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A digital model was calibrated for the predevelopment era, wherein steady-
state flow conditions were assumed (Ryder, 1982). Transmissivity and recharge
rates were adjusted during calibration to make simulated values of heads and
springflows approximate observed values. These values were changed only slightly
for the 1976 conditions calibrated in this study. Recharge rates and transmis-
sivity thus derived are similar to initial estimates. Calibrated transmissivities
for the Upper Floridan aquifer range from less than 17,000 (offshore where the
aquifer thins) to approximately 13,000,000 feet squared per day (near large
Springs). Under prepumping conditions, simulated recharge to the system was
about 2,500 million gallons per day. Of this amount, about 84 percent was dis-
charged as springflow and about 16 percent was diffuse upward leakage--primarily
along the coast.

Under 1976 steady-state conditions, total simulated recharge to the Upper
Floridan aquifer was 3,200 million gallons per day; of this, 64 percent was dis-—
charged as springflow, 30 percent was discharged from wells, and 6 percent was
discharged as diffuse upward leakage.

Major water-demand problem areas have been identified as the coastal zones
from Pasco County southward to Charlotte County, where municipal demands for the
year 2035 are projected to increase by about 380 million gallons per day over the
1975 rate. This increase in water demand will have to be obtained mainly from
large well fields located inland away from the Gulf and northward where supplies
are abundant. Additional supplies in the south will be derived mainly from in-
?reased downward leakage, and in the north, they well be derived mainly from
intercepted spring discharge.

A digital model simulation of two hypothetical well fields illustrates the
large difference in the hydraulics of the flow system in the northern part of
the study area compared to that in the south. The simulation also demonstrates
the applicability of modeling techniques to water management and planning.

INTRODUCTION

-~

Floridan Aquifer System Regional Study

. In 1978, the U.S. Geological Survey began a 4-year study of the Tertiary
limestone aquifer system (hereinafter referred to as the Floridan aquifer sys-
tem) of the southeastern United States. The purpose of the study, described in
detail by Johnston (1978), was to provide a complete description of the hydro-
geologic framework, geochemistry, and regional flow system of one of the major
aquifer systems and major sources of ground water in the United States. In re-
Cént years, problems have developed in utilizing the aquifer, including declining
Water levels, saltwater intrusion in coastal areas, and inadequate supplies of
fresh ground water locally.

The regional study encompasses all of Florida and extends iato parts of
GEOrgia, Alabama, and South Carolina--a total of about 90,000 mi (fig: 1).: The

;igiOnal study was divided into subregional, or subproject areas, as shown in
gure 1,






To date (1983), a total of 15 publications--12 regional and 3 subregional
in scope--have resulted from the study. Other activities associated with the
study have led to additional published reports; these reports have been site-
specific and are included in the '"Selected References' section.

The 12 regional publications include: maps of the potentiometric surface
of the Upper Floridan aquifer (Johnston and others, 1980; 1981); maps that des-
cribe the thickness, base, and top of the Floridan aquifer system (Miller, 1982a;
1982b; 1982c¢); and the thickness and base of the Upper Floridan aquifer (Miller,
1982d; 1982e); water-chemistry maps that show sulfate, total hardness, chloride,
and dissolved-solids concentrations for the Upper Floridan aquifer (Sprinkle,
1982a; 1982b; 1982c; 1982d); and a report that describes the regional flow sys-
tem prior to development (Bush, 1982). Three reports that describe the hydro-
geology and predevelopment flow system in subregions D, E, and F (fig. 1) are,
respectively: Tibbals (1981), Krause (1982), and Ryder (1982).

The regional analysis of the Floridan aquifer system is described in a
Professional Paper 1403 series that consists of nine chapters as follow:

A. Summary of the ground-water hydrology;

B. Hydrogeologic framework;

C. Regional ground-water hydrology and development;

D. Ground-water hydrology--southeast Georgia, northeast Florida, and

southern South Carolina; '
E. Ground-water hydrology--east-central Florida;
K. Ground-water hydrology--west-central Florida (this report);
. Ground-water movement in south Florida;
H. Ground-water hydrology--southwest Georgia and northwest Florida; and
I.  Ground-water chemistry. )

West-Central Florida Subregional Study

Purpose and Scope <

The study that generated this report is one of a series that comprise the
u.s. Geological Survey's Regional Aquifer Systems Analysis program (RASA), a
federally funded, nationwide effort to provide comprehensive descriptions of
?ajor aquifer systems in the United States. Specifically, the RASA projects are
intended to define (1) the hydrology of the regional aquifers before significant
development of ground water; (2) the changes or stresses on the aquifers caused
by man; and (3) the hydrology of the aquifers as they exist today, including the
effects of development.

The primary method of meeting these objectives was the development of a
multilayered, digital ground-water flow model. The modeling section of this
Teport and a previous preliminary report (Ryder, 1982) document the use of the
Mmodel to simulate the regional flow system.

Results of this study will aid water managers and others by providing (1) a
description of the hydrogeologic framework and the associated ground-water flow
System and (2) a digital computer model that assesses effects of large withdrawals
°f ground water.



Description of the Area

The study area jncludes all or part of 18 counties in west-central Florida.
The nearly 10,600-mi”~ area approximately coincides with the Southwest Florida
Water Management District (fig. 2).

Topography in the southern half of the study area is characterized by a low-
lying coastal plain that gradually rises toward the east, butting against sand-
covered ridges that are at about 200 feet above sea level. There are numerous
lakes in the ridge areas. Surface-water drainage is relatively well developed;

major streams include the Peace, Myakka, Manatee, Little Manatee, and Alafia
Rivers,

The ridges trend in a north-northwesterly direction through northwestern
Polk, eastern Pasco, east-central Hernando, and central Citrus Counties. Sur-
ficial sands and clays become relatively thin and discontinuous in the more
northern areas. Locally, the sands and clays may support a perched water table
Or small lake, but generally limestone lies at or near land surface. Irregular
karst topography occurs in northern areas with numerous sinkholes and poorly de-
Yeloped surface drainage. The coastal plain narrows toward the north, reaching
1ts narrowest point in Citrus County. Eastward of the ridge, the topography be-
Comes more subdued and has numerous swamps, lakes, and shallow sinkholes. Major
Streams draining the northern area include the Hillsborough, Anclote, Pithlachas-
Cotee, Weeki Wachee, Chassahowitzka, Homosassa, Crystal, Withlacoochee, Oklawaha,
and Waccasassa Rivers. Springs that discharge from the Upper Floridan aquifer
account for a significant part of the mean annual discharge of many of these
Streams; for some streams, the discharges are virtually all springflow.

Records from 23 weather stations within and near the study area show that
average rainfall for the period 1915 to 1976 ranged from 48 in/yr at Tampa to
nearly 57 in/yr at Brooksville (Palmer and Bone, 1977, p. 6). More than half
of the total rainfall occurs during June through September.

Previous Investigations

Numerous geological and hydrogeological investigations within or including
the study area have led to published reports by the U.S. Geological Survey, the
Florida Bureau of Geology (formerly the Florida Geological Survey), other state
and Federal agencies, consulting firms, and others.

’ A regional report on the Tertiary limestone aquifer by Stringfield (1966)
includes a review of the literature and a comprehensive summary of the hydrogeol-
O8y and geochemistry of the Floridan aquifer system. Wilson anq Gerhart (1982)
Studied the Upper Floridan aquifer in an area of about 3,500 mi~ in Manatee,
SaraSOta, Charlotte, De Soto, Hardee, and parts of Hillsborough and Polk Counties.
hey presented the results of a two-dimensional, single-layer, digital flow model.
Grubb ang Rutledge (1979) also used a two—dimens}onal ground-water flow model to
€valuate the water-supply potential in an 870-mi” area known as the Green Swamp
that includes parts of Polk, Pasco, Hernando, Sumter, and Lake Counties. Faulkner
(1973a) q{a8udied ‘tHe hydrology of large springs associated with one of the world's






most highly developed subsurface drainage systems in Marion County. A compre-
hensive study of the water resources of the Southwest Florida Water Management
District (U.S. Army Corps of Engineers, 1980) focuses on the problems of water-
resource development and management. Other reports and investigators are
referred to in subsequent sections of this report.

Publications resulting from the RASA program include: maps of the poten-
tiometric surface of the Upper Floridan aquifer (Johnston and others, 1980;
1981); maps that describe the thickness, base, and top of the Floridan aquifer
System (Miller, 1982a; 1982b; 1982c); and the thickness and base of the Upper
Floridan aquifer (Miller, 1982d; 1982e); water-chemistry maps that show sulfate,
total hardness, chloride, and dissolved-solids concentrations for the Upper
Floridan aquifer (Sprinkle, 1982a; 1982b; 1982c); and a report that describes
the regional aquifer flow system prior to development (Bush, 1982). Three RASA
reports that describe the hydrogeology and predevelopment flow system in sub-
regions D, E, and F (fig. 1) are, respectively: Tibbals (1981), Krause (1982),
and Ryder (1982).

HYDROGEOLOGIC FRAMEWORK AND HYDRAULIC PROPERTIES

Floridan Aquifer System

The Floridan aquifer system consists of a thick sequence of carbonate rocks
of Tertiary age (table 1). Parker and others (1955, p. 189) originally defined
the Floridan aquifer as including parts or all of the Avon Park and Lake City
Limestones, Ocala Limestone, Suwannee Limestone, Tampa Limestone, and permeable
Parts of the Hawthorn Formation that are in hydrologic contact with the rest of
the aquifer.

More recently, Miller, in this Professional Paper series 1403-B, provides

a regional definition of the Floridan aquifer system presenting maps of the top,
base, and thickness of the system and its component aguifers. Because distinct,
Fegionally mappable, hydrogeologic units occur within the Floridan, the term
aquifer system" is preferred to simply "aquifer.'" Usage of "system" follows
Poland and others (1972) who stated that an aquifer system '"comprises two or more
Pérmeable beds separated at least locally by aquitards that impede ground-water
Movement but do not greatly affect the regional hydraulic continuity of the
System." This definition describes the Floridan aquifer system throughout much
°f its area of occurrence.

