models generally
explained the observed water levels, water-level differ-
ences, ground-water discharges, and closed-basin
recharges slightly better than the final model. Best fits
of water levels had RMS errors of about 4.0 ft6 not all
that different from the 5.3 ft RMS error for the cali-
brated model. Recharge estimates from the alternative
models ranged from 1,300 to 1,900 ft3/s, which is
within the range of uncertainty in ground-water dis-
charge estimates that ranged from 900 to 1,900 ft/s.
The alternative models were rejected, however,
because many more parameters were used than could
be supported by the data.

The alternative spatial distributions of recharge,
hydraulic conductivity of the surficial aquifer system,
vertical leakance of the intermediate confining unit,
and transmissivity of the Upper Floridan aquifer that
were tested are described by the general approaches
applied to each particular distribution. The same spatial

distributions of vertical leakance of the middle semi-
confining unit and transmissivity of the Lower Floridan
aquifer were used in all models because insufficient
data exist to suggest alternative distributions. Each
alternative model is not described because many were
permutations from combining the general approaches.

The applied recharge rate distribution was subdi-
vided into as many as three zones that roughly encom-
passed the areas of Seminole County, west of Seminole
County, and south of Seminole County. The Seminole
County area was separated from the rest of the model
area because the discretization was finer, allowing for
better simulation of flow in the surficial aquifer system.
Maximum recharge rates in the more coarsely dis-
cretized areas were expected to be lower than they
would have been where the discretization was finer.
Recharge rates west of Seminole County were
expected to be higher than anywhere else in the model
area because that area is very karstic. Although simu-
lated recharge estimates for the three recharge zones
agreed with the expected patterns, the additional
complexity did not seem warranted by a minimal
reduction in RMS error.

The upper boundary of the surficial aquifer
system (layer 1) was constrained with land surface alti-
tude instead of a regressed water-table surface in many
of the alternative models. Simulated water-table eleva-
tions tended to be higher, maximum recharge rates
were lower, and areas where recharge was not con-
strained by the upper surface tended to be greater than
results from the calibrated model. These alternative
models typically were biased above measured water
levels and had average errors of 0.5 to 1.5 ft, whereas
the average error of the calibrated model is -1 ft. Using
land surface as an upper boundary was rejected because
the simulated water-table elevations were too high and
the maximum recharge rates were too low.

The hydraulic conductivity of the surficial
aquifer system was alternatively defined by inverse-
distance weighted interpolation from the point esti-
mates of log (K) and by arbitrary zones. The calibrated
and alternative models were not sensitive to variations
in the hydraulic conductivity of the surficial aquifer.
Dividing the surficial aquifer system into multiple arbi-
trary zones made the alternative models less sensitive
to any single parameter used to estimate the hydraulic
conductivity of the surficial aquifer because the areally
less extensive zones were not affected directly by as
many water-level observations. Simulated water levels
in layer 1 were influenced more by changes in the
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vertical leakance of the intermediate confining
unit than by changes in the horizontal hydraulic
conductivity of the surficial aquifer.

Alternative definitions of the vertical leakance of
the intermediate confining unit were based on the addi-
tion of areas where geologic controls were suggested
by the presence of highly karstified closed basins, sub-
surface structures, and water-quality anomalies in the
Upper Floridan aquifer. The addition of these areas
locally improved the fit of water levels and closed-
basin recharge rates, but did not greatly reduce the
overall RMS error of the model. The use of these addi-
tional areas ultimately was rejected because the lateral
extents were poorly defined, and the model generally
was insensitive to vertical leakance change in many of
these areas.

Variations in transmissivity of the Upper Flori-
dan aquifer was defined by two zonation methods. One
method assumed that transmissivity estimates from
aquifer tests could be applied to 3-mile-diameter cir-
cles around each test site and the unspecified areas
could be subdivided and estimated independently.
The other method was to arbitrarily divide the trans-
missivity distribution into many areas. Neither
approach worked well because transmissivity
changes in the majority of areas did little to alter the
simulated water levels.

SUMMARY AND CONCLUSION

The study area covers about 2,500 square miles
of east-central Florida and includes all of Seminole and
Orange Counties and parts of Brevard, Lake, Osceola,
Polk, and Volusia Counties. Rapid increases in popula-
tion during the past 30 years have occurred throughout
the area. From 1965 to 1995, the population of Semi-
nole County increased from about 73,000 to 324,000.
During the same period, Orange County, one of the
most populous counties in the state, increased from
about 309,000 to 759,000. The population in Seminole
and Orange Counties is projected to reach about
509,000 and 1,236,000, respectively, by the year 2020.

The Floridan aquifer system is the major source
of water supply in the study area. In 1965, withdrawals
from the Floridan aquifer system in Seminole County
were about 11 million gallons per day (Mgal/d). In
1995, withdrawals totaled about 69 Mgal/d. Ground-
water withdrawals from the Floridan aquifer in adja-
cent Orange County, increased from 82 Mgal/d in 1965
to about 229 Mgal/d in 1995.

The principal water-bearing units in the study
area are the surficial aquifer and the Floridan aquifer
systems. The two aquifer systems are separated by the
intermediate confining unit, which contains beds of
lower permeability sediments that confine the water in
the Floridan aquifer system.

The surficial aquifer system is unconfined and
consists mainly of lenses of fine-to-medium quartz
sand and varying amounts of shell and clay. The depos-
its generally are discontinuous, and the lithology and
texture of the deposits can vary considerably over short
distances both vertically and laterally. Thickness of the
surficial aquifer system in the study area is highly vari-
able, ranging from about 10 feet (ft) to more than
150 ft. The water table in the surficial aquifer system
fluctuates about 2 to 5 ft seasonally. The water-bearing
properties of the surficial aquifer system vary consider-
ably from location to location. Field hydraulic conduc-
tivities determined from slug tests performed on
21 surficial aquifer system wells in Seminole County
range from 0.5 to 40 ft/d. Recharge to the surficial
aquifer system is chiefly by the infiltration of rainfall.
The surficial aquifer system provides small amounts of
water for lawn irrigation and domestic use.

The intermediate confining unit consists of inter-
bedded, locally highly phosphatic, clay, silt, sand, lime-
stone, and dolomite. Throughout most of the study
area, the intermediate confining unit serves as a confin-
ing layer (except where breached by sinkholes) that
restricts the vertical movement of water between the
surficial aquifer system and the Upper Floridan aquifer.
Thickness of the intermediate confining unit is highly
variable due to past erosional processes and sinkhole
formation and ranges from less than 25 ft in parts of
Seminole and southern Volusia Counties to more than
200 ft in southeastern Orange County. Sinkholes,
which are common in western Seminole, western
Orange, and eastern Lake Counties, provide avenues
for water from the surficial aquifer system to recharge
the underlying Upper Floridan aquifer.

The Floridan aquifer system is subdivided into
two major aquifers, the Upper and the Lower Floridan
aquifers, separated by the less permeable middle semi-
confining unit. The Upper Floridan aquifer can be fur-
ther subdivided into two separate zones of different
permeabilities. The Floridan aquifer system consists
primarily of limestone and dolomite of Eocene age.
The altitude of the top of the Floridan aquifer ranges
from about 50 ft above sea level in the southwestern
part of the study area to more than 250 ft below sea
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level in southeastern Orange County. In Seminole
County, the altitude at the top of the aquifer ranges
from more than 100 feet below sea level in the north-
western part of the county to less than 50 feet below sea
level in much of the eastern, western, and southern
parts of the County. The surface of the Upper Floridan
aquifer is irregular and paleokarstic.

Ground water in the Upper Floridan aquifer
moves regionally in a southwest-to-northeast direction
across the study area. In May 1997, the potentiometric
surface of the Upper Floridan aquifer ranged from
about 120 ft above sea level in extreme northeastern
Polk County to about 8 ft above sea level in southern
Volusia County. Depressions in the potentiometric
surface of the Upper Floridan aquifer in various parts
of the study area result from pumping, diffuse upward
leakage, and spring discharge.

Upper Floridan aquifer water levels and spring
flow have been affected by ground-water development.
Hydrographs of three wells tapping the Upper Floridan
aquifer show a general downward trend from about
1960-90. The water-level declines are caused predom-
inantly by increased pumpage and cumulative below-
average rainfall. From 1990-97, water levels have risen
slightly, a trend that can be explained by the cumulative
above average rainfall. Decreases in spring discharge
also have been observed in some springs.

Concentrations of chemical constituents in water
in the Floridan aquifer system vary both areally and
with depth. The chemical quality of water in the Upper
Floridan aquifer generally varies with proximity to
recharge and discharge areas.

The quality of water in the Upper Floridan
aquifer varies considerably in Seminole County.
Specific conductance ranges from 210 to about
14,700 microsiemens per centimeter (LS/cm) at
25° C. Chloride concentrations range from 6.2 to
5,300 milligrams per liter (mg/L) and sulfate concen-
trations range from 0 to 760 mg/L. Chloride concentra-
tions are lowest in the recharge areas of the Floridan
aquifer system in the western part of Seminole County
and around Geneva. The most highly mineralized water
occurs adjacent to the Wekiva River in northwest Sem-
inole County and in the area around the eastern part of
Lake Jesup and along the Econlockhatchee and
St. Johns River in eastern Seminole County. The thick-
est section of freshwater in Seminole County is located
in the extreme southwestern part of the county. Depth
to water having chloride concentrations greater than
250 mg/L in this area is more than 2,000 ft below land

surface. With the exception of the Geneva area, depth
to the 250-mg/L isochlor is less than 200 ft in most of
the eastern part of Seminole County and around the
Wekiva River.

Analysis of limited long-term water-quality data
indicates that the chloride concentrations of water for
most wells in the Floridan aquifer system in Seminole
County have not changed significantly in the 20-year
period from 1976 to 1996, and probably not since the
mid 1950is. Analysis of water samples collected from
some Upper Floridan aquifer springs, however, indi-
cates that the water has become more mineralized dur-
ing recent years. Increases in specific conductance and
major cations and anions, such as chloride and sulfate,
were observed at many of the springs in the study area
where long-term water-quality data were available.
Associated with these increases in the mineralization of
spring water has been an observed increase in total
nitrate and nitrite concentrations. The presence of ele-
vated nitrate concentrations in spring water could be an
indication of contamination from fertilizers, animal
waste, or sewage.

A three-dimensional ground-water flow model
of the study area was constructed and used to simulate
ground-water flow in the surficial and Floridan aquifer
systems. The active model grid covered an area of
about 2,500 square miles (mi2) and was divided into
137 rows of 195 columns. The model was vertically
discretized into three active layers to simulate the surf-
icial aquifer system (layer 1), the Upper Floridan aqui-
fer (layer 2 ), and the Lower Floridan aquifer (layer 3).
A steady-state ground-water flow model was cali-
brated to water-level data that were averaged over a
1-year period from September 1996 through August
1997. Model calibration was facilitated by using a
parameter-estimation program. The calibrated model
generally produced simulated water levels in reason-
able agreement with measured water levels, and was
used to simulate the effects of expected increases in
ground-water withdrawals on the water levels in the
surficial aquifer system and the potentiometric sur-
face of the Upper and Lower Floridan aquifers in the
study area.

The calibrated flow model was used to simulate
the possible effects of increased pumpage from the
Floridan aquifer system in the year 2020. Pumpage in
the study area has been projected to increase from
412 Mgal/d (637 ft/s) in 1996-97 to 591 Mgal/d
(915 ft3/s) in 2020. The projected 2020 pumpage
reduced simulated water levels from 1996-97
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conditions in much of the modeled area in the surficial
aquifer system and in the Upper and Lower Floridan
aquifers. The greatest simulated drawdowns from
1996-97 to 2020 generally occurred near projected new
pumping centers in central Orange County.

Simulated drawdowns of greater than 5 ft in the
surficial aquifer system generally occurred in the
southern part of the modeled area. The maximum sim-
ulated drawdown in the surficial aquifer system was
about 16 ft. Simulated water-level declines in the active
lakes averaged 4.8 ft and ranged from 0.4 to 10.9 ft.