The Floridan aquifer system is defined in this professional paper as a ver-
tically continuous sequence of carbonate rocks of generally high permeability
that are of Tertiary age, that are hydraulically connected in varying degrees,
and whose permeability is several orders of magnitude greater than that of those
Tocks that bound the system above and below. As shown in table 1, the Floridan
Aquifer system includes units of late Paleocene to early Miocene age. Profes-
Sional Paper 1403-B presents a detailed geologic description of the Floridan,
*ts component aquifers and confining units, and their relation to stratigraphic
Units, The Eocene and Paleocene stratigraphic units are revised in Chapter B,
but the revisions were not used in this report. (See footnote in table 1.)
Parker ang others' (19535) original definitions of stratigraphic units were used.



Table 1l.--Hydrogeologic framework
[Modified from Wilson and Gerhart, 1982, table 1]

; : Major .
System Series Stratlgraphlc General lithology lithologic HydrOg?°1°glc
unit unit
unit
QUaternary Holocene and | Surficial sand, Predominantly fine sand; in- | Sand Surficial aquifer
Pleistocene terrace sand, terbedded clay, marl, shell,
phosphorite limestone, phosphorite.
T : Undifferf?tiated Clayey and pebbly sand; Clastic Confining bed
€rtiary Pliocene deposits— clay, marl, shell, phos-
phatic.
INTERMEDIATE
Miocene gzw;hzfn ??lomite,.sa?ié cla{, a:dt' RS, AQUIFER AND
N imestone; silty, phosphatic.| ,,4 clas- | Aquifer CONFINING BEDS
tic
Tampa Limestone Limestone, sandy, phosphatic,
f055111ferous;.sand and clay Confining bed
in lower part in some areas. 3
Oligocene Suwannee Lime- Limestone, sandy limestone,
stone fossiliferous.
Eocene Ocala Limestone | Limestone, chalky, forami- Carbonate
niferal, dolomitic near bot- FLORIDAN AQUIFER SYSTEM
tom.
Avon Park / Limestone and hard brown
Limestone— dolomite; intergranular X Upper Floridan aquifer
evaporite in lower part in
a1 s Middle confining unit
Lake City Lime- | Dolomite and limestone, with
stone and 01d 7 intergranular gypsum in most Lower Floridan aquifer
mar Limestone— areas.
Paleocene Cedar Key / Dolomite and limestone with | Carbonate
Limestone— beds of anhydrite. with Lower confining unit
evaporites
1
For Includes all or parts of Caloosahatchee Marl, Bone Valley Formation, Alachua Formation, and Tamiami
mation, .

AVOn
incly,

Park, Oldsmar, and Cedar Keys Formations.
ded in the lower part of the Avon Park Formation (Miller, 1984).

Since thig report was prepared, the Avon Park, Oldsmar, and Cedar Keys Limestones have been changed to the
The Lake City Limestone has been abandoned, and the rocks are



The Floridan aquifer system generally consists of an upper and lower aquifer
separated by a less permeable unit of highly variable properties (table 2). 1In
the northern part of the study area, there is little permeability contrast within
the system, and the Floridan is effectively one continuous aquifer. Throughout
most of the study area, the Floridan consists of two aquifers; the thick Upper
Floridan aquifer containing freshwater (except along the coast) and separated by
a "tight" confining unit from the Lower Floridan aquifer that generally contains
saltwater. In most reports on the hydrology of west-central Florida, the term
"Floridan aquifer" has been applied to the rocks herein referred to as the Upper
Floridan aquifer.

The base of the Upper Floridan aquifer in west-central Florida is generally
at the first occurrence of vertically persistent, intergranular evaporites. This
base is equivalent to "middle confining unit" used regionally in Professional Paper
Series 1403-A, 1403-B, and 1403-C. Hydraulic tests of rocks with intergranular
€vaporites indicate that they have extremely low permeabilities. The rocks below
the "middle confining unit" have known or estimated low transmissivity; therefore,
for all practical purposes, freshwater flow is limited to rocks above the section
with intergranular evaporites in west-central Florida.

The hydrogeology of the Floridan aquifer system is discussed in detail in
Professional Paper 1403-B and is briefly summarized here. Figure 3 shows loca-
tions of geologic sections depicted in figures 4, 5, 6, and 7. Section A-A'
(fig. 4) shows the thinness or absence of the Alachua Formation, Tampa Limestone,
and Suwannee Limestone. The Ocala Limestone generally forms the top of the
Floridan aquifer system. In figure 4, the intergranular evaporites occur in the
Avon Park and Lake City Limestones, undifferentiated. These deposits pinch out
from west to east, and the base of the aquifer system becomes the top of evapo-
Tite beds in the Cedar Keys Limestone. '

Section B-B' (fig. 5) trends approximately east-west through the central
Part of the study area. The contact at the Tampa Limestone and Hawthorn Forma-
tion generally forms the top of the Floridan aquifer system. The first occur-
Tence of intergranular evaporites in the Avon Park and Lake City Limestones,
Undifferentiated, marks the base of the Upper Floridan aquifer.

Section C-C' (fig. 6) is in the extreme southern part of the study area.
Formations overlying the top of the Floridan aquifer System (top of Suwannee
Limestone) are relatively thick and contain thick confining beds. The first
Occurrence of intergranular evaporites marks the base of the Upper Floridan
aquifer,

Section D-D' (fig. 7) is approximately north-south through the study area.
he section shows a thinning of the Upper Floridan aquifer and the disappearance
of overlying formations from south to north as progressively younger rocks pinch.
out

In the central and southern areas, the Upper Floridan aquifer has pro-
Nounced vertical anisotropy. Permeabilities are relatively low in the Ocala
Limestone and very high in fractured dolomitic zones within the Avon Park Lime-
Stone, as substantiated by flow-meter and specific-capacity tests. Wolansky and
?thers (1980) have mapped the top of the highly permeable Avon Park dolomite zone
In the study area (fig. 8). Despite the large permeability contrasts, aquifer-
test results indicate that enough vertical interconnection exists between each

Ormation to analyze the Upper Floridan aquifer as a single hydrologic unit on

@ regional basis.
























North of Pasco County, where the Ocala Limestone is at or near land surface,
the permeability of this formation increases substantially, as indicated by its
cavernous nature, high recharge rates, and numerous large springs. The Avon Park
Limestone crops out in the Levy County area (fig. 7). In the general area of
Levy and Marion Counties, Faulkner (1973a, p. 72-77) suggests that the Avon Park
Limestone may be considerably less permeable than the Ocala Limestone. As evi-
dence, he cites the following: (1) pronounced highs in the potentiometric sur-
face in southeast Levy County and southwest Marion County, where the Avon Park
is at or near land surface, are the result of relatively low permeability in the
Avon Park; (2) recrystallization during dolomitization of the Avon Park may not
only have reduced effective intergranular porosity, but because dolomite is much
less soluble than limestone, development of solution channels from circulating
ground water must also have been reduced; and (3) dissolved-solids concentrations,
sulfate concentrations, and temperature of water from Rainbow Springs in south-
west Marion County and Silver Springs in central Marion County suggest that the
water has traveled relatively short distances through a well-developed solution-
channel system in the shallower part of the aquifer, as opposed to flow through
the less permeable, underlying Avon Park where water is known to be more mineral-
ized. Total thickness of the Upper Floridan aquifer in the north ranges from
about 500 feet in Levy County to about 1,800 feet in Marion County. The altitude
of the top of the Upper Floridan aquifer is shown in figure 9, and the thickness
of the Upper Floridan aquifer is shown in figure 10.

Figure 10a shows the transmissivity for the Upper Floridan aquifer determined
from field tests (point values) and areal values derived from a calibrated digital
model. (The model calibration is discussed in a later section of this report.)
Nearly all wells associated with the field tests penetrated the more permeable
zones of the aquifer, thus transmissivities should characterize the Upper Floridan.
However, the interval containing saline water (greater than 10,000 mg/L chloride
concentration) is not considered to be part of the flow system in this report.
Thus, transmissivities in figure 10a decrease progressively toward the Gulf as
the freshwater section thins. In Pinellas and Sarasota Counties (where the upper,
and predominantly freshwater, part of the aquifer system is thin), the transmis-
sivity is considerably lower than would be the case if the entire Upper Floridan
aquifer, particularly the Avon Park dolomite zones, contained freshwater.

The' transmissivity distribution derived from the calibrated model agrees
reasonably well with field anifer—test data (fig. 10a). Model-derived transmis-
sivities range from 17,000 ft”/d in the southwest, where the freshwater section
of the aquifer system becomes progressively thinner seaward, to nearly 13,000,000
ft”/d near large spr}ngs in the north. Most transmissivities are in the range of
50,000 to 500,000 ft“/d. A model-sensitivity analysis (Ryder, 1982, p. 40) shows

that the modeled estimate of transmissivity is more likely to be too low than too
high.

Transmissivity in the southern two-thirds of the area is relatively uniform
over large areas, and the range of transmissivity is not much greater than one
order of magnitude. Development of large solution channels is relatively rare
in the south and transmissivity correlates with total aquifer thickness better
than any other hydrogeologic characteristic.

Hydrologic conditions in the north, particularly in the vicinity of large

springs in Marion, Citrus, and Hernando Counties, are considerably different from
those in the south. In these counties, solution channels in the Ocala Limestone

17
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are apparently highly developed. As discussed by Faulkner (1973a, p. 69-70),
flow paths that converge into troughs in the potentiometric surface may indi-
cate solution-channel systems that become increasingly well developed as large
springs, such as Silver and Rainbow Springs, are approached. Because there is
no increase in hydraulic gradient, a progressive increase in permeability is
required to accommodate the increasing volume of flow that converges in the
areas of discharge. Faulkner (1973a, p. 97)6use§ a flow-net analysis to calcu-
late an average transmissivity of about 2x10 ft~/d in the vicinity of Silver
Springs. Thus, in areas that have large springs and low hydraulic gradients,
transmissivity would (1) be lowest at the divides of ground-water basins in
which the springs are located and (2) be much lower in the interchannel zones
than in the solution-channel zones. Transmissivities that were derived from
the digital model are averages, representative of solution channels, interchan-
nel zones, and the underlying, less permeable dolomite.