Projected pumpage increases from the Floridan
aquifer system in Orange and Osceola Counties from
1996-97 through 2020 affected simulated water levels
in Seminole County. Simulated water levels in the
Upper and Lower Floridan aquifers declined about 9 ft
in the southwestern part of Seminole County. Simu-
lated drawdowns of less than 2 ft in the Upper Floridan
aquifer occurred primarily in the northeastern part of
Seminole County and along the St. Johns River. Simu-
lated drawdowns of greater than 14 ft in the Upper and
Lower Floridan aquifers generally occurred in the
south-central part of the modeled area. Projected 2020
pumpage also affected discharge from springs. Simu-
lated spring discharge declined 50 percent in Seminole
County and 27 percent in the entire study area.

The effects of an extreme drought were investi-
gated with a transient model of the study area. The tran-
sient flow fields of the surficial and Floridan aquifer
systems were simulated using a 180-day stress period
with no recharge. The projected 2020 pumpage was
increased by 50 percent during the drought period.
Drawdowns of 2 ft or more in the surficial aquifer
system generally occurred in the western part of the
study area, in western Seminole County, and around the
Seminole-Orange County line near the Econlockhatchee
River. The maximum simulated drawdown in the surf-
icial aquifer system was about 8 ft. Simulated water
levels declined by as much as 20 ft in the Upper Flori-
dan aquifer and 24 ft in the Lower Floridan aquifer.
Simulated water-level declines in the active lakes aver-
aged 0.4 ft and ranged from 0 to 1.8 ft at the end of the
180-day drought. Simulated spring discharge declined
86 percent in Seminole County and 45 percent in the
study area.

Results derived from this study were based pri-
marily on ground-water flow model simulations. This
model, or any other model, however, is limited by sim-
plification of the conceptual model, discretization
effects, difficulty in obtaining sufficient measurements
to account for all spatial variation in hydraulic proper-
ties throughout the model area, and limitations in the
accuracy of land surface altitude measurements.
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Appendix 1. Well and spring data-collection sites

[--, no data; na, not applicable. Abbreviations for aquifer: S, surficial aquifer system; ICU, intermediate confining unit; UF, Upper Floridan aquifer; MSCU,
middle semiconfining unit; LF, Lower Floridan aquifer; SFCU, sub Floridan confining unit. Abbreviations for data type: qw, water-quality sample; Q, spring
discharge; wl, ground-water level. Abbreviations for source of data: SJRWMD, St. Johns River Water Management District; USGS, U.S. Geological Survey.
Site locations shown in figure 3]

USGS Bottom
. . Depth
Site . §|.te . Station name Aquifer . of well Data Source County
number identification casing type of data
number (feet) (feet)

1 281506081194601 OSF-70 UF 130 470 wl USGS Osceola

2 281511081393101 815139342 26S26E01 UF 358 447 wl USGS Osceola

3 281532081345001 Loughman Deep UF 85 247 wl USGS Osceola

4 281532081493001 815149233 25S25E32 UF - 231 wl USGS Polk

5 281536081324801 Florida Power UF 63 261 wl USGS Osceola

6 281559081260701  Shingle Creek UF -- 200 wl USGS Osceola

7 281630080591001 TH-3 Lake Poinsetta SW UF 245 377 wl USGS Osceola

8 281630081024401 TH-9 Nova Road West UF 288 405 wl USGS Osceola

9 281632080515001 DSR-38 UF - 253 wl USGS Osceola
10 281714081093001 Lake Joel UF 394 750 wl USGS Osceola
11 281937081245901 Bermuda OSF-9 UF/MSCU/LF 280 1,200 wl USGS Osceola
12 282051081133201 Lake Ajay Village UF 373 470 wl USGS Osceola
13 282051081183401 Boggy Creek Road UF 199 400 wl USGS Orange
14 282126081403901 821140 UF -- -- wl USGS Lake
15 282141081241701 US 441 Phone Relay UF 317 435 wl USGS Orange
16 282145081365601 Hartzog Road 4" Britt Groves UF -- -- wl USGS Orange
17 282202081384601 Lake Oliver Deep UF 103 318 wl USGS Orange
18 282204080514301 Lake Poinsett UF - 553 wl USGS Orange
19 282215081230001 OCU SRWF, MW2A SFCU 2,050 2,467 wl USGS Lake
20 282220081225401 OCU SRWF, MW1A LF 1,160 1,705 wl USGS Orange
21 282241081112801 Moss Park UF 240 480 wl USGS Orange
22 282241081443901 L-0051 UF 85 115 wl SIRWMD Lake
23 282245081492601 Eva Deep UF 105 192 wl USGS Lake
24 282331081370801 Hartzog Road UF 68 166 wl USGS Orange
25 282341081040101 Cocoa A UF 301 516 wl USGS Orange
26 282348080564701 Palmetto Well UF 245 381 wl USGS Orange
27 282354081313001 RCID Observation Well #1 UF 145 281 wl USGS Orange
28 282406081093602 Cocoa R LF 1,098 1,205 wl USGS Orange
29 282411081211301 OUC Orange Test Well LF 1,098 1,424 wl USGS Orange
30 282434081283102 Sea World Replacement Well UF 158 239 wl USGS Orange
31 282502081422301 Lykes Brothers Replacement Well UF -- - wl USGS Lake
32 282510081054501 Cocoa 1 UF 316 710 wl USGS Orange
33 282511081271701  OCU Orangewood #4 LF 1,100 1,250 wl USGS Orange
34 282515081162601 OUC SE Test Well LF 1,090 1,399 wl USGS Orange
35 282528081340901 Bay Lake Deep UF 104 223 wl USGS Orange
36 282530081054201  Cocoa 7 UF 285 490 wl USGS Orange
37 282530081065601  Cocoa S, OR0614 LF 1,170 1,250 wl USGS Orange
38 282530081065602 Cocoa S, OR0615 MSCU 900 1,050 wl USGS Orange
39 282530081065603 Cocoa S, OR0613, Interface Well LF 1,428 1,500 wl USGS Orange
40 282531081095701 Cocoa D UF 226 300 wl USGS Orange
41 282532081075601 Cocoa B UF 235 515 wl USGS Orange
42 282532081511801 Barry UF 125 232 wl USGS Lake
43 282533081082204 Cocoa C, Zone 3 LF 1,218 1,224 wl USGS Orange
44 282533081082206 Cocoa C, Zone 5, OR0024 UF/MSCU 248 1,004 wl USGS Orange
45 282543081385801 82513801 UF - - wl USGS Orange
46 282623081153801 Cocoa P UF 245 439 wl USGS Orange
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Appendix 1. Well and spring data-collection sites--Continued

[--, no data; na, not applicable. Abbreviations for aquifer: S, surficial aquifer system; ICU, intermediate confining unit; UF, Upper Floridan aquifer; MSCU,
middle semiconfining unit; LF, Lower Floridan aquifer; SFCU, sub Floridan confining unit. Abbreviations for data type: qw, water-quality sample; Q, spring
discharge; wl, ground-water level. Abbreviations for source of data: SIRWMD, St. Johns River Water Management District; USGS, U.S. Geological Survey.
Site locations shown in figure 3]

USGS

Bottom

. . Depth
Site . §|.te . Station name Aquifer . ofvfell Data Source County
number identification casing type of data
number (feet) (feet)

47 282650081262502 Sand Lake Road LF 2,005 2,030 wl USGS Orange
48 282657081230401 OUC Sky Lake #2 LF 960 1,390 wl USGS Orange
49 282705081430701 Trout Lake UF - - wl USGS Lake

50 282709081283001 USGS Well NR I-4 and 528A UF 68 205 wl USGS Orange
51 282718081405601 Conserv I14W3 UF/MSCU 157 1,000 wl USGS Orange
52 282718081215101 Pinecastle Post Office UF - -- wl USGS Orange
53 282729081443301 Lake Louisa State Park, L-0053 UF 70 85 wl USGS Lake

54 282738081341401 Lake Sawyer Well UF 103 178 wl USGS Orange
55 282739081054501 Cocoa F UF 200 375 wl USGS Orange
56 282749081315801 82713101 UF 120 347 wl USGS Orange
57 282758081392801 Conserv IT IW-2 UF/MSCU/LF 146 1,402 wl USGS Orange
58 282823081500401  Gaffney UF 96 390 wl USGS Lake

59 282833081544201 Brown UF 86 324 wl USGS Lake

60 282835081305201 Palm Lake Drive UF 161 235 wl USGS Orange
61 282847081013701 Cocoa H UF 252 495 wl USGS Orange
62 282848080544501 Tosohatchee Game Preserve UF 152 335 wl USGS Orange
63 282910081181301 OCU Conway #3 UF 148 700 wl USGS Orange
64 282923081282801 Ivey UF 168 337 wl USGS Orange
65 282931081285901 OCU Hidden Springs #4 LF 1,250 1,400 wl USGS Orange
66 282936081340201 Ross UF 180 280 wl USGS Orange
67 283006081274101 OUC #33 Kirkman #3 LF 983 1,400 wl USGS Orange
68 283011081152401 OCU Eastern Regional Wellfield LF 1,100 1,385 wl USGS Orange
69 283012081152301 OCU Eastern Regional Wellfield UF 210 550 wl USGS Orange
70 283011081360002 West Orange Country Club UF 100 260 wl USGS Orange
71 283017081391301 Davenport Road 4" UF -- -- wl USGS Orange
72 283048081194801 OUC #24 Conway #3 LF 1,063 1,350 wl USGS Orange
73 283102081223401 OUC #10 Kuhl #1 LF 953 1,283 wl USGS Orange
74 283111081502001  Defrene UF 123 329 wl USGS Lake

75 283116081442301 Rings Pond UF -- -- wl USGS Orange
76 283126081064501 ORO0617 UF 210 550 wl SIRWMD Orange
77 283126081064502 Long Branch OR0618 LF 1,140 1,280 wl SJIRWMD Orange
78 283128081404701 Johns Lake Well, L-0052 UF 73 155 wl USGS Lake

79 283135081155201 OCU Rio Pinar LF 1,000 1,120 wl USGS Orange
80 283135081234301 Layne Atlantic LF 1,170 1,230 wl USGS Orange
81 283144081254201 Lake Mann Drainage Well, OR0174 UF 137 400 wl USGS Orange
82 283204081544901 Mascotte Deep UF 66 160 wl USGS Lake

83 283214080583501 Department of Transportation UF -- 200 qw, wl USGS Orange
84 283215081321201  Ocoee So #2 LF 810 1,450 wl USGS Orange
85 283224081210201 OUC #9 Primrose #2 LF 993 1,150 wl USGS Orange
86 283232081394101 Edgewater Beach UF -- -- wl USGS Lake

87 283236080535101  Titusville SW TP UF - 247 wl USGS Brevard
88 283236081290901 OCU Oak Meadows #4 MSCU/LF 707 1,260 wl USGS Orange
89 283249081053201  Bithlo 1, OR0007 UF 151 492 qw, wl USGS/SJRWMD  Orange
90 283249081053203  Bithlo 3 S 12 15 wl USGS Orange
91 283253081283401 OR0047 UF 328 350 wl USGS Orange
92 283307081300801  Sherwood Drain UF 118 450 wl USGS Orange
93 283307081435301 Jacks Lake UF - - wl USGS Lake
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Appendix 1. Well and spring data-collection sites--Continued

[--, no data; na, not applicable. Abbreviations for aquifer: S, surficial aquifer system; ICU, intermediate confining unit; UF, Upper Floridan aquifer; MSCU,
middle semiconfining unit; LF, Lower Floridan aquifer; SFCU, sub Floridan confining unit. Abbreviations for data type: qw, water-quality sample; Q, spring
discharge; wl, ground-water level. Abbreviations for source of data: SIRWMD, St. Johns River Water Management District; USGS, U.S. Geological Survey.
Site locations shown in figure 3]

USGS Bottom

. . Depth
Site . §|.te . Station name Aquifer °. ofv:)ell Data Source County
number identification casing type of data
number (feet) (feet)