Distribution of the storage coefficient in areas where the Upper Floridan
aquifer is confined was estimated by applying an average specific storage value
of 1.0x10 times the aquifer thickness shown in figure 10. The specific stor-
age value is an approximate value for most confined aquifers (Lohman, 1972,

P. 8). This method for estimating storage coefficient was also used by Wilson
agd Gerhart (1982, p. 9) for the southern half of the_itudy area._3The method
gives storage coefficient values that range from 5x10 to 1.8x10 7 ; these

values are fairly consistent with aquifer-test results.

Intermediate Aquifer and Confining Beds

.In a large area in the north, the Upper Floridan aquifer is at or near land
surface (fig. 11) and can generally be described as unconfined, although local
confining conditions do exist. However, for most of west-central Florida, the
Upper Floridan aquifer is overlain by less permeable beds of the intermediate
aquifer (defined by Franks, 1982) and confining beds that restrict movement of
water (upward or downward) .between the surficial aquifer and the Floridan. The
intermediate aquifer and confining beds are equivalent to "upper confining unit"
used regionally in Professional Papers 1403-A, 1403-B, and 1403-C.

Within the intermediate aquifer and confining beds are deposits of suffi-
cient permeability and sufficient importance as a water supply in coastal areas
to warrant inclusion as an aquifer layer in the digital model developed for this
study. The intermediate aquifer and confining beds thus consist of three hydro-
geologic units (table 1): (1) a confining bed in the lower part that lies
directly on the Upper. Floridan aquifer; (2) an aquifer that consists primarily
of carbonate rocks within the Hawthorn Formation; and (3) a confining bed in the

upper part that separates the water-bearing unit in the intermediate aquifer from
.the surficial aquifer.

Thickness of the lowermost intermediate confining bed for the northern area
(fig. 11) was obtained from Buono and others (1979) and was estimated from geo-
logic logs for the southern area. Figure 11 also shows leakance values (the ratio
of vertical hydraulic conductivity of the confining bed to its thickness) for the
confining bed as determined from aquifer tests and as derived from a calibrated
digital model. Although only a few field leakance determinations are available,

leakance values_?re reasoggbly similar to model-derived values. Leakance values
range from 1x10 to 7x10 (ft/d) /[ Ets
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The physical significance of the leakance values can be illustrated by
examining_&he northern area, where values of leakance are generally greater
than 1x10 (ft/d)/ft. For each foot of head difference between the surfi-
cial and Floridan aquifers in this area, at least 0.4 in/yr of recharge (or
discharge) will flow through the confining bed.

The permeable deposits of the intermediate aquifer consist primarily of
carbonate rocks within the Hawthorn Formation. They were formerly referred to
as the secondary artesian aquifer (Stewart, 1966, p. 83). These permeable
deposits are confined below by clay beds in the Tampa Limestone or, where the
Tampa is part of the Upper Floridan aquifer, by less permeable material in the
lower part of the Hawthorn Formation. Geologic section B-B' (fig. 5) very
nearly coincides with the northernmost extent of the permeable deposits of the
intermediate aquifer. Toward the south, the deposits.consist of permeable
carbonates of the Tampa Limestone and the Hawthorn Formation. The permeable
deposits thicken southward from less than 25 feet in Hillsborough and Polk
Counties to about 400 feet in Charlotte County (fig. 12).

Transmissivities for the permeable deposits of the intermediate aquifer,
as determined by field tests and as derived from the calibrated digital model,
are shown in figure 13. ‘Model-derived transmissivities are similar to values
determined by aquifer tssts and range from nearly zero, where the deposits pinch
out, to about 10,000 ft“/d. Higher values coincide with the course of the Peace
River, indicating that perhaps a more active flow system exists where ground

water discharges to the river and secondary development of the carbonate rocks
is enhanced.

Discontinuous clay beds may occur within the permeable deposits of the
intermediate aquifer, particularly toward the coast. Where this occurs, the
permeable zone has been separated into several local artesian zones by some
investigators. See, for example, Joyner and Sutcliffe (1976).

The permeable deposits of the intermediate aquifer are confined above by
less permeable material in the overlying formations or in the upper part of the
Hawthorn Formation. Thickness of the overlying confining bed, as estimated
from geologic logs, is shown in figure 14. Figure 14 also shows_godel—derzxed

leakance values of the confining bed. Leakance ranges from 7x10 to 4x10
(ft/d)/ft.

Surficial Aquifer

The surficial deposits generally consist of sand, clayey sand, shell, and
shelly marl. The thickness of the deposits was mapped for most of the study
area by Wolansky, Spechler, and Buono (1979). Thickness ranges from nearly
zero in the north (fig. 3) to greater than 100 feet in southeastern Levy, east-
ern Sumter, eastern Hardee, and northeastern De Soto Counties.

The deposits are generally saturated to within a few feet of land surface
in the south. North of Hillsborough and Polk Counties, the water table is pro-
gressively deeper below land surface. Here, the surficial deposits are thin
and discontinuous over large areas.
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Transmissivity of the surficial aquifer varies according to saturated thick-
ness and lithology. R. M. Wolansky (U.S. Geological Survey, written commun.,
1980) reports five values of transmissivity for the Eurficial aqu}fer-—two sites
in northwest Hillsborough Cqunty that average 205 ft™/d; 1,800 ft"/d in, southeast
Hillsborough County; 270 ft“/d in northeast Sarasota County; and 880 ft“/d in
southwes& De Soto County. Hutchinson (1978, p. 22) reported a transmissivity of
2,200 ft“/d for a site in southern Polk Cougty. Wilson (1977, p. 28) estimated
an average transmissivity of about 1,100 ft /d for De Soto and Hardee Counties.

CHEMISTRY OF WATER IN THE FLORIDAN AQUIFER SYSTEM

Many reports that deal with water quality in the Upper Floridan aquifer
have been published. As previously noted, detailed descriptions of water qual-
ity in the Upper Floridan aquifer are in Sprinkle (1982a; 1982b; 1982c; 1982d).
Chapter I of this Professional Paper (1403-I) provides a detailed discussion of
the ground-water chemistry. This report (Chapter F) presents a generalized sum-
mary of the areal occurrence of large potable water supplies in the Upper
Floridan aquifer or the occurrence of water that does not need extensive treat-
ment for most use categories.

Thickness of Potable Water

Three important parameters useful for defining potable water in the Floridan
aquifer system are sulfate, chloride, and dissolved-solids concentrations. The
U.S. Environmental Protection Agency (1979) has set the following maximum recom-
mended concentrations of these parameters for drinking water: sulfate, 250 mg/L;
chloride, 250 mg/L; and dissolved solids, 500 mg/L.

The sulfate and chloride criteria were used by Causey and Leve (1976) to
map the thickness of potable water in the Floridan aquifer system. For west-
central Florida, Causey and Leve show the thickness of potable water ranging
from zero along coastal areas and in most of Manatee, Sarasota, and De Soto
Counties to more than 2,000 feet in parts of Lake, Sumter, and Polk Counties.

A 2,000-foot test well, located at Polk City in Polk County, was construc-
ted as part of the RASA study to collect geologic and water-chemistry data for
the Floridan aquifer system. According to A. S. Navoy (U.S. Geological Survey,
written commun., 1982), the Upper Floridan aquifer at the site extends from 17
feet above sea level to 823 feet below sea level. Below the altitude at which
intergranular anhydrite was first encountered (886 feet below sea level), the
concentrations of dissolved solids increased from about 150 mg/L to the 1,000-
to 2,000-mg/L range; concentrations of sulfate increased from a few milligrams
per liter to the 600- to 1,200-mg/L range. Concentrations of dissolved solids
and sulfate remained high in all subsequent samples to a total depth of 2,000

feet. Concentrations of chloride were consistently low, generally less than
10 mg/L.

The base of the Upper Floridan aquifer was previously defined as generally
the first occurrence of vertically persistent, intergranular evaporites for most
of west-central Florida. Numerous test holes have shown that water in the Lower

Ay



Floridan below this base is highly mineralized, particularly in regard to sul-
fate concentrations. Thus, in west—central Florida, sulfate and dissolved-solids
concentrations probably remain in excess of the potable limit from the first

occurrence of intergranular evaporites to the evaporite beds in the Cedar Keys
Limestone.

If this is true, then the thickness of potable water would not exceed the
thickness of the Upper Floridan aquifer, as shown in figure 10. Probably the
thickness of potable water, as mapped by Causey and Leve (1976), is much too
great in northwestern Polk, northeastern Hillsborough, eastern Pasco, eastern
Hernando, and Sumter Counties. However, additional detailed water-chemistry
data from greater depths, as was collected at the Polk City test hole, are not
available to support the above statements. Although logical, these statements
regarding the thickness of potable water must remain speculative until suffi-
cient data are collected.

Dissolved-Solids Concentration

Concentrations of dissolved solids are shown in figure 15. Preparation of
the map was based on water samples that represented the entire thickness of the
Upper Floridan aquifer. Samples from wells that were open to only part of the
Upper Floridan aquifer, or open to both the Floridan and intermediate aquifers,
were used as supplemental data where fully penetrating wells were nonexistent.

A composite water sample from a well that fully penetrates an aquifer is
weighted naturally according to the permeability of the various contributing
zones. Thus, dissolved-solids concentrations shown in figure 15 are represen-
tative of water from the more permeable zones that are ordinarily tapped for
large supplies. An exception to this, however, may be in Citrus and Hernando
Counties where at least two large spring systems--Chassahowitzka and Weeki
Wachee--discharge at a combined average rate of about 200 Mgal/d. Chemical
analyses of water from these springs (Rosenau and others, 1977) show dissolved-
solids concentrations that are much lower than those indicated in figure 15.

It is probable that the relatively shallow flow system, which consists of inter-
connected channels or conduits that collect and feed water to springs at high
rates of flow, has water of significantly different quality than water from
nearby wells that penetrate less permeable rocks to greater depths. This means
that large quantities of potable water could be developed nearer to the coast

in Citrus and Hernando Counties than is indicated in figure 15.