94 283325081374001  City of Oakland #2 UF 148 370 wl USGS Orange

95 283326081262101 Lake Lawne Drainage Well UF 84 109 wl USGS Orange

96 283327081223201 OUC Highland Well #7 LF 943 1,415 wl USGS Orange

97 283333081233501 Lake Adair 9, OR0009 MSCU/LF 601 1,281 wl USGS Orange

98 283333081233502 Lake Adair 10 UF 105 400 wl USGS Orange

99 283340081222801 Lake Ivanhoe Interface Well, OR0465 LF 2,060 2,089 wl USGS Orange
100 283340081222802 Lake Ivanhoe LF, OR0467 LF 1,300 1,350 wl USGS Orange
101 283340081222803 Lake Ivanhoe, OR0468 UF 189 450 wl USGS Orange
102 283353081185801 OUC #22, Navy LF 1,080 1,370 wl USGS Orange
103 283355081411701  L-0199 Turnpike UF 110 146 wl USGS Lake
104 283357081272201 OUC #8 Pine Hills #1 LF 1,000 1,414 wl USGS Orange
105 283400081405100 Apopka Spring UF na na Q USGS Lake
106 283406081150601  Union Park UF - - qw, wl USGS Orange
107 283417081331401 Ocoee SR 438 Drainage Well UF -- 500 wl USGS Orange
108 283436081194501 Lake Speir Drainage Well UF -- -- wl USGS Orange
109 283441081203301  Glenridge Deep LF 1,210 1,300 wl USGS Orange
110 283517081120501 CFRP-Research Pkwy MW5 S 10 15 wl SIRWMD Orange
111 283528081235201 Lake Fairview Drainage Well UF 176 745 wl USGS Orange
112 283530081214301 Lake Midget Drainage Well UF 170 372 wl USGS Orange
113 283530081514501 Lake Lucy UF 73 141 wl USGS Lake
114 283548081181401 Winter Park, FTU Blvd Deep MSCU/LF 700 1,354 wl USGS Orange
115 283555081300801  Ocoee Forest Oaks #3 LF 1,192 1,450 wl USGS Orange
116 283610081113701 UCF Oak Hammock MW3 S 6 11 wl SIRWMD Orange
117 283623081230501 Wymore and Lee Roads LF 1,160 1,270 wl USGS Orange
118 283626081121501 UCF Pond MW?2 S 2.5 7.5 wl SJIRWMD Orange
119 283627080512001 BR0001 UF 132 136 wl SIRWMD Brevard
120 283644080574901 BRO660 UF 98 247 qw, wl SIRWMD Brevard
121 283644080574903  Silver Lake, BR1526 UF 235 300 wl USGS Brevard
122 283646081195401 Bradner UF 120 150 qw, wl USGS Orange
123 283654081260801 Lake Davis Drainage Well UF 250 365 wl USGS Orange
124 283702081183901 Casselberry South S-2 MSCU/LF 600 1,200 wl USGS Seminole
125 283717081194202  Phillips UF 85 290 wl USGS Seminole
126 283719081173601  Eastbrook Elementary S 14 24 wl USGS Seminole
127 283732080510001 BRO58S UF 132 195 wl USGS Brevard
128 283732080510002 BR1469 S 19 29 wl SIRWMD Brevard
129 283740081031401 Lee UF 84 273 qw, wl USGS Seminole
130 283754081154301  Woods UF - 131 qw, wl USGS Seminole
131 283758081120401 Seminole County Lake Hayes 2 UF 232 435 qw USGS Seminole
132 283800081115501 Lake Hayes, S-1215 LF 582 904 wl USGS Seminole
133 283800081154601  Tuskawilla Middle School S 29 39 wl USGS Seminole
134 283802081252001 OCU Riverside #4 MSCU/LF 502 1,231 wl USGS Orange
135 283810081172401 Seminole County Consumers 1 UF 168 595 qw USGS Seminole
136 283813081292101 OCU Western Regional TP-2 LF 1,037 1,455 wl USGS Orange
137 283813081325701  State Foliage Research UF -- 200 wl USGS Orange
138 283816081225501 Lake Charity Well UF 325 374 wl USGS Orange
139 283818081291201 OCU Western Regional wellfield LF-1 LF 1,031 1,580 wl USGS Orange
140 283819081292601 OCU Western Regional wellfield TP-1 LF 1,032 1,450 wl USGS Orange
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Appendix 1. Well and spring data-collection sites--Continued

[--, no data; na, not applicable. Abbreviations for aquifer: S, surficial aquifer system; ICU, intermediate confining unit; UF, Upper Floridan aquifer; MSCU,
middle semiconfining unit; LF, Lower Floridan aquifer; SFCU, sub Floridan confining unit. Abbreviations for data type: qw, water-quality sample; Q, spring
discharge; wl, ground-water level. Abbreviations for source of data: SIRWMD, St. Johns River Water Management District; USGS, U.S. Geological Survey.

Site locations shown in figure 3]

USGS

Bottom

. . Depth

Site . §|.te . Station name Aquifer o'f ofvfell Data Source County

number identification casing type of data
number (feet) (feet)

141 283821081074401 Southern States Chuluota 1 UF 122 240 qw USGS Seminole
142 283837081113001  City of Oviedo 205 UF 100 300 qw USGS Seminole
143 283843081075501 Green UF 95 107 qw, wl USGS Seminole
144 283844081200101 Seminole County Indian Hills 1 UF 200 470 qw USGS Seminole
145 283848081122702 Canterbury Road MW7 S 8 13 wl SIRWMD Seminole
146 283849081273401 Ecological Utilities Corp UF - 105 wl USGS Seminole
147 283850081202601 English Estate Elementary S 9 19 wl USGS Seminole
148 283851081221101  Altamonte Springs WP 2 Well 4 UF 184 495 qw USGS Seminole
149 283852081165501 Red Bug Elementary S 25 35 wl USGS Seminole
150 283853081060301  Jacobs UF 80 137 qw USGS Seminole
151 283854081134701  Stanko UF 110 190 qw USGS Seminole
152 283858081092001  Partin Elementary S 4 14 wl USGS Seminole
153 283858081191601  F2400 Florida Power MSCU/LF 600 1,200 wl USGS Seminole
154 283858081221801 Lake Orienta Elementary S 25 35 wl USGS Seminole
155 283901081135901  Jacobson UF 85 132 qw USGS Seminole
156 283906081290001  Sheeler Oaks MSCU/LF 600 1,200 wl USGS Orange
157 283908081120701  City of Oviedo 203 UF 160 300 qw USGS Seminole
158 283912081095601  Steinmatz UF - 120 qw USGS Seminole
159 283918081254301  Altamonte Springs Plant 5 Well 7 UF 310 520 qw USGS Seminole
160 283920081232501  Spanish Trace Apts. UF - 250 wl USGS Seminole
161 283925081124201 City of Oviedo 101 UF 258 341 qw USGS Seminole
162 283932081123601 Oviedo WTP, S-1211 S 20 30 wl USGS Seminole
163 283933081123102 Oviedo WTP, S-1189 UF 500 600 wl USGS Seminole
164 283933081123103  Oviedo WTP, S-1193 UF 87 220 wl USGS Seminole
165 283933081123105 Oviedo WTP, S-1078 LF 1,230 1,288 wl USGS Seminole
166 283933081185701 Casselberry Elementary S 12 22 wl USGS Seminole
167 283936081162801  Citrus Road, S-1056 UF 156 365 wl USGS Seminole
168 283936081162804  Citrus Road, S-1329 LF 1,050 1,150 wl USGS Seminole
169 283944081251701 Deep South MSCU/LF 577 1,205 wl USGS Seminole
170 283945081071901 Brown UF - 190 wl USGS Seminole
171 283955080565701  Plastic UF -- 97 wl USGS Brevard
172 283956081040201  Yarborough UF - 71 qw, wl USGS Seminole
173 283957081270601 Bear Lake Elementary N 27 37 wl USGS Seminole
174 283958081203401  840-120-02 UF - 101 wl USGS Seminole
175 284006081272001  Seminole County Bel Aire 1 UF 150 250 qw USGS Seminole
176 284007081113501  Jackson Heights S 7 17 wl USGS Seminole
177 284012081264601 Benton UF -- -- wl USGS Seminole
178 284025081072401 S-0285 UF - - qw SIRWMD Seminole
179 284025081123001  Arie UF 85 282 qw, wl USGS Seminole
180 284033081052701  Yarborough UF -- 100 qw USGS Seminole
181 284043081054401  Yarborough UF - 78 qw USGS Seminole
182 284043081154001 Winter Springs East 3 UF 190 395 qw USGS Seminole
183 284043081154601 Winter Springs East 1 UF 105 290 qw USGS Seminole
184 284049081221501  Altamonte Springs Elementary S 30 40 wl USGS Seminole
185 284050081065301  Snow Hill Road, S-1200 UF 500 600 wl USGS Seminole
186 284050081065302  Snow Hill Road, S-1201 UF 100 140 wl USGS Seminole
187 284050081065303  Snow Hill Road, S-1300 S 8 18 wl USGS Seminole
188 284052081212601  Charlotte St., S-1014 UF 142 300 qw, wl SIRWMD Seminole
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Appendix 1. Well and spring data-collection sites--Continued

[--, no data; na, not applicable. Abbreviations for aquifer: S, surficial aquifer system; ICU, intermediate confining unit; UF, Upper Floridan aquifer; MSCU,
middle semiconfining unit; LF, Lower Floridan aquifer; SFCU, sub Floridan confining unit. Abbreviations for data type: qw, water-quality sample; Q, spring
discharge; wl, ground-water level. Abbreviations for source of data: SIRWMD, St. Johns River Water Management District; USGS, U.S. Geological Survey.

Site locations shown in figure 3]

USGS

Bottom

. . Depth

Site . §|.te . Station name Aquifer . ofv:)ell Data Source County

number identification casing type of data
number (feet) (feet)

189 284052081212602  Charlotte St., S-1015 S 40 50 wl SIRWMD Seminole
190 284052081212605 Charlotte St., S-1024 LF 1,246 1,506 wl SIRWMD Seminole
191 284056081234401 Sanlando Softball Complex MW3 S 37 52 wl USGS Seminole
192 284057081191901  Casselberry North N2400 MSCU/LF 600 1,200 wl USGS Seminole
193 284058081200301 Tenneco Well MW2 S 5 15 wl USGS Seminole
194 284059081365401 DPC Testwell UF 132 215 wl USGS Orange
195 284105081154301 Keeth Elementary S 14 24 wl USGS Seminole
196 284111081063401  Yarborough UF -- 90 qw USGS Seminole
197 284112081181801  Winter Springs Plant 3, Well 4 UF 97 423 qw USGS Seminole
198 284116080514001 Mims UF - 173 wl USGS Brevard
199 284118081262201 Wekiva Elementary S 28 38 wl USGS Seminole
200 02234991 Sanlando Springs UF na na qw, Q USGS Seminole
201 284119081244801 Southern States Meredith Manor 1 UF 83 400 qw USGS Seminole
202 284120081152201 Bouillon UF -- 185 qw, wl USGS Seminole
203 284122081534401 Groveland Tower Deep, L-0095 UF 148 368 wl USGS Lake
204 284125081131701 Mann UF 80 90 qw, wl USGS Seminole
205 02234996 Palm Springs UF na na qw, Q USGS Seminole
206 284128081320901 Apopka Grossenbacher #4, OR0554 MSCU/LF 660 1,400 wl USGS Orange
207 284133081085501  McNair UF - 230 qw USGS Seminole
208 284133081105701 Florida Avenue UF -- na qw, wl USGS Seminole
209 284139081255401 Seminole County Lake Brantley 1 UF -- -- qw USGS Seminole
210 284147081220201 Seminole 125 UF 63 146 wl USGS Seminole
211 02234997 Starbuck Spring UF na na qw, Q USGS Seminole
212 284156081141400 Clifton Springs UF na na qw, Q USGS Seminole
213 284159081101701  S-1067 UF -- 53 qw SIRWMD Seminole
214 284201081102601 S-1128 UF - 85 qw SIRWMD Seminole
215 284206081195401 Longwood Elementary S 14 24 wl USGS Seminole
216 284207081174401 Neely UF - 90 qw, wl USGS Seminole
217 284216081221801 Rock Lake Middle School S 30 40 wl USGS Seminole
218 284216081250701  Sabal Point Elementary S 13 23 wl USGS Seminole
219 284217081023001 Kilbee #3, S-0025 UF 58 154 qw, wl USGS/SIRWMD  Seminole
220 284217081172501 Transportation Dept. S 19 29 wl USGS Seminole
221 284230081345301 Plymouth Towers UF 100 395 wl USGS Orange
222 284232081110201  S-0983 UF -- 58 qw SIRWMD Seminole
223 284232081533001 Citrus Properies UF 100 593 wl USGS Lake
224 284233081045202 S-0042 UF 107 140 qw SIRWMD Seminole
225 02234650 Miami Springs UF na na qw, Q USGS Seminole
226 284237081190201 Winter Springs WP 2, Well 3 UF 123 491 qw USGS Seminole
227 284238081275802 ORO0547 MSCU 440 645 wl SIRWMD Orange
228 284238081275803 ORO0548 UF 100 155 qw, wl USGS/SJIRWMD  Orange
229 284241081402601 Keen Ranch UF 90 94 wl USGS Lake
230 284243081225901 Boyles UF -- 158 qw, wl USGS Seminole
231 02234600 Wekiva Springs UF na na qw, Q USGS Orange
232 284244081234901 Clouser UF -- 118 qw USGS Seminole
233 284245081463302 Number 2 UF 192 331 wl USGS Lake
234 284247081070801  S-0001 UF 95 204 qw, wl SJRWMD Seminole
235 284255081222201 Woodlands Elementary S 28 38 wl USGS Seminole
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Appendix 1. Well and spring data-collection sites--Continued

[--, no data; na, not applicable. Abbreviations for aquifer: S, surficial aquifer system; ICU, intermediate confining unit; UF, Upper Floridan aquifer; MSCU,
middle semiconfining unit; LF, Lower Floridan aquifer; SFCU, sub Floridan confining unit. Abbreviations for data type: qw, water-quality sample; Q, spring
discharge; wl, ground-water level. Abbreviations for source of data: SIRWMD, St. Johns River Water Management District; USGS, U.S. Geological Survey.