Saltwater-Freshwater Interface

Saltwater-freshwater relations are an important consideration in developing
water supplies from the Upper Floridan aquifer along coastal margins and in the
extreme southern part of the area. Although highly mineralized water underlies
the Upper Floridan aquifer in inland areas, documented cases of significant up-
coning of salty water are not known even in areas where heavy pumping has caused
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several tens of feet of drawdown. A substantial increase in concentration of
chloride was reported, however, from a well in the basal part of the Upper
Floridan aquifer at Bartow in Polk County (R. M. Wolansky, oral commun., 1981).

Geraghty and Miller, Inc., and Reynolds, Smith and Hills (1977, p. 2.16)
concluded that saltwater contamination of the Upper Floridan aquifer due to man's
activities has been a local phenomenon in some coastal areas and that intrusion
is not a major threat regionally. Wilson (1982, fig. 7), using chloride data
collected during the 1960's and 1970's and assuming that major regional changes
in chloride had not occurred during this period, mapped the distribution of salt-
Water and freshwater in the highly permeable dolomite zone of the Upper Floridan
aquifer from Tampa Bay to Charlotte Harbor. Between the saltwater and freshwater
is a broad transition zone in which chloride concentrations increase from 25 mg/L
to 19,000 mg/L, the concentration in seawater (fig. 16). Areally, the transition
Zone ranges in width from about 2 miles in Hillsborough County to about 30 miles
in De Soto and Charlotte Counties. Wilson (1982, p. 11) used the predevelopment
Potentiometric surface of the Upper Floridan aquifer and the Ghyben-Herzberg for-
Mula (Domenico, 1972, p. 185) to calculate the theoretical trace of the saltwater-
freshwater interface where it intersects the top of the transmissive dolomite
(reproduced in fig. 16). Wilson suggests that the good agreement between the
theoretical position and the mapped position of the seaward boundary of the tran-
Sition zone may mean that the interface position reached equilibrium under pre-
development conditions, but has not yet adjusted to changes caused by development.
Wilson cautions, however, that data needed to support such conclusions are lacking
and that the good agreement may be merely coincidental.

Hickey (1981, p. 26 and fig. 15) mapped the' saltwater-freshwater transition
Z20ne in the permeable dolomite in the Tampa Bay area. He also mapped chloride
data for the upper part of the Upper Floridan aquifer. Other reports dealing
With the saltwater-freshwater interface and chloride concentrations in the upper
Part of the Upper Floridan aquifer include: Reichenbaugh (1972) for coastal Pasco
County; Mills and Ryder (1977) for coastal Citrus and Hernando Counties; and
Causseaux and Fretwell (1982) for the coastline from Levy County to Charlotte
County,

In Pasco, Hernando, and Citrus Counties, the presence of coastal springs
and asgociated caverns and conduits that have direct connection with Gulf sea-
Water greatly complicates the saltwater-freshwater distribution. Sinclair (1978)
discusses the complex saltwater-freshwater relation in a spring-river system in
Coastal Hernando County.

REGIONAL FLOW SYSTEM

Regional flow in the Upper Floridan aquifer was investigated by simulating
both predevelopment and modern-day conditions. A finite-difference, digital-
flow model (Trescott, 1975; Trescott and Larson, 1976) was used to simulate the
Dredevelopment flow system. A complete discussion of model theory, input qata,
and caljibration procedure for the predevelopment flow system are included in a

Previous report by Ryder (1982).
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The model was also used to simulate modern-day, steady-state pumping
stresses. The calibration procedure, based on 1976 input data, is presented
in Supplement I at the end of this report. Theoretical and technical details
of the digital model are in the preliminary report by Ryder (1982).

Slight differences occur between aquifer transmissivity and confining-bed
leakance values reported in Ryder (1982) and those used to simulate steady-state
Pumping. These changes were made to provide a better calibration under pumping
conditions. Rerunning the predevelopment model with the changed parameters pro-
duced essentially the same results as the initial predevelopment calibration.

Predevelopment Steady-State Flow System

Conceptual Model of System

The general direction of flow within the Upper Floridan aquifer and areas
of recharge and upward leakage are shown by the predevelopment potentiometric
Surface (fig. 17). The configuration of the study area has been delineated
along predevelopment, no-flow boundaries as follows: the landward boundary is
the major north-south ground-water divide of the Florida Peninsula; the gulfward
bOundary is located where the aquifer becomes completely saline (thus defining
the seaward extent of the freshwater-flow system); and the northern and southern
boundaries follow flow lines from the divide to the coast.

A digital model was used to investigate the Floridan's regional flow system.
For this purpose, the intermediate and Upper Floridan aquifers .were discretized
Using the finite-difference grid shown in figure 38. Details of the model design,
b0undary designations, and assumptions are presented in Ryder (1982).

i A generalized conceptual model of the predevelopment flow system is shown
In figures 18, 19, and 20. The hydrogeologic sections are drawn along column 40,
Column 13, and row 20 of the grid in figure 38.

The hydrogeologic section in figure 18 shows the flow system along an east-
West gsection in the northern part of the study area where unconfined conditions
Prevail, The unconfined or semiconfined conditions allow a relatively high rate
of recharge to occur. Water enters the Upper Floridan aquifer, travels rela-
tively short distances through well-developed solution channels, and discharges
4s springs. Figure 18 shows that the aquifer base drops from about 600 feet be-
Ow sea level to about 1,800 feet below sea level. However, as discussed in a
Previous section of the report, ample evidence suggests very sluggish flow in
the deeper zones compared to a vigorous shallow flow system.

The east-west hydrogeologic section in figure 19, which represents the
Southern part of the area, contrasts sharply with that in figure 18. Within
Most of the eastern one-half of the section, water flows downward from the sur-

icial aquifer through a confining layer and into the intermediate aquifer. A
relatively small amount of water returns to the surface in topographically low
Areas, such as the Peace River valley. The remainder of the water continues to

low downward through a confining bed and into the Upper Floridan aquifer where
the flow is westward toward the Gulf. Locally, particularly in the lake region
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in the ridge area, a few miles north of the eastern edge of the section, sinkholes
may breach the overlying deposits and extent to the Floridan. The sinkholes may
be occupied by lakes or by permeable sands and are sites for relatively high re-
charge to the Upper Floridan aquifer. Along the coastal margin and in the Gulf,
there is a reversal of gradient and water flows upward through the confining beds.
No flow is assumed across the saltwater-freshwater interface.

Saltwater-freshwater interface positions in figures 18 and 19 were estimated
by applying the Hubbert (1940) interface relation that states the depth below sea
level to the base of freshwater is theoretically about 40 times the altitude of the
freshwater head on the interface. Heads from the predevelopment potentiometric
surface map or its offshore extension were used to establish the position of the
interface. Because these heads were obtained from zones above the interface, a
Necessary assumption was that they were the same as those at the interface. This
assumption is reasonable if lines of equal head in the section are nearly verti-
cal. The interface, if shown without the vertical exaggeration of figures 18 and
19, would have a very low slope. The interface is the limiting flowline of the
freshwater flow system; if it is nearly horizontal, then flowlines above the inter-
face must be nearly horizontal, suggesting that lines of equal head are nearly
Vertical. The maximum seaward extent of the interface thus obtained was determined
by extrapolating top-of-the-aquifer contours offshore to the point where the inter-
face crossed the estimated top of the aquifer. In the southern half of the study
area, a sharp decrease in aquifer transmissivity occurs where water in the highly
Permeable zone in the Avon Park Limestone goes from fresh to saline (assuming the
saltwater zone is not part of the flow system). An areal trace of the saltwater-
freshwater interface intersecting the top of the highly permeable zone is shown
in figure 16. '

In contrast to the hydrogeologic sections in figures 18 and 19, the north-
South section in figure 20 is generally perpendicular to the flow paths within
the aquifer systems. The flow is generally westward, out of the plane of the
Section, except for some local discharge areas near the top of the intermediate
and Floridan aquifers. Figure 20 shows from south to north: (1) thinning of
the confining beds and a transition from confined to generally unconfined condi-
tions in the Upper Floridan aquifer; (2) pinching out of the intermediate aquifer;
(3) a decline in importance of the highly permeable zone in the Avon Park (solu-
tion channels in Ocala Limestone attain greater significance); and (4) thinning
°f the Upper Floridan aquifer

Recharge and Upward Leakage

Simulated values of recharge and upward leakage from the Upper Floridan
dquifer (excluding spring discharge) are shown in figure 20a. Higher recharge
Tates occur in the north where rates of 10 to 20 in/yr are common. Rates are
Noderate along the ridge area extending southward into Polg County. Rate§ de-
Crease to generally 1 or 2 in/yr in the south where confining beds are thick.

High rates of diffuse upward leakage occur along the northern coastal area

and in the Tampa Bay area. Small rates of upward leakage occur in a large area
in the south that includes a large offshore area. Recharge rates in -the model

36









compare well with initial estimates from water-balance calculations for surface-
water basins made by P. W. Bush of the U.S. Geological Survey (discussions pre-
sented in Professional Paper 1403-C).

Spring Discharge

The most important component of ground-water discharge in the study area
is discharge from springs. Locations of 34 springs that have a combined aver-
age annual freshwater discharge of about 2.3 billion gallons per day (3.56
thousand cubic feet per second) are shown in figure 21. Names and discharge
fates for springs are listed in table 3. Spring discharge probably accounts
for about 84 percent of all water discharging from the upper Floridan aquifer
under predevelopment conditions. Many of the springs are located along the
Coast, and submarine springs are known to exist off the coastal areas of Pasco,
Pinellas, and Lee Counties. Rainbow and Silver Springs are located inland in
Marion County and have a combined average discharge of about 1 billion gallons
Per day. For comparison, model-derived estimates of spring discharge are shown
in table 3. On the average, the model estimate of discharge is 90 percent of
the measured discharge.

Summary of Flow Components

An analysis of the calibrated model simulating predevelopment conditions
Shows that the total recharge rate for the modeled area is about 2,500 Mgal/d;
of this, 2,110 Mgal/d (84 percent) is discharged as springflow, and 390 Mgal/d
(16 percent) is discharged as diffuse upward leakage. The upward leakage is
Mainly along the Gulf Coast; some leakage occurs as seepage into coastal swamps
°r as unmeasured spring discharge, including that from submarine springs.