Site locations shown in figure 3]

USGS

Bottom

. . Depth

Site . §|.te . Station name Aquifer o'f ofvfell Data Source County

number identification casing type of data
number (feet) (feet)
236 284305081261601 S-0867 UF - - qw SIRWMD Seminole
237 284306081101701  S-0051 UF 119 122 qw SIRWMD Seminole
238 284315081182702 S-0829 UF 85 180 qw, wl  USGS/SJRWMD  Seminole
239 284317081085701 Cockran Road, S-0045 S 27 37 wl USGS Seminole
240 284317081213401 Principe UF -- -- qw, wl USGS Seminole
241 284320081410701  Apopka Beauclair Canal Deep UF 575 650 wl USGS Lake
242 284322081084301 Cockran Forest E., S-0028 UF 90 203 qw, wl USGS/SJIRWMD  Seminole
243 284325081092701  Cockran Forest W. Dp, S-0038 UF 56 165 qw, wl USGS/SJIRWMD  Seminole
244 284325081092702 Cockran Forest W. Sh, S-0035 S 32 35 wl USGS Seminole
245 284330081360501 World Foilage Resource UF 127 403 wl USGS Orange
246 284331081031001  Pecor UF -- 117 qw, wl USGS Seminole
247 284339081184601 S-1127 UF - 148 qw USGS Seminole
248 284341081254901 S-0866 UF -- 49 qw SIRWMD Seminole
249 02234620 Witherington Springs UF na na Q USGS Orange
250 284401081194701 Seminole County Country Club 2 UF 167 350 qw USGS Seminole
251 284412081071102  Geneva, S-1253 UF 132 280 wl USGS Seminole
252 284412081071103  Geneva, S-1288 S 20 30 wl USGS Seminole
253 284414081202501 Greenwood Lakes S 14 24 wl USGS Seminole
254 284421081251701  S-0865 UF -- 38 qw SIRWMD Seminole
255 284428081072603  Avenue C UF 117 353 qw USGS Seminole
256 284428081155201 Largent UF -- -- qw, wl USGS Seminole
257 284429081204601 Seminole Co. Greenwood Lk 1 UF 165 480 qw USGS Seminole
258 284429081272001 Old Railroad Camp UF - -- qw, wl USGS Orange
259 284432081151501 S-0638 UF 109 134 qw, wl USGS Seminole
260 284434081050101 Lake Harney UF - 60 qw, wl USGS Seminole
261 284440081175901 Seminole County UF 75 250 qw, wl USGS Seminole
262 284442081052401 S-0034 UF 51 200 qw SIRWMD Seminole
263 284445081462101 Lake Yale Groves Well UF 112 200 wl USGS Lake
264 284453081284401 Wekiva Springs State Park Fireplace UF -- 40 qw, wl USGS Orange
Well

265 284453081365101  Sadler Road UF - 325 wl USGS Orange
266 284456081145901 Ceresoli UF 100 150 qw USGS Seminole
267 284458081250801  S-0863 ICU/UF -- 27 -- SIRWMD Seminole
268 284516081224001  Griffin UF - - qw, wl USGS Seminole
269 284519081081801 Rotundo UF 70 100 qw USGS Seminole
270 284522081174901  Utilities Inc. Park Ridge 1 UF 252 355 qw USGS Seminole
271 02234610 Rock Springs UF na na qw, Q USGS Orange
272 284529081301001 Rock Springs Deep UF 143 365 wl USGS Orange
273 284533081204801 Forest UF 471 wl USGS Seminole
274 284535081245701  S-0860 UF -- -- qw SIRWMD Seminole
275 284541081265201  Anderson, OR0068 UF 90 95 qw, wl USGS Orange
276 284542081133001  S-0980 UF 105 335 qw SIRWMD Seminole
277 284549081214301 Seminole County Heathrow 4 UF 171 400 qw USGS Seminole
278 284550081071501  Cameron Brothers UF 77 126 qw, wl USGS Seminole
279 284553081171901  City of Sanford WF1, Well 10 UF 122 302 qw City of Sanford ~ Seminole
280 284553081204801 S-0972 UF 162 500 qw SIRWMD Seminole
281 284602081230101  Seminole Co. Hanover Woods 1 UF 147 361 qw USGS Seminole
282 284604081154801 Palm Way UF - - wl USGS Seminole
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Appendix 1. Well and spring data-collection sites--Continued

[--, no data; na, not applicable. Abbreviations for aquifer: S, surficial aquifer system; ICU, intermediate confining unit; UF, Upper Floridan aquifer; MSCU,
middle semiconfining unit; LF, Lower Floridan aquifer; SFCU, sub Floridan confining unit. Abbreviations for data type: qw, water-quality sample; Q, spring
discharge; wl, ground-water level. Abbreviations for source of data: SIRWMD, St. Johns River Water Management District; USGS, U.S. Geological Survey.

Site locations shown in figure 3]

USGS

Bottom

. . Depth

Site . §|.te . Station name Aquifer . ofv:)ell Data Source County

number identification casing type of data
number (feet) (feet)

283 284606081110901  S-0810 UF - - qw SIRWMD Seminole
284 284612081303400  Sulphur Springs UF na na Q USGS Orange
285 284618081095401 Wight UF - 63 qw, wl USGS Seminole
286 284618081200901 Lake Dawson P-3 S 12 22 wl USGS Seminole
287 284619081200901 Lake Dawson P-1 S 6 16 wl USGS Seminole
288 284626081051801  Settlers Loop Road, S-0026 UF 83 200 qw, wl  USGS/SJRWMD  Seminole
289 284630081170101 Lakeview Middle School S 20 30 wl USGS Seminole
290 284634081245401 S-0854 UF - - qw SIRWMD Seminole
291 284635081280601 Hidden Well Near Rock Springs UF -- 96 qw USGS Orange
292 284638081185701  Utilities Inc. Phillips 1 UF 92 250 qw USGS Seminole
293 284653081122601 S-1006 UF - 105 qw USGS Seminole
294 284700081182301 Lake DeForest P3 S 5 15 wl USGS Seminole
295 284706081070801  Thrasher UF 99 178 qw, wl USGS Seminole
296 284712081044301 Seminole County UF 70 141 qw, wl USGS Seminole
297 284715081051801  S-0266 Landfill S 9 14 wl SIRWMD Seminole
298 284715081051802 Osceola Landfill, S-0086 UF 70 225 qw, wl USGS/SJIRWMD  Seminole
299 284715081051803  S-0200 UF 500 550 wl SIRWMD Seminole
300 284722081130201 S-1106 UF 105 200 qw USGS Seminole
301 284722081181301  Utilities Inc. Ravena Park 2 UF 148 460 qw USGS Seminole
302 284728081183101 Idyllwilde Elementary S 10 20 wl USGS Seminole
303 284728081322201 Lake Sorrento UF 60 400 wl USGS Lake
304 284740081251700 Wekiva Falls UF - 120 qw USGS Lake
305 284743080520101  V-0520 UF - 197 wl USGS/SIRWMD  Volusia
306 284744081162701  Sanford Middle School S 8 18 wl USGS Seminole
307 284750081132301 Seminole 257 UF - 206 qw, wl USGS/SJIRWMD  Seminole
308 284753081144801 S-1195 UF - - qw USGS Seminole
309 284757081144401 S-1196 UF 96 148 qw USGS Seminole
310 284802081192701 Jordan Baptist Church UF 70 120 qw, wl USGS Seminole
311 284802081211101  Hartstock Wilson Ave. UF 81 147 qw, wl USGS Seminole
312 284802081242101 Via Hermosa UF -- -- qw, wl USGS Seminole
313 284804081231601 Lake Sylvan MW1 S 6 16 wl USGS Seminole
314 284808081213901 Wilson Elementary S 15 25 wl USGS Seminole
315 284808081432801 Taveras #3 UF 98 223 wl USGS Lake
316 284809081121301  S-0666 UF -- -- qw SIRWMD Seminole
317 284825081000901 Harney Road, V-1034 S -- 21 wl USGS Volusia
318 284827081403501 Bartholow UF 192 271 wl USGS Lake
319 284829081245901  S-0091 UF 75 160 qw SJRWMD Seminole
320 284835081155301  S-0672 UF - - qw SIRWMD Seminole
321 284835081244302 S-0092 UF 80 120 qw SJIRWMD Seminole
322 284837081182001 S-1084 UF - 105 qw SJRWMD Seminole
323 284842081533001 College Street UF 90 245 wl USGS Lake
324 284850081195501  Seminole County Lake Monroe 1 UF 96 223 qw USGS Seminole
325 284855081520401 Herlong Park UF 100 105 wl USGS Lake
326 284856081383001 Mt. Dora Deep City Well #3 UF 155 752 wl USGS Lake
327 284902081112001  Beck UF -- -- qw USGS Volusia
328 284903081250800 Wekiva Branch Spring UF na na qw, Q USGS Seminole
329 284917081353701 Rickey and Reed UF - - wl USGS Lake
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Appendix 1. Well and spring data-collection sites--Continued

[--, no data; na, not applicable. Abbreviations for aquifer: S, surficial aquifer system; ICU, intermediate confining unit; UF, Upper Floridan aquifer; MSCU,
middle semiconfining unit; LF, Lower Floridan aquifer; SFCU, sub Floridan confining unit. Abbreviations for data type: qw, water-quality sample; Q, spring
discharge; wl, ground-water level. Abbreviations for source of data: SIRWMD, St. Johns River Water Management District; USGS, U.S. Geological Survey.