Long-Term Changes in Regional Flow System

Water levels and quantities and patterns of flow in the UPpe¥ Floridan
aquifer and overlying aquifers change in response to: (1) deviations from nor-
Mal amounts of rainfall and natural recharge; (2) activities of man, which in-
¢lude construction of withdrawal and recharge wells, impoundments, and dredging;

and (3) combinations of the above.

the study area was divided into three subareas

ater development and consequent effects: (1)
Areas ywith negligible development; (2) areas with su?stantial deYelopment but
Only localized water-level declines; and (3) areas with s?bstanFlal.deve%OPment
and regional water-level declines. Records from hydrologic monitoring sites were
?elected from each of the three subareas toO show seasonal and }ong-term.changes
M ground-water levels, spring discharges, lake stages, and rainfall (fig. 22).

For discussion purposes,
dCcording to the amount of ground-w
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Areas With Negligible Ground-Water Development

At the present time (1983), the ground-water resource from about the
Pasco-Hernando County line northward is relatively undeveloped. The area is
characterized by a relatively small population in scattered small towns and
cities. Withdrawals for crop irrigation are light. A substantial part of
total ground-water withdrawal is for a few rock quarrying operations.

The flow system in the northern area, typified by high rates of natural
recharge and spring discharge, has probably changed little from predevelopment
conditions. The hydrograph of water levels for Chassahowitzka well 1 (fig. 23)
that taps the Upper Floridan aquifer is typical of much of the area. Water levels
in the observation well are relatively constant and show little seasonal fluctua-
tion despite large seasonal fluctuations in rainfall. No long-term trends are
evident. Water levels in an adjacent surficial aquifer well, completed in about
40 feet of saturated sand, have been identical to or within a few hundredths of
a foot of water levels in the Upper Floridan aquifer.

Periodic measurements of discharge from Chassahowitzka Springs, about 1.5
Mmiles southwest of the Chassahowitzka observation well, have been made since 1930
(Rosenau and others, 1977). The discharge hydrograph (fig. 23) shows variations
in spring discharge in response to variations in rainfall. Individual discharg
Measurements, however, may have been affected by tidal fluctuations. -

A hydrograph of annual discharges for Silver Springs, a spring of much
larger magnitude than Chassahowitzka and located about 40 miles inland from the
Coast, is shown in figure 24. A fairly good correlation exists between annual
discharge and annual rainfall. Similar to Chassahowitzka Springs, there was
Prolonged, below-average discharge from Silver Springs during the 1970's.

A large quantity of water in the northern area fiows under low hydraulic
8radients through a highly transmissive aquifer from recharge areas to points
of discharge (springs). Rainfall deficits generally cause heads to decline
Only a few feet below normal; however, the change in flow quantity could be
Several hundred cubic feet per second.

Probably the most significant change in the ground-water flow system due
to man's activities in the northern area has occurred in northwestern Citrus
and southern Levy Counties. A dam was constructed in the early 1900's about
10 miles upstream from the mouth of the Withlacoochee River, and an 8-mile
Yeach of the Cross-Florida Barge Canal was completed in the late 1960's. The
Canal segment extends inland from the Gulf Coast roughly.parallel to the With-
lacoochee River (fig. 2). Lack of data precludes analysis of the effects of
the dam on the flow system, but Faulkner (1973b) estimated the effect of the
Canal on the potentiometric surface of the Upper Floridan aquifer. EstlwaCed
maximum water-level changes in the aquifer range from about 15 feet of rise to
about 15 feet of decline in areas close to the canal.
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Areas With Substantial Ground-Water Development

Causing Moderate, Local Water-Level Declines

The Tampa Bay area, which includes the cities of Tampa, St. Petersburg, and
Clearwater (fig. 2), has the largest concentration of population in the study area.
In much of the urbanized area, the underlying highly permeable dolomite zone con-
tains saline water and is not usable for municipal supplies. To supply potable
water to these areas, water managers and planners have located large municipal
well fields inland from the coast in northeastern Pinellas County; in northwestern
and north-central Hillsborough County; and in southwestern, central, and north-
Central Pasco County.

The hydrogeology of the Tampa Bay area is characterized by relatively thin
confining beds with high leakance values (fig. 12). The capacity for inducing
additional large amounts of ground-water recharge when the head difference between
the Upper Floridan aquifer and the surficial aquifer is increased is relatively
great., Thus, relatively moderate water-level declines (on the order of 15 or 20
feet) occur in the Upper Floridan aquifer in the well-field areas. Lesser de-
clines also occur in the surficial aquifer within the well fields; these water-
table heads generally recover during each rainy season.

Figure 25 shows water-level hydrographs for wglls in the surficial and Upper
Floridan aquifers. The observation wells are about equidistant from three munici-
Pal well fields in northwestern Hillsborough and southwestern Pasco Counties (fig.
22), wWater levels in the surficial aquifer average about 15 feet higher than those
in the Upper Floridan aquifer; slight seasonal fluctuations in water levels are
€vident, but long-term trends are not discernible. Seasonal fluctuations are also
apparent in water levels in the Upper Floridan aquifer. Peaks and troughs in water
level coincide with those in the surficial aquifer, but amplitudes are signifi-

Cantly greater.

Ground-water pumpage has only been one of the many activities of man that
have had a significant impact on the aquifer flow system in the Tampa Bay area.
In addition to ground-water pumpage, activities related to urban development that
impact the flow system include: (1) construction of dams and levees and impound-
Ment of surface water; (2) construction of drain fields, canals, and ditches;

(3) general urban construction that includes roads, borrow pits, parking areas,
and buildings; and (4) dredging for ship channels in Tampa Bay and for canals

that provide access to the bay and Gulf.

The Tampa Bypass Canal (fig. 2), completed in 1982,‘was constructed to allow
floodwater in the Hillsborough River above Tampa to be diverted to TamPa Bay. 'In
Several places, the canal was excavated into the top of the Up?er Floridan aquifer.

e canal thus acts as a line sink in those areas, and water discharges from the
Aquifer into the canal. Structures on the canal a%low water levels and, thust
8round-yater discharge to be controlled. Hydrologic data (Caussueax and Rollins,
l979) suggest that aquifer head declines due to the canal are as much as'h feet
At the canal; declines diminish to zero away from the.canal. On the.ba31s'of
Streamflow analyses, the canal has caused an average increase in aquifer dis-

harge of at least 27 Mgal/d.
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Past dredging in the ship channels of Tampa Bay has thinned or eliminated
the confining bed, and new dredging will further expose the Upper Floridan aqui-
fer to direct contact with saltwater from the bay. Hutchinson (1982), in study-
ing the effects of proposed dredging, concluded that increased upward leakage
caused by the proposed channelization would be about 4 Mgal/d.

In summary, the confining bed in the Tampa Bay area is relatively leaky,
generally thin, and discontinuous locally. In places, it is breached by sink-
holes and stream channels. Because of this, the effects of man's activities on
the ground-water flow system have been small. Changes in water levels and in
the quantity of water moving into or out of the aquifer system have been signi-
ficant, but the changes tend to be of a local nature rather than of large, re-
gional extent.

Areas With Substantial Ground-Water Development

Causing Large, Regional Declines

The combination of thick confining beds and large withdrawals from the
Upper Floridan aquifer in areas south of central Hillsborough and north-central
Polk Counties has resulted in large declines in the potentiometric surface of
the Upper Floridan aquifer over a relatively large area. Figure 26 shows lake
Stages, ground-water levels, and rainfall data for selected sites in Polk County.
The head in the Upper Floridan aquifer in the Brewster observation well has de-
clined about 45 feet from near predevelopment levels in the 1950's to all-time
lows in the middle 1970's. Seasonal fluctuations in water levels correlate well
With seasonal variations in rainfall, although the fluctuations are enhanced by
Pumpage.

Long-term trends in water levels in the Upper Floridan aquifer correlate
well with annual departures from long-term average rainfall. The nearly steady
decline in water levels into the middle 1970's can be attributed to increased

8round-water withdrawals. S

Upper Floridan aquifer water levels recovered slightly during the late
l970'5, as shown for the Brewster well in figure 26. Although recoveries were
8Teatest in the phosphate mining area centered in southwestern Polk County, they
also occurred over most of the southern part of the study area. Recoveries are
Yelated to reductions in withdrawals for industry and irrigation.

Long-term records of water levels in the surficial aquifer in southwestern
Polk County are lacking. Wilson and Gerhart (1982, p. 6 and fig. 4) analyzed
Water levels collected during 1965-77 for a surficial aquifer well located about
midway between the Brewster well and Bartow and centered over the large cone of
depression in the Upper Floridan aquifer. They concluded that, although water
evels fluctuated a few feet seasonally, no significant trends occurred in peaks

°f the hydrograph, and recharge from summer rains was generally adequate to re-

Plenish the aquifer.

Water levels for the surficial aquifer, as shown in figure 26, are for a
of the area of greatest water-level decline in the Upper

Vell o fringe
B y Seasonal fluctuations of water levels in this well are small.

loridan aquifer.
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The 1976 water year (October 1, 1975, to September 30, 1976) met these
conditions and was chosen for the model calibration period. Details of the
calibration, which include input data and boundary conditions, analysis of
residuals, and sensitivity analyses, are given in Supplement I. Model-derived
and observed data that describe flow-system components for the 1976 water year
are presented in the following sections. Changes in the flow system—-predevel-
opment to 1976--are also discussed.

Recharge and Upward Leakage

The average potentiometric surface of the Upper Floridan aquifer for the
1976 water year is shown in figure 28. The general pattern of flow within the
aquifer is essentially the same as for predevelopment conditions.  The major
difference between the 1976 potentiometric surface and the predevelopment poten-
tiometric surface is that water levels had been substantially lowered in the
South. Because the water table in the surficial aquifer has remained relatively
constant, rates of Floridan recharge have increased and rates of upward leakage
have decreased in the heavily pumped areas. Average 1976 recharge and discharge
rates (excluding spring discharge) from the calibrated model are shown in
figure 28a.