Site locations shown in figure 3]

USGS

Bottom

. . Depth

Site . §|.te . Station name Aquifer o'f ofvfell Data Source County

number identification casing type of data
number (feet) (feet)

330 284922081250300 Island Spring UF na na qw, Q USGS Seminole
331 284923081234801 Yankee Lake, S-1225 LF 950 1,054 wl USGS Seminole
332 284923081234802  Yankee Lake, S-1230 UF 122 403 wl USGS Seminole
333 284923081234803 Yankee Lake, S-1310 S 25 35 wl USGS Seminole
334 284929081294901 L-0201 UF - - qw, wl USGS Lake
335 284933081255801 L-0038 ICU/UF 78 92 qw, wl SIRWMD Lake
336 284934081474801 Lake Sumter JC UF 218 366 wl USGS Lake
337 284940081303800 Droty Spring UF na na qw, Q USGS Lake
338 284945081244201 Fernandez ICU/UF -- 41 qw, wl USGS Seminole
339 284946081194301  Port of Sanford Industrial Park UF - - qw USGS Seminole
340 284954081201101  Anderson UF 128 228 qw, wl USGS Seminole
341 285001081242301  S-0097 UF 110 120 qw SIRWMD Seminole
342 285002081215101 Cain UF - - qw, wl USGS Seminole
343 285016081014101  V-0103 UF 102 107 qw, wl USGS Volusia
344 285028081253301  Seminole State Forest L-0037 UF 102 364 qw,wl  USGS/SJIRWMD  Lake
345 285031081062301  V-0165 UF 58 255 qw, wl SIRWMD Volusia
346 285038081270100 Palm Spring UF na na Q USGS Lake
347 285043081192201  V-0696 UF - 130 qw SIRWMD Volusia
348 285044081094901 Osteen Convenience Store UF -- 220 qw USGS Volusia
349 02235250 Seminole Springs UF na na qw, Q USGS Lake
350 285057081243201 L-0032 UF 96 120 qw, wl SIRWMD Lake
351 285057081321301 New Heindrick UF - - wl USGS Lake
352 285102081263900 Blueberry Spring UF na na Q USGS Lake
353 285105081263800 Moccasin Spring UF na na Q USGS Lake
354 02235255 Messant Spring UF na na qw, Q USGS Lake
355 285129081541002  City of Fruitland Pk #2 UF 144 300 wl USGS Lake
356 285135081205902  V-691 UF - 145 qw SIRWMD Volusia
357 285143080521401 Loomis Nursery Well UF - 120 wl USGS Volusia
358 285144081183900 Gemini Spring UF na na qw, Q USGS Volusia
359 285153081144201  V-0240 UF 197 243 qw SIRWMD Volusia
360 285221081095002 USGS Test Well G-2 UF 74 92 wl USGS Volusia
361 285224081262400 Shark Tooth Spring UF na na Q USGS Lake
362 285230081242201 Lower Wekiva 2-in South UF 102 109 qw USGS Lake
363 285257081434201  Eichelburger UF 108 297 wl USGS Lake
364 285318081340601 Eustis Sand Co. UF - 350 wl USGS Lake
365 285359081161701 Deltona Corp Diamond Street #3 UF 76 250 qw, wl USGS Volusia
366 285426081380901  Marshall UF - 125 wl USGS Lake
367 285442081181401 Orange City Tower, V-0196 UF 88 234 wl USGS Volusia
368 285442081181402 Orange City Tower, V-0780 LF 710 800 wl USGS Volusia
369 285452080551801  Buerger UF - 148 wl USGS Volusia
370 285454081241201 Lower Wekiva 2-in UF -- 65 qw USGS Lake
371 285524081132401 Galaxy MS, V-0774 LF 740 780 wl USGS/SIRWMD  Volusia
372 285539081262901  Pine Lake UF 155 200 wl USGS Lake
373 283913081120501  City of Oviedo 204 UF 160 300 qw City of Oviedo ~ Seminole
374 284236081160500 Lake Jesup Spring UF na na Q USGS Seminole
375 284407081215501 Lake Mary monitor well LF 1,260 1,323 qw SJRWMD Seminole
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Appendix 2. Lake and stream data-collection sites

[Abbreviations for data type: L, lake stage; S, stream stage and discharge. Abbreviations for source of data: OC, Orange County; SC, Seminole County;
SJRWMD, St. Johns River Water Management District; T, estimated from U.S. Geological Survey topographic map; USGS, U.S. Geological Survey. Site
locations shown in figure 4]

. uses Source Simulated

Site site . Data

number identification Station name type of County . as

data active lake
number
S1 02233200 Little Econlockhatchee near Union Park S USGS Orange no
S2 02232500 St. Johns River near Christmas S USGS Orange no
S3 Lake Sue L ocC Orange no
S4 Lake Spier L T Orange yes
S5 Lake Silver L oC Orange yes
S6 Lake Daniel L oC Orange no
S7 Lake Sarah L oC Orange no
S8 Lake Berry L oC Orange no
S9 Lake Virginia L oC Orange no
S10 Bay Lake L oC Orange yes
S11 Little Lake Fairview L oC Orange yes
S12 Lake Mizell L oC Orange no
S13 Lake Fairview L oC Orange yes
S14 Crooked Lake L oC Orange no
S15 Horseshoe Lake L oC Orange no
S16 Lake Price L oC Orange no
S17 Lake Orlando L oC Orange no
S18 unnamed lake 178 L T Orange yes
S19 Lake Killarney L oC Orange no
S20 unnamed lake 174 L T Orange yes
S21 Lake Waunatta L oC Orange no
S22 Lake Pickett L SC Seminole no
S23 Lake Osceola L oC Orange no
S24 Lake Georgia L oC Orange yes
S25 Lake Bell L oC Orange no
S26 Deep Lake L SC Seminole no
S27 Little Lake Georgia L SC Seminole no
S28 Park Lake L oC Orange no
S29 unnamed lake 154 L T Orange yes
S30 Lake Maitland L oC Orange no
S31 Long Lake L oC Orange yes
S32 02233475 Little Econlockhatchee River at State Road S USGS Seminole no
434

S33 Hungerford Lake L T Orange yes
S34 Lake Shadow L T Orange yes
S35 unnamed lake 146 L T Orange yes
S36 Bear Gully Lake L SC/SJIRWMD Seminole no
S37 Lake Gandy L oC Orange no
S38 Lake Sybelia L oC Orange yes
S39 Lake Ann L SC Seminole no
S40 Garden Lake L SC Seminole no
S41 Lake Florence L SC Seminole yes
S42 Lake Minnehaha L oC Orange no
S43 Lake Hayes L SC Seminole no
S44 02234308 Howell Creek near Altamonte Springs S USGS Seminole no
S45 Mills Lake L SC Seminole no
S46 Horseshoe Lake L SC Seminole no
S47 Lake Bosse L oC Orange no
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Appendix 2. Lake and stream data-collection sites--Continued

[Abbreviations for data type: L, lake stage; S, stream stage and discharge. Abbreviations for source of data: OC, Orange County; SC, Seminole County;
SJRWMD, St. Johns River Water Management District; T, estimated from U.S. Geological Survey topographic map; USGS, U.S. Geological Survey. Site

locations shown in figure 4]

Site UssitGes ) Data Source Simulated
number identification Station name type of County . as
data active lake
number
S48 Lake Destiny L SC Seminole yes
S49 Lake Howell L SC Seminole yes
S50 Lake Catherine L SC Seminole no
S51 Lake Seminary L SC Seminole yes
S52 Lake of the Woods L SC Seminole no
S53 Little Bear Lake L SC Seminole no
S54 Lake Eva L T Seminole yes
S55 283847081270101 Bear Lake L SC/SJIRWMD Seminole no
S56 Cub Lake L SC Seminole no
S57 02234324 Howell Creek near Slavia S USGS Seminole no
S58 Lake Lotus L SC Seminole no
S59 Spring Lake L SC Seminole no
S60 Red Bug Lake L SC Seminole no
S61 Lake Orienta L SC Seminole yes
S62 Lake Nixon L T Seminole yes
S63 Prairie Lake L SC Seminole yes
S64 Queens Mirror Lake L SC Seminole no
S65 Long Lake L T Seminole no
S66 Crystal Bowl Lake L SC Seminole no
S67 Crains Roost L SC Seminole no
S68 Mirror Lake L SC Seminole no
S69 Lost Lake L SC Seminole no
S70 Border Lake L T Orange yes
S71 Lake Yvonne L SC Seminole no
S72 Triplet Lake L SC Seminole no
S73 Lake Concord L SC Seminole no
S74 02233500 Econlockhatchee River near Chuluota S USGS Seminole no
S75 2234428 Lake Charm L USGS Seminole yes
S76 Trout Lake L SC Seminole no
S77 Lake Kathryn L SC Seminole no
S78 Sand Lake L SC Seminole yes
S79 02234990 Little Wekiva River near Altamonte Springs S USGS Seminole no
S80 Lake Fairy L SC Seminole no
S81 284134081253201 Lake Brantley L SJIRWMD Seminole no
S82 Lake Irene L SC Seminole yes
S83 Lake Wildmere L SC Seminole no
S84 unnamed lake 78 L T Seminole yes
S85 Lake Talmo L SC Seminole no
S86 unnamed lake 203 L T Seminole yes
S87 Rock Lake L SC Seminole yes
S88 Twin Lakes L T Seminole yes
S&9 02234998 Little Wekiva River near Longwood S USGS Seminole no
S90 02234400 Gee Creek near Longwood S USGS Seminole no
S91 East Lake L SC Seminole no
S92 Boat Lake L SC Seminole no
S93 West Lake L SC Seminole yes
S94 2842430810725 Buck Lake L SIRWMD Seminole no
S95 02234635 Wekiva River near Apopka S USGS Seminole no
S96 02234000 St. Johns River above Lake Harney S USGS Seminole no
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Appendix 2. Lake and stream data-collection sites--Continued

[Abbreviations for data type: L, lake stage; S, stream stage and discharge. Abbreviations for source of data: OC, Orange County; SC, Seminole County;
SJRWMD, St. Johns River Water Management District; T, estimated from U.S. Geological Survey topographic map; USGS, U.S. Geological Survey. Site
locations shown in figure 4]

. UsGs Source Simulated

Site site . Data

number identification Station name type of County . as

data active lake
number
S97 Lake Ruth L SC Seminole no
S98 Lake Alma L T Seminole yes
S99 Grace Lake L SC Seminole yes
S100 02234384 Soldier Creek near Longwood S USGS Seminole no
S101 Island Pond L T Seminole yes
S102 Lake Myrtle L SC Seminole yes
S103 Lake Proctor L SC Seminole yes
S104 Lake Bingham L SC Seminole yes
S105 Lake Geneva L SC Seminole yes
S106 Rice Lake L SC Seminole no
S107 Lake Minnie L SC Seminole yes
S108 Lake Mary L SC Seminole yes
S109 Linden Lake L SC Seminole no
S110  284533081210101 Lake Emma L SC/SIRWMD  Seminole yes
S111  284541081200301 Crystal Lake L SC/SIRWMD Seminole no
S112 Silver Lake L SC Seminole yes
S113 Lake Loch Low L T Seminole yes
S114 Lake Onora L SC Seminole no
S115 Golden Lake L SC Seminole no
S116 Lake Ada L SC Seminole yes
S117 Crystal Lake, East L SC Seminole no
S118 Island Lake, South L SC Seminole no
S119 Lake Marietta L SC Seminole no
S120 Island Lake L SC Seminole no
S121 BelAir Lake L SC Seminole no
S122 DeForest Lake L SC Seminole yes
S123 Reservoir Lake L SC Seminole no
S124 Banana Lake L SC Seminole no
S125 Lake Como L T Seminole yes
S126 Amory Lake L SC Seminole no
S127 Sawyer Lake L SC Seminole no
S128 02234435 Lake Jesup outlet near Sanford S USGS Seminole no
S129 unnamed lake 209 L T Seminole yes
S130 Twin Lakes, West L T Seminole yes
S131 Mullet Lake L SC Seminole no
S132 Twin Lakes, East L SC Seminole yes
S133 Lake Irish L T Seminole yes
S134 022349993 Wekiva River at Old Railroad Crossing near S USGS Seminole no
Sanford

S135 Lake Sten L T Seminole yes
S136 Sylvan Lake L SC Seminole no
S137 Ross Lake L T Seminole yes
S138 02235000 Wekiva River near Sanford S USGS Seminole no
S139 unnamed lake 5 L T Seminole yes
S140 02234500 St. Johns River near Sanford S USGS Seminole no

110 Hydrogeology, Water Quality, and Simulated Effects of Ground-Water Withdrawals from the Floridan Aquifer System,
Seminole County and Vicinity, Florida



Appendix 3. Supplementary surficial aquifer system wells in Seminole County, Florida

[--, no data. Source of data: Florida Department of Environmental Protection. Site locations shown in figure 5]

Bottom

Site Latitude/ . of Depth

number Longitude Station name casing of well
(feet) (feet)
SP1 283704 0811847  Texaco Service Station -- --
SP2 283730 0811927  Chevron Service Station 3 13
SP3 283750 0811439  Oviedo Maintenance Facility 1 11
SP4 2837550811206  Lake Hayes Treatment Plant 5 10
SP5 2837550811909  BP Oil Co. 5 15
SP6 2838450811615  Texaco Service Station - --
SP7 283856 0812103  7-11 Store -- --
SP8 283907 0811949  Aamco Transmission 5 15
SP9 283916 0812026  Cumberland Farms -- --
SP10 283933 0811046  Exxon Service Station -- --
SP11 283942 0812328  Exxon Service Station -- --
SP12 283950 0812655  Lynwood Water Treatment Plant 5 10
SP13 284003 0812345  Tri-City Electrical Contractors, Inc. -- 39
SP14 284016 0812010  Casselberry, City of 5 20
SP15 284027 0811542 7-11 Store -- 20
SP16 284046 0812511  7-11 Store 25 30
SP17 2840550812101  Browning-Ferres Facility 1 11
SP18 284058 0811858  Casselberry, City of 22 27
SP19 284126 0812111  UPS, Longwood Center 10 15
SP20 284202 0811748  Cumberland Farms -- --
SP21 284202 0811823  City of Winter Springs Fire Dept. 2 12
SP22 284307 0812011  Former School Bus Maintenance Facility 10 15
SP23 284407 0811816  Bob Dance Dodge 5 15
SP24 284454 0811755  Seminole County, Five Points Fueling Facility 10 20
SP25 284522 0811717  Cumberland Farms 2 12
SP26 284524 0811748  Cumberland Farms 20 25
SP27 284538 0811556  Barry's Appliance 10 15
SP28 284626 0811531  Central Florida Regional Airport 10 12
SP29 284638 0811636  Sanford Auto Mall 4 14
SP30 284646 0811515  Central Florida Regional Airport 15
SP31 284721 0811728  Sunlight Foods Facility -- --
SP32 284819 0811622  Sanford Police Dept. -- --
SP33 284821 0811733  CSX Transportation Railroad Facility 5 10
SP34 284837 0811830  M&M Auto Parts and Salvage 2 12

Appendix 3

111



I 0T [ 79 061 08 9v S8 43 11 (141 S'L (344 1T S6/1/S SOsn 107SSTI806E1¥8T 60T
011 0T LT 081 0S¢ €¢ S6 1 9% 1'6 0LT 6L S68 6°€C S6/6/S SOsnN 10LSOTIS0EETH8T 80T
€1 or 08T 0061  00+'C 8¢ 001°T 011 011 11 0€L - 0SS'9  6'€T S6/97/9 SOsn 105S80T80EEI¥8T  LOT
€I 0T (%4 001 00¢ v'C SS €1 9% I 0L1 S'L 019 L€t $6/01/S sosn T0LTETI80STI¥8T  #0T
0l 0T e €l 091 06 T8 v'L 6¢ 6'6 0€1 6L S6¢C LTt $6/01/S sosn 10TZSTI800C1+¥8C 0T
v0I 0T 0L ! 0€C 06 89 €8 €€ 86 0Tl 6L 89C 0+C S6/1/S sosn 108¥7C180611+8C 10T
vel 0T 91 86 orl 0% 6'S S8 (34 I or1 8L €0€ 1874 $6/T/S sosn 10818T180CII¥8T  L6I
LIT 0T 0 61 0.9 L'l 4! €8 9 81 061 - 09t €'€C $6/87/9 sosn 10¥€90180T11#8C 961
IST 0T 01 I 01¢ S'¢ 0L 1 S6 - - 6L 68¢ 6'TC $6/91/S ANMATS 109C1CI802S0¥8T 881
€1 0T LT 9 01¢ A ST 01 Ly 11 091 9L (1372 €T S6/T/S SOsnN 1097ST180€F078T €81
- - 4% 0€1 - - - - - - - 08 YL TSt S6/T/S sosn 100¥STI80EH0¥8T 81
61 00 0€€  00TT  009°C 6 00T 011 011 11 0€L - 091°L  T'€C $6/62/9 sosn 10¥FSOT80E0F8T 181
- - 44 0LT - - - - - - - - 09¢°T  6€C $6/6T/9 sosn 10LTSOT80EE0F8T 081
611 O 0L 43 0€1 Tl LT $'6 9¢ I'6 0€1 L'L T8¢ v S6/6/S sosn 100€T1180STOY8T  6LI
- - 00z oLTT - - - - - - - - - - T6/91/9 ANMATS 10¥CTLOT80STOY8T  8LI
81l 0T L8 I 08 7'l 8'S 7’6 8¢ L8 0€1 I'L 062 8'€C $6/8T/y sOsn 1002LT180900¥8C  SLI
61 0T 091 069 009°C 4 09¢ 147 16 4 (187 8L 089C 8¢ $6/6/S $Osn 1020¥01809S6€8C LI
911 0T 01 0 061 Sl 8T 9'8 (47 o1 or1 v'L 0Ty v $6/1/S $Osn 10TPT1180526€8C 191
LTl 0T 08’ 8L 09 oL 8'Y 8'8 6¢ 06 0€1 6L 89C 9°€C $6/¢/S $Osn 10€PSTIB0816E8C 651
st 0T 8¢ 081 08¢ 8¢ 001 14! 47 86 0L1 - 0.8 0°€C $6/97/9 $Osn 109S60180216€8C  8ST
€I 0T LT 011 092 9¢C 19 96 0S o1 091 6L $$9 Tre $6/1/S sOsn 10L0T1180806€8C LS
911 0T €9 (44 091 0T 4! LL 43 86 011 - 00¢ 8'€T S6/LT/9 sosn 106SE1T180106€8T  SST
- - - - - - - - - - - - $9C TSt S6/LT/9 sosn T0LYETTI80VS8E8T  IST
SoT 01> o 96 01C Tl 0L [ 9¢ 4 96 - €T §'sT $6/LT/9 sosn 10€090180€58€8T  0ST
00T O v'8 I 06 08’ 9 S'L €€ '8 011 €L 0sT vveT S6/€/S sosn T0TITTIB0ISEST  8Y1
S01 0T 6 08 o¥1T oL v's T8 43 01 011 '8 SsT 64T S6/LT/Y sosn 10100C180¥+8E8T b1
9Tz 0>  0£0 98 0z oL 9L [ 08 4! 01¢ - 09t - S6/6/S sosn 10SSLOT80EHBERT  €F1
691 0T 9T 9¢ 061 €l 81 (7 0L I 061 9L 0st %4 S6/1/S SOSN 100€T1180LE8E8C T
LST 0T 0¢ 091 0t9 8¢ 6 Sl 9 €l 0ce L'L 0L8 Tre S6/1/S SOsSN 10v7L01801C8€8T  1¥1
AN 4 9°¢ 01 001 0% €9 6L o 01 o€l S'L 3 9°€T S6/LTY SOsSN 10¥CLI180018€8C  S€I
Se1 0T 0t € 081 Tl €l L8 4% I 0SI1 9L 8LE 0t S6/LTY SOsSN 10v0T11808SLE8C €1
88  0¢ 0°S 9 ol 0L0 09 v'e 43 I 6 6L 01c 0t S6/S1/S SOsSN 10EFSTI807SLEST  OFEI
81 070 9 96 009°T  ¥C S €l €8 L1 09¢ 9L SeL L€t $6/6/S SOSN 10¥1€018007LE8T  6T1
Ayuno)) sjourudg
Amo%mo (4se (fosse (19 (s (M se (eN se (B se ®  (ois se Mwm_wmmv (swun  (woygr) (9,) Joquinu
ybw) VBW)  VBwW) seybw) sevBr) Bw) g, VEW) o qmu) ypw) e piep 2ouel 21m sjeq  eepjoeounog  uopeoyguepr  1OquNU
A apu aje} apu wnn wnis ‘wnipog wnis ‘wnpes  ‘eos ‘ssou -uejs) -onpuod  -esadwa) NS §O8N depy
-unexy -on|4 -Ing -o|yn -uonsg -sejod -m:mms_ -piey IQ o_m_ownw A9)epA

[¢ 231y ur umoys suoneso] ‘| xipuaddy woij a1e SIqUINU 9)IS "UBY) SSI *> ‘pazA[eur Jou ‘- ‘13| 1od
swesgororur /31 1oy 1od sweSiu “ /8w ) , §7 16 10)oWnud Jod SUSWISOIOI ‘WI/SH SNIS[OD) $9IIP D), *9[qISI[3ou st 1opew dje[nonted J1 ojqeredwod a1e SJUINIIISUOD [8)0) PUB PIA[OSSIP ‘10jem
punoid ur {[ej0) 10 paAossIp a1k sajduwes QINANALS PIAJOSSIP a1 SOS oY) £q pazA[eue sajdweg JornsI(] JUSWATBURA 1)\ JOATY SUYO[ IS ‘TINMULS AoAIng 801501030 'S ‘SDS( ‘BIEp JO 221n0S]

eplo|4 ‘sanuno)
eISN|OA pue ‘ebuelQ ‘exyeT ‘pienalg jusdelpe Jo siied pue ‘ejoulwag ul sjjem Jajinbe ueplio|4 Jeddn wouy Je1em Joj ejep |eoisAyd pue [eoiway) - xipuaddy

Hydrogeology, Water Quality, and Simulated Effects of Ground-Water Withdrawals from the Floridan Aquifer System,

Seminole County and Vicinity, Florida

112



- - 0€1 688 - - - - - - - - - - T6/6/11 ANMATS 100€ET180THSY8T  9LT
- - 6Ty 8SL - - - - - -- - - - - 16/22/1 ANMATS 10LSYTIS0SESY8T VLT
1€l oI 69 Ly 0LI vl 9T 6L 9 96 0S1 vL 81¥ 6'€C S6/T/S sosn 1067L11802CSY8T  OLT
- - 0T 66 - - - - - - - - St (R4 $6/82/9 SOSN 108180180615¥8C  69C
- - 0T 0T - - - - - - - - SSh - S6/11/S SOSN 1007CC18091S¥8C 89T
- - vy 9IS - - - - - - - - - - T6/01/¢€ ANMATS 1080SC1808S¥¥8C  L9T
LI 0T 98 0€9 001°1 01 ove S¢ 9L I ore - 08¢ €sT S6/LT/9 SDSN 106S¥11809S¥¥8C 99T
161 0§ 0 4! 0€e 0oL 0L L'l SL - - I'L £0¥ 0'Te S6/11/1 ANMATS 10¥2S01802F¥¥8C 79T
- - ST I - - - - - - - - o€t - S6/01/S SOSN 106SL11800¥¥¥8C 19T
9LT 01> 6€ 01¢ 000'T  +9 091 €T €L L6 08¢ L'L 09t°1 6'1C S6/8/S SDSN 1010S0180vEF¥8T 09T
- - 0€1 0£8 - - - - - - - - 0zTI‘e - S6/71/9 SOSN 10STSTI80TEPYST 65T
€€l or ST 8 0€T 0% ¥'s S8 w 11 oyl 9L i3 S€e S6/LT/Y sosn 109%0T1806ZHY8T  LST
I oI 011 089 096 4! 08¢ 9 99 01 09¢ 6L 099 T¥T S6/01/S sosn 10TSST1808TH¥8T 95T
88  0I> 8T S8 00 0L €9 'l 9¢ ! S6 08 SIt 8T S6/S1/S sosn €092L01808TH¥8T  SST
- - 09%  0¢£S - - - - - - - - - - 16/22/1 ANMATS 10L1STISOITHY8T  +ST
v 0T 1T I's 0€T 0% 9¢ 6L 143 o1 0zl L $9T (74 S6/LTY SOSN 10L¥6118010¥¥8C  0ST
- - 0€C 6L - - - - - - - - - - 16/22/1 ANMATS 1067STI801+EY8T  8¥C
- - 8¢ 4! - - - - - - - - 0ST - S6/1€/L SOSN 109¥811806E€¥8C  L¥T
8¢l 0l 01L 00v'y  006°S 9T 009°C 0€C 07C I 00S°T 9L 00L%1 v'eT S6/8/S SOSN 1001€01801€EY8T  9¥T
- 0T 081 00T'1T - ¥ 089 SL 06 - - 9L 08Ty  ¥'TC ¥6/T1/v ANMATS 10L260180STEY8T  €¥C
€T 0> 0s ¢l 00T'T 81 I (44 s - - L 0€¢ L'Te S6/11/% ANMATS 10€7801802TEY8T  THT
- - I €1 - - - - - - - - 994 - S6/11/S SOSN 10V€1CI80LIEY8T  OFC
- 0T 8T 4! 091 06 6L €8 €€ 11 0zl 6L €92 LTt £6/S/8 ANMATS TOLTBIIR0SIEY8T  8€T
- - 6cC  SSS'T - - - - - - - - - - 98/L/11 ANMETS 10LT0T18090€¥8C  LET
- - 91 €Tl - - - - - - - - - - 16/22/1 ANMATS 109192180S0€¥8C  9€T
w91 01> 0 1 081 01 09 ST 8¢ - - L LTE 9'TT S6/tT/S ANMATS 1080L0180LYTH8T  tET
L6 0T 86 6 00v'1 €T S¢S 4l S 06 061 YL 01L (%74 S6/11/S SOSN 106¥€C180VYTH8T  TET
- - 68 08 - - - - - - - - €29 ST L6/¥T/y SOSN 106STTI80EYTH8T  0€T
6C1 0T 6T 06 0€1 08 LS 8L (94 o1 orl 8L €8¢ 6'€T S6//S SDSN 102061180LECHS8T  9TT
¥€T 0T 0LT () 009°1 ¥ 09t ¥S 19 - - 0L 09sc  L'TT S6/TT/S ANMILS T0TSYO180€ETH8T  +TT
- - 061 oLY'1T - - - - - - - - - - €6/£T/T ANMATS 1020111802€TH8C  TTT
Iyl 0T 09L 00€S  009°L 6 00S°C 062 LE - - 0L 00%°C1 ¥'Te S6/TT/S ANMATS 100€20180L1CH8T 61T
9¢1 0T 91 I'6 001 0L 6'S v'8 6€ I'6 o€l TL 00¢ 0'€T S6/01/S sosn 10¥¥L1180L0CHST 91T
- - 091 001°'T - - - - - - - - 0S¢ - $6/8/8 SDSN 10920118010C#8C  ¥1T
- - ovl 000'T - - - - - - - - 00€°¢ - S6/1/8 SOSN 10LT0T1806S1¥8C  €1T
awws (4se (osse (19 bs  Oise oo Bmse ol Mwwmmv (swun  (wosr)  (9.) Joquinu
7/6w) VBw) - 6w) - se/buw) seybr) /Bw) 7/6w) /6w) se 7/6w) /Bw) |e303 plep SOUE iy ajeq ejep Jo a2Inog uolesyiyuapl Jequinu