Spring Discharge

The amount of discharge from springs for the 1976 water year is shown in
table 4. Discharges from the large springs were measured a sufficient number of
times to provide a reasonable estimate of the annual discharge; however, measure-
ments were not made for many of the small springs. Based on observed springflow,
discharges from the nine springs for which 1976 discharges are shown in table 4
Were estimated to account for about 85 percent of total spring discharge. Model-
Simulated spring discharges (table 4) range from 83 to 110 percent of observed
Spring discharges. -

Pumpage

Average ground-water withdrawal rates for west-central Flo?ida during the
1976 water year are shown in figure 29. Details of the derivation of pumping
Yates are given in Supplement I. Total pumpage was about 950 Mgal/d. This
takes into account about 22 Mgal/d of recharge through wells into the Upper
Floridan aquifer. Most of the recharge wells are at International Minerals
and Chemical Corporation's Kingsford Mine in Polk County (fig. 29) where water
flows downward, by gravity drainage, from permeable zones overlying the Upper

Floridan aquifer.

0f the 950 Mgal/d pumped in 1976, about 905 Mgal/q were w%thdrawn from the
Upper Floridan aquifer and 45 Mgal/d from the intermediate aquifer. All water
Withdrawn was fresh with the exception of 45 Mgal/d of saline water pumped from
the Upper Floridan aquifer at a phosphate processing plant at the mouth of the

Alafia River.
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In the digital model, pumpage was distributed, bgsed on known or estimated
geographic occurrence of withdrawals, among the 16-mi” grid blocks for the Upper
Floridan aquifer (fig. 30) and for the intermediate aquifer (fig. 31). Heaviest
pumpage from the Upper Floridan aquifer occurs in the northwest corner of Hills-
borough County, southwestern Polk County, and at the phosphate processing plant
on the Alafia River.

Changes in Flow System, Predevelopment to 1976

The 1976 potentiometric surface was compared to the predevelopment potentio-
metric surface to depict regional water-level changes that have occurred in the
Upper Floridan aquifer (fig. 32). From Hernando County northward, the potentio-
metric surface changed very little. In the northeast corner, however, the
potentiometric surface had declined significantly (although less than 10 feet).
The decline resulted in flatter gradients in the vicinity of Silver and Rainbow
Springs in Marion County. As a result, discharges from the springs were about
17 percent lower in 1976 compared to the long-term average. Yobbi and Chappell
(1979), working in a nearby area, correlated ground-water levels in shallow and
deep wells with rainfall; water-level declines of about 6 to 8 feet for the 1976
water year in some wells were the result of rainfall deficits.

In Pasco County and in the area north of Tampa Bay, declines in the poten-
tiometric surface of the Upper Floridan aquifer exceeded 10 feet only near large
Pumping centers, such as municipal well fields. . On a regional basis, however,
declines were less than 10 feet. The most important feature in figure 32 is the
regional cone of depression centered in southwestern Polk County where declines
exceeded 50 feet. The declines tapered off gradually toward the southwest and
south.

The effect of the decline of the potentiometric surface on springflow in
Polk County had reached a maximum in 1950. Rosenau and others (1977, p. 307)
report that Kissengen Spring (no. 33, fig. 21, table 4), with a long-term aver-
age discharge of about 10 Mgal/d, ceased flowing in February 1950. The regional
decline of the 1976 potentiometric surface in the vicinity of Lithia Springs in
southwestern Hillsborough County (no. 32, fig. 21, table 4) was about 30 feet.
Springflow, however, was maintained at about the same rate as prior to the de-
Ccline in the potentiometric surface. This was apparently accomplished by widen-
ing of the spring orifice (J. W. Stewart, U.S. Geological Survey, oral commun.,
1981). Changes in observed spring discharge, predevelopment to 1976, ranged
from essentially no change at the Crystal River group of springs to cessation of
flow at Kissengen Spring (table 4). Total discharge for nine springs measured’
in 1976 averaged about 10 percent less than predevelopment discharge.

Changes in simulated rates of recharge and upward leakage for the Upper
Floridan aquifer for 1976 (compared to predevelopment rates) are shown in figure
32a. From mid-Pasco County southward to the Tampa Bay area, a combination of in-
Creased vertical gradients and high leakance caused some of the largest increases
in recharge rates in west-central Florida. Much of the area around Tampa Bay has
Changed from an area of discharge to one of recharge.

Another area of large increase in recharge rates is in southwestern Polk
County in the area of greatest pumpage and largest decline of the potentiometric
Surface. Moderately large increases in recharge rates occurred in the remainder
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of Polk County, the southeast corner of Hillsborough County, most of Hardee
County, and in eastern De Soto County. Elsewhere, the increase in recharge
rates is generally zero to 2 in/yr.

Summary of Flow Components, Predevelopment and 1976

An analysis of the calibrated model simulating 1976 steady-state condi-
tions indicates that the total recharge rate (in round numbers) is 3,200 Mgal/d
(3,100 Mgal/d of vertical recharge and 100 Mgal/d lateral inflow). Of this
amount, 2,050 Mgal/d (64 percent) is discharged as springflow; 950 Mgal/d (30
percent) is discharged as pumpage; and 200 Mgal/d (6 percent) is discharged as
diffuse upward leakage. The pumpage of 950 Mgal/d is offset by an increase in
recharge of 600 Mgal/d, a net lateral boundary inflow of 100 Mgal/d, a decrease
in upward leakage of 190 Mgal/d, and a decrease in spring discharge of 60 Mgal/d.
Most of the lateral inflow is from the southeast. The following table summarizes
the components of the predevelopment and 1976 flow systems as simulated by the
digital model:

Source Discharge
Net lateral Upward Spring
Recharge inflow leakage discharge Sempise

(Mgal/d)  (Moa1/d)  (Mgal/d) (Mgal/d)  (Mgal/d)

Predevelopment -----—-- 2,501 0 388 2,113 0
1976 water year ------- 3,099 96 196 2,051 948
Change 598 96 192 62 948

GROUND-WATER DEVELOPMENT AND POTENTIAL

Ground-water pumpage and hydrologic effects of pumpagé have been included
as part of many investigative reports in west-central Florida. Some reports have
focused on ground-water use within a part of the study area. Robertson and Mills
(1974) and Robertson and others (1978) described ground-water use in the heavily
Pumped upper Peace and upper Alafia River b§Sins. Other reports have focused on
the hydrologic effects of ground-water pumping. qu egample, gaufman (1967) ana-
lyzed the effects of pumping in the Peace and Alafia River basins, 1934 to 1965.

i i of water use for the study area, and for Florida, was
done ?oieigéée?p§?§27t§§§o> and for 1970 (Pridé, 1973). A.”benchmarg férm".Pro-
8ram was begun in the early 1970's to provide improved estimates of irrigation
Water-uge data (Duerr and Trommer, 1982). These data led to more accurate water-
Use inventories for 1975 (Leach, 1978), 1977 (Leach and Healy, 1980), and 1980
(Leach, 1982). Water-use inventories have been conducted annually for the study
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area since 1977 (Duerr and Trommer, 198la, 1981b; Duerr and Sohm, 1983). Data
from these and other reports were used in the following discussion of ground-
water development. A study by the U.S. Army Corps of Engineers (1980) was used
to discuss water-supply alternatives and potential areas for ground-water
withdrawals.

History of Development and Hydrologic Effects in Selected Areas

Municipal Well Fields North of Tampa

Some of the earliest problems associated with development of the Upper
Floridan aquifer concerned saltwater contamination of municipal well-field sup-
plies in the Tampa Bay area. The city of St. Petersburg had to abandon its
downtown well field in the late 1920's because of saltwater encroachment. Cause
of the saltwater encroachment was lowered water levels due to (1) pumping from
the wells and (2) dredging of estuaries, finger canals, and drainage channels
(Parker, 1975, p. 14).

The city of St. Petersburg and Pinellas County have developed well fields
in Pinellas, Hillsborough, and Pasco Counties to insure safe, dependable water
supplies for a growing population. An extensive.network of well fields (fig. 33,
Morris Bridge excluded), interconnected by pipelines as large as 84 inches, sup-
Plies the urban population of Pinellas County and coastal Pasco County. The eight
well fields (Morris Bridge excluded) were pumped at an average.combined rate of
99 Mgal/d during 1981; the rate ranged from 84 Mgal/d for August to 120 Mgal/d
for April and May (Duerr and Sohm, 1983). Average 1981 pumping rates at each
well field are shown in figure 33.

Keeping pace with the increasing water demands Pas not been without prob-
lems. The inter-county transport of water and environmental changes that have
been associated with well-field pumping has led to political repercussions and
court tests. Parker (1975, p. 2) noted that the average discharge of a creek
that drains most of the area in which the Eldridge-Wilde, Cosme, and Section 21
well fields are located had been reduced about 50 percent by 1963. The reduc-
tion was accompanied by lowered ground-water levels, lowered lake‘levels, and
Stress on vegetation. Complicating factors, such as d?ougﬁt conditions, drain-
age ditches, and road and home construction, couPled with inadequate hydrologic
data preclude an accurate assessment of hydrologic effects caused by well-field

Pumping.

Stewart and Hughes (1974, p. 4) concluded that pumping from'the SecFion 21
Wwell field in the middle 1960's was an important cause gf excessive decline in
lake jevels. They also investigated the gfficgcy of maintaining lake levels by
Pumping water from the Upper Floridan aquifer into th? lages. Although the
Method appears to be effective, further study and monitoring were recommended
to (1) document whether long-term ecological change§ are likely to occh énd
(2) determine whether lake-level maintenance would increase the permeability of
Materjals under the lake and, thus, require significantly increased pumpage to

Maintain lake levels.
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The city of Tampa's water-supply wells also began to yield water with
excessively high chloride content in the early 1900's. Several wells were aban-
doned, and in 1924, the city decided to use the Hillsborough River as a source
of water; plant operations began in 1925 (J. W. Stewart, U.S. Geological Survey,
written commun., 1981). A dam was subsequently built about 10 miles above the
mouth of the Hillsborough River to store additional water. In the early 1960's,
Sulphur Springs was purchased and a pumping station was constructed to provide
as much as 20 Mgal/d to augment river supplies. Test pumping from the Tampa
Bypass Canal showed that the canal could augment city supplies by about 18 Mgal/d
(Geraghty and Miller, Inc., 1982). The Morris Bridge well field (fig. 33) was
completed in the late 1970's; it is designed to contribute up to 40 Mgal/d to
Tampa's water supply. The average pumping rate for this well field in 1981 was
18 Mgal/d.