‘apu ‘a)ey ‘apu ‘wnny ‘wnis | ‘wnis | . . -ue)s) -onpuod  -esadwa) depy

A -on|4 -Ing -o|yo -uol)}s -sejod wnipes -aubep wnioed eMs ssou Hd ol0adg J9)epm ous sosn
-ulfe)y -pieH e
[¢ 2anS1y ur umoys suonedso ¢ xipuaddy woiy are s1qUINU IS "UBY) SSI[ > ‘pazA[eur jou ‘-- ‘10y1] Jod

swrerdororu “7/3n (19y1] 1od swreaSiiur ‘8w ¢ , g I 10oWNU0 Jod SUSWISOIIW ‘Wd/SN {SNIS[a)) $2139p ) , 2[qIS1[Sau s1 1opewr Ajenonted J1 ojqeredwod ore SJUIMIISUOD [€10) PUB POAJOSSIP Idjem
punoid ur {[ej0) J0 pAAJossIp 21k sajduwres QINAALS PRAJOSSIP 218 SOS o) Aq pazATeue sojdureg Jo1nsI(J JUSWATRURA 10JeA\ JOATY SUYO[ 1S ‘TINMULS “AoaIng [e01301020) 'S ‘SOS( (BIEP JO 99IN0S]

panuiuoD--BpLIo|4 ‘S8luN0)
BISN|OA pUE ‘abuelQ ‘oyeT ‘piersiq jusoelpe jo sued pue ‘sjoulwag Ul s|jom Jajinbe ueplioj4 Joddn woly Jeyem Joy ejep [eaisAyd pue [esjwsy) -y xipuaddy

113

Appendix 4



1z 0T 0¥  000C  00T'L LT 0v8 011 081 - - 1’9 09%'s  6CC S6/21/9 ANMALS 106vLS080¥¥9€8T 0TI
Ajuno) paeadag
w0t 0C 08 09¥ 81 £ L6 S 88 0S1 08 S¥s 0'€C S6/01/S SOsSN 101S12180200S8C  THE
8¢l 0T 0SS 0LLT 008 Y4 096 011 0LT - - 0L 09T°S  0€C S6/8/8 ANMALS 10€TYTI80100S8T  1¥€
911 0T 69 0S¢ 006 (44 0zl 1T S9 98 0S¢ S'L 0TT’l v'€C S6/11/S sSOsn 10110C1807S6¥8T  OF€
ver 0T 9L w 06S Tl < 88 8¢ L8 o€l - 76€ (454 $6/67/9 sSOsn 10EV611809V6¥8C  6€€
9¢l 0T 0LE  00€T  00€¥ SI 0€L 8L 002 96 0€8 S'L 008%  €7TC S6/11/S sOsn 10T77C180ST6¥8T  8€€
ST 0T 6C 91 08T 08 1'6 08 (014 96 o€l €L (443 6'CC S6/LT/Y SOsN 10SS611800S878T €
- - 09 0LT - - - - - - - - 01€l - S6/LT/9 ANMALS 100TST180LESY8T  TTE
SIT o€ 09 I ovl 01 08 €3 43 - - L9 (454 L'€T S6/L/8 ANMALS TOEYPTIS0SESYST  1T€
- - L6 4% - - - - - - - - - - 68/%1/1 ANMALS 10€SSTI80SE/YST  0TE
vel  0¢ 44 L8 0L9 Sl Sy L1 99 - - I'L 099 €YT  €6/17/01 ANMALS 106S¥T1806Z8Y8T  61€
- - 8L ¥0S - - - - - - - - - - £6/8/T ANMALS 10€1C1180608¥8C  91¢€
€Cr 0T 6T Ly 0€T Tl ¥C 01 9 L6 091 - 01s - S6/11/S sosn 1012HTI80T08Y8T  TIE
- - 0T 6L - - - - - - - 8L 4 €€t S6/11/S sosn 101112180208%8C  11¢€
- - €T 61 - - - - - - - - 0l¥ e S6/11/S sosn 10L261180208¥8C  01¢€
- - 0L 00¥ - - - - - - - - 06S°1 - S6/11/L SOsN 107PF1180LSLY8T  60€
vel 0T 89 0zh 00T T9 0€T ST 6L 11 00€ - 008°1 8'€C $6/8T/9 SOsSN 108771180€SL¥8T  80€
- 0T 08 0€s 00T 88 SLT 3 L 86 01€ 08 0€1°C 15T £6/7/6 ANMALS 10€TET1800SLP8T  LOE
vyl ol 6'¢ vl orl 06 08 69 43 L6 091 L'L (0]43 v'€C S6/T/S SOsN 10€181180TCLY8T  10€
- - 98 ovs - - - - - - - - 02TT - S6/LT/9 SOsN 1020€1180TCLF8T  00€
68T 01> 0C 43 08¢ Tl 0T v'e 0Tl - - 69 659 0cC S6/6/1 ANMALS TOSISOI80SILYST 86T
0T oI €€ 009 00LE StV ove It 0€1 L1 00S 0L 0SET  €9C S6/8/S sosn 10€PP0T80TILYST 96T
60€ 01> 09° ST 0€L 91 91 08 011 81 01¢ L S99 9'€C S6/8/S sosn 1080L0T8090LY8T  S6T
- - 011 0ZL - - - - - - - - 08$°C - S6/31/L sosn 109TT1180€S9¥8T  €6T
€L 01> ST 91 0L T €8 S'S LS 88 0LI 9L Sse [ S6/7/S sosn 10LS811808€9¥8T  T6T
- - 8T 001 - - - - - - - - - - 16/27/1 ANMALS 10¥SYTI80YEIY8T 06T
- 0T 0T 0€ 06L Tl 91 w 16 0T - 0L 669 €Y £6/1/6 ANMALS 1081S0180979¥8C 88T
1z or 00T 001  00I°¢ 81 ovL 89 091 8 089 9L 0067  9'€C S6/8/S sSosn 107S60180819¥8C  S8T
- - 6 (43 - - -- - - - - - - - 16/9/S ANMALS 106011180909¥8C €8T
Lo T S'6 0S 09’ ¥'S €38 0S 01 091 L See 0'€C S6/LT/Y sSosn 1010€C180209¥8C 18T
- or 'S T8 9s oL vy (47 8¢ ¥'8 011 L'L 09¢ [ €6/1/11 ANMALS 10870C180€SSY8T 08T
orl oI - 6t - - - - - - 091 L'L - - $6/S1/c  pIoyues Jo KD  1061L1180ESSH8T  6LT
961 01> 0T ST 08¢ €1 91 s 1L 0€ 002 S'L 6LY 9'CC S6/8/S sosn 10STLOTI800SS¥8T  8LT
871 Ol 6'S 99 ot 08 (a4 9L w v'8 ovl €L 06¢ 0T S6/LT/Y sosn 10€P1TI806SY8T  LLT
awws (4se (fosse (19 bs  Oise oo Bmse ol Mwwmmv (sun  (woist)  (9.) Joquinu
7/Bw) ._\95 ._\m_E mm.:mEv mw Er) ”_\ Bu) 7/6w) H:mEV se 7/6w)  7/6w) 1ejo} pieh 20U} o1m ajeq ejep Jo a2unog uoneoynuepy  egunu
A T ajey apu wnp wnis ‘wnpog wnis ‘wnoes  ‘esns ‘ssou -ue)s) -onpuod  -esadwa) NS SOSN depy
-unexy -on|4 -Ing -o|yn -uonsg -sejod -m:mms_ -piey IQ o_m_ownw A9)ep

[€ 2131y ur umoys suoneosof | xipuaddy wWoIJ 18 sIPqUINU IS "UBY} SSI[ ‘> ‘pazA[eue Jou ‘-- 1oy Jod
swrexgororuwr /31 103y 10d sweSiu /8w ¢ , 7 16 10JoWnuad Jod SUSTUSISOIONW ‘Wo/SH SNIS[e)) $92139p ), "9[qISI[Sou sI Jopew denoned J1 ojqeredwod o1e SJUIMSUOD [B10) PUL PIAJOSSIP ‘Iojem
punois ur {[ejo) I0 POAJOSSIp a1e sojdwes (QAMMULS SPIAJOSSIP a1e SOS) oY £q pozATeue sojduwreg 1o1nSI(T JUSWOSBURIA I0JeA\ JOATY SUYO[ IS ‘QINMILS “AoAIng [e0180[09D) *S N ‘SDHS( :8IEP JO 90IN0S]

panuiuoD--BpLIo|4 ‘S8luN0)

BISN|OA pUE ‘abuelQ ‘oyeT ‘piersiq jusoelpe jo sued pue ‘sjoulwag Ul s|jom Jajinbe ueplioj4 Joddn woly Jeyem Joy ejep [eaisAyd pue [esjwsy) -y xipuaddy

Hydrogeology, Water Quality, and Simulated Effects of Ground-Water Withdrawals from the Floridan Aquifer System,