Heavily Stressed Upper Peace and Upper Alafia River Basins

The most intensive ground-water development is in the upper parts of the
Peace River and Alafia River basins, mainly in southwestern Polk County (fig. 34).
The population in this area is small, and withdrawals for public supply have been
relatively moderate. Large amounts of water are withdrawn for irrigating citrus
crops and for industrial use in the mining and processing of phosphate ore and
the processing of citrus products.

The quantity of ground water used in the upper Peace and Alafia basins,
1935-74, is shown in figure 35. Trends in population and in industrial and agri-
cultural activity are shown in figure 36. Figure 35 shows (1) a steady increase
in municipal-supply pumpage, which reflects a steadily increasing population
(fig. 36); (2) an increase in pumpage for citrus irrigation during the 1960's and
a leveling off in the 1970's; and (3) sharply increasing rates for industrial
withdrawals from 1946 to the middle 1960's.

The leveling off of pumping rates for citrus irrigation in the late 1960's
and early 1970's is partly due to the decline in citrus acreage (fig. 36). Of
greater significance in the leveling off and decline of irrigation and industrial
pumpage, however, was the development of water—?o?serv?ti?n practices during this
Period by (1) irrigators who turned to more efficient irrigation systems and tech-
niques and by (2) the phosphate industry that developed recycling systems for

Process water.

Water-use data for Polk County for the period 1975-81 indicate a continuing
decline in the use of ground water for irrigation and industry. However, pumpage
for irrigation increased during 1981, a year during which prolonged, severe drought
Conditions prevailed.

Connector-Well Recharge and Waste Injection

Two important locations where water is recharggd into t@e Upper Floridan
aquifer through wells include: (1) the Kingsfo?d Mine area in sothwest P?lk
COunty (fig. 29) where water drains by gravity into the Upper Florldén aq?lfer
from the surficial aquifer, and (2) the Pinellas County wa§te—1nject}on sites
(fig. 29) where treated sewage is injected under pressure into a saline zone

of the Upper Floridan aquifer.
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Connector wells at Kingsford Mine area

Gravity-flow connector wells in phosphate-mining areas have a two-fold pur-
pose: (1) dewatering of the overburden and ore matrix, and (2) recharging the
heavily pumped Upper Floridan aquifer with water that would otherwise discharge
into streams.

About 90 connector wells were constructed at the Kingsford Mine area in the
early 1970's. Most of the wells were constructed so that water enters a screened
interval in the surficial aquifer, flows downward through a casing, and leaves
through an open-hole section in the Upper Floridan aquifer. Other wells were con-
structed to permit water to.flow from the surficial aquifer into the intermediate
aquifer, or from the surficial and intermediate aquifers into the Upper Floridan .
aquifer.

About 60 connector wells were in operation at any one time during 1979. The
flow rates of the wells ranged from 40 to 300 gal/min and averaged 150 gal/min.
The composite recharge rate for 1979 was about 13 Mgal/d (Mr. Lee Cawley, Interna-
tional Minerals and Chemical Corp., oral commun., 1980). Connector wells are also
used at other mining sites, but to a much lesser extent than at the Kingsford Mine.

Waste injection in Pinellas County

Pinellas County and the city of St. Petersburg have constructed six waste-
injection test sites (fig. 29) to test the feasibility of injecting and storing
treatment-plant effluent in the Upper Floridan aquifer. The injection zone is
the permeable dolomite section in the lower part of the Upper Floridan aquifer.
The injection zone is in the saltwater part of the aquifer where chloride con-
Centrations approximate that of seawater.

Hickey (1981) estimates a projected maximum injection rate of about 40
Mgal/d when all sites become operational. Using results of model computations,
Hickey suggests that regional pressure and velocity changes caused by 20 years
of injection will be small, generally not exceeding 3 feet of head change and

0.1 ft/d of velocity change.

Potential for Development

Several models for projecting population growth in west-central Florida
have been developed. All the models indicate that Florida's population will
Continue to increase at a rapid rate well into the next century. One estimate
of the projected population in west-central Florida is shown'in table 5. As
ShoWn, each county will experience some growth; the most ?apld growth and the
8reatest population density will continue to be centered in Fhe ?ampa Bay area.
Total population in the Southwest Florida Water Management District for 1980
Was approximately 2.5 million. It is projected to 1ncre?se Py about.52 pe¥cenc
by the year 2000 to a total of 3.8 million. The population in 2020 is p?OJeCted
to be about 4.6 million, an increase of 84 percent over the 1980 population.
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Water-Demand Problem Areas and Water-Supply Areas

Ground-water resources in certain areas, such as most of the northern half
of the study area, are relatively undeveloped at the present time (1983). 1In
these areas, good potential for development exists. Ground-water resources just
north of Tampa Bay have been heavily developed. Further development in this area
will continue, but the problem of environmental effects will have to be addressed.

In much of the southern half of the study area, large withdrawals of water
for industry and irrigation have resulted in greatly lowered water levels in the
Upper Floridan aquifer. The large projected increase in population for the south-
ern coastal areas will result in increases in withdrawals for municipal supplies
that will compete for the already heavily stressed ground-water resource.

During the latter 1970's, the U.S. Army Corps of Engineers (1980) made a
study of the problems of water-resource development and management for an area of
west-central Florida that coincides with the Southwest Florida Water Management
District. The major water-supply problems were determined to be those of munici-
palities near the coastal zone (fig. 37). Local water resources in those areas
would be insufficient to meet projected demands. The projected increase in de-
mand, 1975 to 2035, is shown for each major area in table 6. Total projected
increase is 380 Mgal/d.

Table 6.--Projected increase in water use by 2035 in
major water-demand areas

[Data from U.S. Army Corps of Engineers, 1980, p.17]

Projected increase,

Water—?emagg area 1975 to 2035
ok (Mgal/d)
Pinedllag=yest Pasco” ~——tr=—"==m—"—" -1 150
HillsBerough ==t~ Toorann = 100
Bradanton ==-r=em——— 35
SAYAPOLE ~=m—— A e T A 65
Port Charlotte —--——-—- 30
Total increase 380

The remainder of the study area, according to the Corps' study, would have
Sufficient water available locally to meet demands. The study (U.S. Army Corps
1980, p. 115) concluded that sufficient water is available to meet
: but that intergovernmental coordination and agreement is
tion and distribution of supplies.

°f Engineers,
all projected demands, hat
€ssential for the optimum utiliza

ted the major water-supply options as being well fields,
flow diversion, and artificial underground storage.
field alternatives were generally more economical

The Corps' study lis
Surface-water storage, river-
The study concluded that "well
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and less environmentally disruptive than surface-storage plans'" (U.S. Army Corps
of Engineers, 1980, p. 115). Locations of future well fields must be carefully
considered by water managers and planners if the adverse impacts of proposed well-
field withdrawals on the hydrologic flow system are to be minimized. Digital
simulation of aquifer response to increased pumpage can be used as a management
tool in this effort.

Simulation of Increased Development

As an example of using the digital model for assessing effects of proposed
well fields, two potential sites were selected for analysis (fig. 37a). Hypothe-
tical well fields, each pumping 30 Mgal/d, were located (1) near the coast at the
Citrus-Hernando County line and (2) in northeastern Manatee County. The sites
are landward of the saltwater-freshwater zone of transition in the Upper Floridan
aquifer. These areas are under consideration for development of large well fields.

Analysis of the simulated withdrawals is subject to the following assumptions
and conditions.

i The new pumpage is superimposed on the 1976 steady-state flow system, and a
new condition of steady-state equilibrium is reached.

i Head declines at the saltwater-freshwater interface are insignificant.

3 An insignificant amount of water is induced laterally through the aquifer
into the study area.

4, For the Hernando County site, the recharge rate remains fixed at the 1976
rate; the new pumpage is derived almost entirely from a reduction in spring
discharge.

3. For the Manatee County site, the water table in the surficial aquifer re-

mains fixed; the new pumpage is derived almost entirely from an increase
in downward leakage (or decrease in upward leakage) within the superim-
posed cone of depression.

The difference in the cones of depression for the two pumping locations is
striking (fig. 37a). At the Hernando County site, the cone is relatively shallow
and of small areal extent. This condition would be expected in this area of high
recharge and high transmissivity and where water that discharges to large springs
can be intercepted by the pumping wells. Springs most affected by the superim-
Posed pumpage are as follows:

. Simulated
Spring(s) Slmglated 1976 discharge with Percent
(see table 3) dlscgjgge new well field decrease
(ige/ 02 (Mgal/d)
Crystal River Group —----=—=--- 546 537 2
Homogagsa ==m=—mm——mmmmmm———= 105 101 4
Chassahowitzka, Potter, ot d
and Ruth =—==—m————————————= 76
Nos. 9, 10, 11, and 12 —------ 20 18 10
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The northern areas can sustain a great deal of new development. The major
impact on the flow system will be reduced spring discharge. New developments,
even if located many miles inland, can reduce the flow of the coastal springs.
Springs that are near the coast are generally in the zone of freshwater-saltwater
transition, and some are affected by tides. A reduction of freshwater flow to
these springs would result in increased chloride concentrations in the springflow-
aquifer system. New development farther inland, for example in the ground-water
basins drained by Rainbow Springs and by Silver Springs, would have the least
impact on the flow system and on water quality.

At the site in northeastern Manatee County, the cone of depression from the
superimposed pumpage is steeper and of much greater areal extent than at the north-
ern site. The combination of moderately high transmissivity and thick, effective
overlying confining beds causes the cone to spread laterally over a relatively
greater distance until a sufficient amount of downward leakage (or reduced up-
ward leakage) is induced to equal the amount of water being pumped. In contrast
to the Hernando County site, only about 7 percent of the pumpage is derived from
a reduction in spring discharge (about 2 Mgal/d from Lithia Springs in Hills-
borough County).

The sustenance of additional large ground-water development in the south
is less certain than in the north. Intense competition for municipal, industrial,
and irrigation supplies could cause further declines in the potentiometric surface;
however, the potential effects of such declines have not been quantitatively
evaluated.