Seminole County and Vicinity, Florida

114



- -- 6'C 4! -- - - -- -- - - S'L gee ¥'€T S6/TT/S SOSN TOLT9TT1806SES8T  S9¢
SLT 0l 9¢ 00S 0€s 8'8 06¢ 9T 1L -- - 09 0€0°C €T S6/€1/9 ANMASS 10TPPI180€S1S8T  6S¢€
- - €9 00T°1 - - - - - -- - - - - €6/61/1 ANMALS C06S0TI80SEIS8T  9S¢
- - I's I - - - - - - - - S %4 - S6/TT/S SOSN 106¥60180¥170S8C 8t ¢
- - LTI 144 - - - - - - - - - - €6/71/1 ANMASLS 10CT61180€Y0S8C  L¥E
sce  or 0l Se 018 01 ST LY ovl - - 99 685 1'TC S6/TT/S ANMASS 10€7901801€0S8C  St¢
- - 0T 4 - - - - - - - - 06L - S6/£T/S SOSN 101¥10180910S8C  €¥¢
- - 0S1 069 - - - - - - - S'L 08LC 0°¢T S6/TT/S SOSN 100TT1180206¥8C  LTE
£yuno)) vISNjoA
101 oI 091 143 0091 t'1 1T 61 08 Cl 08¢ 6L 099 I'tC S6/91/S SOSN 10908C180S€9¥8C 16T
66 0¢ 051 (1}%4 00LT €€ 011 ST 8 11 01¢ YL 0TT1 0¥C S6/91/S SOSN 10TS9TI801+¥SH8T  SLT
- - 6L L9 - - - - - - - - 0LE €T S6/91/S SOSN 10¥¥8C180¢SHP8T 9T
66 0¢ 1374 |87 0LL [ €C 11 [S% 11 091 L'L Sey ¥'CT S6/91/S SOSN 100CLTI806CYY8C  8ST
11 0T 91 01 01¢ 8T 09 11 144 -- - L'L 85T €T S6/L1/S ANMASS €08SLTI808€TP8T  8TT
-- -- 9°¢ €l -- - - -- -- - - -- 8¢ Tve S6/81/S SOSN 10vS611809v9€8C  TTI
-- -- 0l 86 -- - - -- -- - - -- SI¢ (74 S6/L1/S SOSN 1090ST118090¥€8C 901
91 0T [44 SS 001°T 0¢C 43 €1 8¢ -- - 69 0€s 9°¢T S6/¥T/S ANMASS 10TES01806¥CE8T 68
-- -- (144 009 -- - - -- -- - - -- 009°C 1'¢€T S6/91/S SOSN 10S€85S080V1CE8T €8
Ayuno)) IgueiQ
8LT 0T 1L 05T 0L6 6C 08 LT 8L 6 0LT S'L 096 L'TT L6/8/1 SOSN 10CIPTI8OYSYS8T  0LE
SLT 0T 001 (144 00T €% 0TI 1T ¥6 01 0c¢ €L SLTT L'TT L6/8/1 SOSN 10TCPTI800£CS8T  T9¢€
101 0T 0S¢ 09L 00S°C 4! 08¢ 0S ¥6 -- - L 09%°C 8'1¢C S6/0C/v ANMASS 10TEPTIBOLS0S8T  0S€E
161 0T 0c¢ 09t 001'c L8 (1144 (97 091 -- - 89 €L8°1 L'TT S6/0C/v ANMALS 10€€STI808T0S8T  tHe
691  0¢ 0l (1% 08¢ €1 09 9 8¢ -- - L'L 1T¢ 9CT S6/1T/8 ANMALS 108SST180¢€6¥8C  S€¢
001 0¢ 8¢S S'L - 09’ I's €T I 96 011 8L 8743 6'CC 96/TT/11 SOSN 106¥6C1806T6¥8C  tE¢
601  0¢ 0¢€C 00t 006 t'S 01¢ 8¢ 01t 11 (1574 S'L 0261 L'€T L6/01/9 SOSN 00LISTI800VLY8T  ¥0¢€
£yuno) e
awws (4se (fosse (19 bs  Oise oo Bmse ol memmv (sun  (woist)  (9.) Joquinu
7/6w) ._\95 ._\95 mm.:msv m“m._\mé ”_\95 7/Bw) H:mEV se 7/6w)  7/6w) 1ejo} pieh 9oues o 2)jeq  ejep jo adunosg uopeoypuepy  1PWNU
A T ajey apu wnp wnis ‘wnpog wnis ‘wnoes  ‘esns ‘ssou -ue)s) -onpuod  -esadwa) NS SOSN depy
-unEeny -on|4 -|Ing -0|yo -uos)S -sejod -aubep -pieH Hd ol0adg J19)epy

[€ 2131y ur umoys suoneosof | xipuaddy wWoIJ 18 sIPqUINU IS "UBY} SSI[ ‘> ‘pazA[eue Jou ‘-- 1oy Jod
swrexgororuwr /31 103y 10d sweSiu /8w ¢ , 7 16 10JoWnuad Jod SUSTUSISOIONW ‘Wo/SH SNIS[e)) $92139p ), "9[qISI[Sou sI Jopew denoned J1 ojqeredwod o1e SJUIMSUOD [B10) PUL PIAJOSSIP ‘Iojem
punois ur {[ejo) I0 POAJOSSIp a1e sojdwes (QAMMULS SPIAJOSSIP a1e SOS) oY £q pozATeue sojduwreg 1o1nSI(T JUSWOSBURIA I0JeA\ JOATY SUYO[ IS ‘QINMILS “AoAIng [e0180[09D) *S N ‘SDHS( :8IEP JO 90IN0S]

panuiuoD--BpLIo|4 ‘S8luN0)
BISN|OA pue ‘ebuelQ ‘eye ‘piersig jusdelpe Jo siied pue ‘ejoulwag Ul s|jam Jajinbe ueplioj{ Jaddn wol) Jejem Joj erep |eaisAyd pue [esiway) “p xipuaddy

115

Appendix 4



sclr or 011 029 00S‘T T8 (1143 9¢ 06 98 0LE - 00%°C 0°€T S6/€T/9 Sundg D 006£811807158C  8S€
Ajuno) eIsnjoA

88 or’ (14 8 0LT [ I's 08 [43 ¥'6 (1281 - 0S¢C 8'¢€T S6/ST/S s3uridg ooy 019v€CC0  1LT

SIr or 81 14! 0¢l Sl L'8 01 (114 1’6 ()41 - 61¢ 8'¢T S6/ST/S  sBuLdg BADOM 009¥€CC0  1€C
£jpuno) Ijue.iQ

Y0l 0T (¢4 oI 00¥'c 01 'L (44 001 Cl 023 8L 00L £6¢C S6/k7/s  Suudg juessojy GGTSETT0  PSE

78 (4 9 98 0SS 08" 0'S 1T 974 '8 091 6'L gee |74 S6/¥7/s  ssundg ajourmog 0SCSETC0  6v¢

LIT 0T [43 I'L (1287 08 0's I |84 0l 0S1 S'L S0¢ 6°¢C L6/L1/9 Sundg K101 008£0€180076+8C  LEE
£yuno) e

971 0T 0IS  006T  00LY 9T 000°T 00T 0T 11 0L6 - 0S8 0%T  96/T1/8 Sundg pue[s] 00£0STIS0TI6V8T  O€E

Sundg

911 0T 0S¢ 0€8 00T°¢ 11 0Ly 09 091 I1 059 - 0S¢e 6'CC 96/91/8 youeld eAOM 0080STIB0C06¥8CT  8TE

801 0T '8 1T (li44 080 9 08 43 08 (1281 - €9¢ yve $6/9T/S sguridg rurery 0S91€CC0  STT

€I 0T LE 0¢l 0sy 6'C ¥9 Sl B4 (121 081 S'L 01L L'€T S6/L/T sguudg uoyID 00F1H11809S1+8C TIT

[44 4 14 1T 00¢ a! I I 144 6'8 091 - 0S¢ Tye S6/S7/s  Buudg yonqreig L66veceo 11T

811 0T €C ST 09¢ 01 98 (011 8¢ L1 ol - Y43 Sve S6/ST/S sgutidg wred 00¥€ETISOLTIYST  SOT

yel  0C0 cl Ll 08 9l S Cl 34 98 091 - 9¢¢ ST $6/ST/s  s3uudg opue[ues 00SHECISO611H8T 00T

Ayuno)) djourwdg

(fooed
(fooeo  (4se b (1 (1s (M se (B z (wa
seqbu) vow) _(OS sequw) seypm) qpu) N o seqpuw) 2 o COIS o se (SN oy oog (O odunu iy
se"/Bbw) se /6w) se 7/6w) se-/Bw) /6w) |ejo} piepuels) ainjesad ajeq aweu Bundg uolje uapi
A ‘opu ‘ajey|n opu wing ‘winis ‘wnipo ‘winis ‘wnioje: ‘el ‘ssau d ~onpuos wia} Jaje ajis dep
-ueyly -oni4 Jejing -o1y9 -uong  -sejod Ipos -auBey 191ed o H oyi0adg } J9jepy NS SOSN

[€ 2an31y ur umoys suoneoo| ¢ xipuaddy woiy a1e sIqUINU 91§ "ASAING [BIIS0[0dD) 'S () BIep
JO 90IN0G "PIAJOSSIP AIB SUONBIUIIUOD [[ "UBY) SSI] > ‘pazATeur jou ‘- 1oy 1od swrerSororu /3 <1091] Jod sweadijiu /8w ) , G7 18 101ewnuad 1od SUdWISOIdIU ‘Wwo/ST {SNIS[a)) $93139p D) ]

epLIo[{ ‘senuno) eisnjoA pue ‘ebBuelQ ‘exeT ‘sjouiweg ul sbulids Jsjinbe ueploj4 Joddn wouly Jeyem Joy ejep [eoisAyd pue [eoiwsy) -G xipuaddy

Hydrogeology, Water Quality, and Simulated Effects of Ground-Water Withdrawals from the Floridan Aquifer System,

Seminole County and Vicinity, Florida

116



Jaded pajoAoal uo pajuld @

GgLog 8ung

Joa11s ybnouolig YuoN /22
Aaning |ea1b0j09) ‘SN

ZLE1L-10€ZE T4 ‘essseye|e]
Jousyu| sy} jo uswpedsq 's'N

Z811U1L0 HIdM Aening [eoibojoan "S'N gepuol4 “Ajuno sjoulwes ‘Welshs
JaJinby UBpLIO|4 8Y) WOJ) S|EMBIPYIAA J81IBAA-PUNOIS) JO S)oayT paleinwig pue ‘Aljenp Ja1ep) ABojosBoipAH O piolleH "M pue Jajyoeds "Ny



	COVER
	Title Page
	CONTENTS
	FIGURES
	TABLES
	CONVERSION FACTORS, VERTICAL DATUM, ABBREVIATIONS AND ACRONYMS

	Abstract
	INTRODUCTION
	Purpose and Scope
	Previous Investigations
	Acknowledgments
	Well-Numbering System
	Description of the Study Area
	Figure 2.
	Data Collection
	Figure 3
	Figure 4.
	Figure 5.
	Water Use
	Figure 6.

	GEOLOGIC FRAMEWORK
	Figure 7
	Figure 8
	Figure 9

	HYDROGEOLOGY
	Surficial Aquifer System
	Figure 10.
	Table 1.
	Figure 11
	Figure 12.
	Intermediate Confining Unit
	Figure 13.
	Floridan Aquifer System
	Figure 14
	Figure 15.
	Figure 16
	Overview of Hydraulic Characteristics
	Figure 17
	Effects of Geohydrologic Interpretation on Estimates of Hydraulic Characteristics
	Figure 18
	Table 2.
	Figure 19.
	Figure 20.
	Ground-Water Flow System
	Table 3.
	Figure 21

	UPPER FLORIDAN AQUIFER WATER QUALITY
	Figure 22.
	Figure 23.
	Major Constituents
	Figure 24.
	Figure 25.
	Figure 26.
	Figure 27.
	Figure 28.
	Vertical Distribution of Chloride Concentrations
	Figure 29.
	Figure 30.
	Long-Term Trends
	Figure 31.
	Figure 32.
	Figure 33.
	Figure 34.
	Figure 35.

	WATER BUDGET
	Figure 36.

	SIMULATION OF GROUND-WATER FLOW IN THE SURFICIAL AND FLORIDAN AQUIFER SYSTEMS
	Description of the Ground-Water Flow Model
	Hydraulic Properties
	Figure 37
	Surface-Water Features
	Figure 38
	Pumpage and Spring Discharge
	Reclaimed Water and Drainage Wells
	Figure 39
	Boundary Conditions

	Model Calibration
	Observations
	Parameter Estimation
	Table 4.
	Figure 40
	Figure 41.
	Figure 42
	Figure 43
	Figure 44
	Figure 45
	Figure 47.
	Figure 48
	Table 5.
	Sensitivity Analysis
	Figure 49
	Figure 50.
	Figure 51.

	Ground-Water Flow During the Calibration Period
	Figure 52.
	Figure 53
	Figure 54
	Figure 55.
	Simulation of Projected 2020 Withdrawals
	Figure 56
	Figure 57
	Figure 58
	Figure 59
	Figure 60
	Figure 61.
	Simulation of a Drought in 2020
	Figure 62
	Figure 63.
	Model Limitations
	Alternative Models

	SUMMARY AND CONCLUSION
	SELECTED REFERENCES
	APPENDIXES
	Appendix 1.
	Appendix 2.
	Appendix 3.
	Appendix 4
	Appendix