The well-field simulation described above is one of many possible pumping
Patterns that can be simulated by the digital model. When needed, the model
could be used in conjunction with the multistate regional model (described in
Professional Paper 1403-C) to simulate flows across the boundary of the study
area. These simulations could provide generalized data concerning impacts on
the flow system that could be useful in initial phases of planning for future
development. But eventually, some basic hydrologic questions must be answered:

1. At what point will development become so great that further development
will render quality and quantity of spring discharge unacceptable?

2.  How much development can occur before the assumption of a fixed saltwater-
freshwater interface (or zone of transition) is no longer justified?

- 74 How much development can occur before the assumption of a fixed water
table in the surficial aquifer is no longer valid and widespread perma- .
nent declines in the water table prevail? Such declines are well docu-
mented in areas that contain large well fields and where confining-bed

leakage is relatively high.

4., At what point will development become so great that aquifer disc?aFge e*—
ceeds aquifer recharge and an assumption of steady—state.condltlo?s is
no longer applicable? Such conditi?ns of l?ng—term decline prevailed
during the 1960's and early 1970's in certain areas.
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SUMMARY AND CONCLUSIONS

The hydrogeologic framework and the hydraulics of the flow system in the
northern half of the study area are quite different from those of the southern
half. Important features of the aquifer framework and predevelopment flow sys-
tem are summarized as follows:

148 In the north, the Upper Floridan aquifer is at or near land surface, or it
is overlain by the surficial aquifer, separated by a relatively thin con-
fining layer. Transmissivity of the aquifer is high with values that
range upward to more than a million square feet per day in the vicinity
of high-yield springs. Recharge rates are relatively high, averaging
20 in/yr in some areas. Much of the recharge enters highly developed
solution channels in the upper part of the aquifer and flows relatively
short distances before emerging as spring discharge.

21 In the south, the Upper Floridan aquifer is overlain by the intermediate
aquifer and confining beds. The lowermost confining bed contains less
permeable material in the Tampa Limestone or in the lower part of the
Hawthorn Formation. Overlying the confining layer is the intermediate
aquifer that generally consists of rocks within the Hawthorn Formation
and ranges in thickness from a few feet to about 400 feet. Permeabil-
ity of the aquifer is much less than that of the Upper Floridan aquifer.
The permeable zone is overlain in turn by another confining layer. The
uppermost hydrogeologic unit is the surficial aquifer. Recharge to the
Upper Floridan aquifer in the south occurs as leakage from the surficial
aquifer through the intermediate aquifer and confining beds. Discharge,
prior to development, occurred principally as diffuse upward leakage
through confining layers primarily along the coast. These thick confin-
ing layers result in a flow system in the south that is less vigorous
than in the north.

A digital model was used to simulate the natural (prepumping) flow system
and the 1976 flow system of the Upper Floridan aquifer in west-central Florida.
The predevelopment flow system in the north consists of a highly transmissive,
unconfined aquifer with local sources of recharge and discharge (springs). In
the south, the system is confined, less transmissive, has less recharge occur-
ring as downward leakage across confining beds, and lower discharge through dif-
fuse upward leakage. Total predevelopment recharge for the system was about
2,500 Mgal/d; of this, about 2,110 Mgal/d (84 percent) was discharged as spring-
flow, and about 390 Mgal/d (16 percent) was discharged as upward leakage, mostly

along the coast.

Changes in the flow system have occurred in response to: (1) man's activi-
ties, which include pumpage, impoundments, and dredging; and (2) deviations from
normal amounts of rainfall. Significant declines in aquifer heads that resulted
in increased pumping lifts, declining lake levels, énd sinkhol? development have
occurred: (1) north of Tampa Bay where large municipal well fields have be?n.
located, and (2) in southwestern Polk County, the center of the phosphate-mining

and citrus-processing industries.

A general cessation of water-level declines occurred in the mid-1970's, and
that period was chosen for calibration of a steady-state digital model. Compar-
ison of the 1976 potentiometric surface, the year chosen for model calibration,
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SUPPLEMENT I--DIGITAL MODEL OF 1976 FLOW SYSTEM

The digital model used for simulating the 1976 flow system is identical to
that used to simulate the predevelopment flow system; only the input data and
boundary conditions were changed to reflect 1976 conditions. A complete descrip-
tion and discussion of the model, including references, significant computer code
changes, theory, and important assumptions and limitations were reported by Ryder
(1982).

1976 Steady-State Calibration

A long-term decline in lake levels and ground-water levels occurred into
the mid-1970's, especially in the heavily pumped upper Peace and Alafia River
basins. Significant recovery of water levels occurred during the latter 1970's
and into the 1980's. Records of ground-water levels, lake stages, and rainfall
were examined for the transition period (1974-76) between long-term water-level
decline and recovery. The 1976 water year (October 1, 1975, to September 30,
1976) was considered to be a suitable period for steady-state model calibration
because: (1) net change in storage in the regional flow system was negligible;
and (2) pumpages are known or can be reasonably estimated.

Procedure

During model calibration, the initial hydrologic input data were estimated,
and computed hydraulic heads were compared with observed heads. The input data
were then adjusted until differences between computed and observed heads were
within acceptable limits. Computed and observed rates of spring discharge were
also compared.

Hydrologic Input Data

Most of the initially estimated input data for the 1976 model calibration
Wwere obtained from the predevelopment model calibration (Ryder, 1982). These
data included transmissivity of the intermediate aquifer and Upper Floridan aqui-
fer and leakance of the confining beds. Other data sets from the predevelopment
Model required only slight modification before being entered as input data for
the stressed model. These included:

1.  Water table of the surficial aquifer: Heads were lowered about 6 feet
in the northeast corner of the modeled area to reflect observed head
declines associated with long-term rainfall deficits.

2. Direct recharge to the unconfined Upper Floridan aquifer in northern areas:
Slight adjustments were made in grid blocks that contained pumping wells.
Recharge was increased by a small fraction of the pumping rate to simu-
late induced recharge that was formerly rejected, but in no case did the
increase exceed 1 in/yr. Predevelopment recharge rates that exceeded
14 in/yr were arbitrarily assumed to be maximum rates, and increases
were not made in those grid blocks.
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¥ Head difference-spring discharge functions: The constant that describes
the linear relation between head difference and discharge rate was
changed substantially for Lithia Springs in Hillsborough County. This
change was necessitated because artificial widening of the spring ori-
fice modified flow conditions.

4, Spring pool elevation: Elevations were lowered slightly for Rainbow
Springs and Silver Springs to reflect mean 1976 water levels as deter-
mined from stage record.

Data sets that required extensive modification included the potentiometric sur-

faces of the intermediate aquifer and Upper Floridan aquifer. A new data set was
required to simulate 1976 pumpage.

Potentiometric surface

Maps of the potentiometric surface of the Upper Floridan aquifer for May
1976 (Stewart and others, 1976) and September 1976 (Ryder and others, 1977) were
used in conjunction with continuous records from numerous wells to construct the
hean potentiometric surface for the 1976 water year (fig. 28). The mean of the
May and September water levels was nearly identical to the 1976 annual mean based
on continuous records for most of the area. In some southern areas, the mean of
the two water levels differed from the annual means by about 1 to 3 feet, and
Water levels in these areas were adjusted in constructing the 1976 map. Recorder
Wells and miscellaneous periodic measurements for the southern .area and September
1975 and May 1976 potentiometric-surface maps for the upper Peace and Alafia River
basins (Hutchinson, 1978) were used to estimate the 1976 potentiometric surface
Of the intermediate aquifer.

Pumgage

In compiling pumpage data for the 1976 water year, water-use data collected
by Wilson and Gerhart (1982) for 1975-76 were examined. These data had been col-
lected for use in a digital model of a seven-county area that approximates the
Southern half of the study area. Public and industrial pumpage were used virtu-
ally unchanged as input to the 1976 model. Because of improved estimates of
irrigation water-use data, irrigation application rates and number of irrigated
acres were recalculated for Polk, De Soto, Manatee, and Sarasota Counties.

For the northern areas, telephone surveys were used in conjunction with
data in the files of the U.S. Geological Survey (A. D. Duerr, U.S. Geological
Survey, written commun., 1980) to estimate 1976 pumpage. Pumpage distribution
for the entire study area is shown by county in figure 29 and by model grid
blocks in figures 30 and 31. Total 1976 pumpage was about 950 Mgal/d, which
takes into account about 22 Mgal/d of recharge injected through wells into the
Upper Floridan aquifer. About 905 Mgal/d were withdrawn from the Upper Floridan
Aquifer and 45 Mgal/d from the intermediate aquifer.
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Boundary conditions

The no-flow lateral boundary used in the predevelopment model was replaced
by a constant-head boundary for the 1976 steady-state calibration, except at the
freshwater-saltwater boundary, which remained a no-flow boundary. The finite-
difference grid and boundaries are shown in figure 38. After calibration, the
constant-head boundary was replaced by a constant-flux boundary. The fluxes
were generated by the regional model that was used to simulate pumpage in all of
Florida. The close similarity in computed heads when using the constant-head
boundary and the constant-flux boundary demonstrates the effectiveness of the
regional model for supplying flows across the boundaries. The regional model
was also used to supply boundary flows during an attempted transient model
calibration.

Results

A comparison between the observed and the simulated 1976 potentiometric
surfaces of the Upper Floridan aquifer is shown in figure 39. This comparison
shows that (1) the potentiometric surface simulated by the model is reasonably
accurate, and (2) the greatest accuracy is in the north.

The observed and simulated potentiometric surfaces can also be compared
Statistically by analyzing the differences between observed and simulated heads
for all model grid blocks. The average difference in head was 4.1 feet for the
Upper Floridan aquifer and 6.5 feet for the intermediate aquifer. [Note: The
average difference in head is the average of the absolute values of the head
differences in all grid blocks.]

Another means of measuring the accuracy of the model calibration is to
Compare observed 1976 spring discharge to model-simulated discharge (table 4).
Table 4 shows that only nine springs were measured during 1976 (excluding
KiSsengen Spring, which ceased to flow in the 1950's). However, it is esti-
Mated that the discharge from these nine springs comprises about 85 percent of
total spring discharge in.the study area.

For the nine springs, simulated discharges ranged from 83 percent of
Observed discharge at Crystal Springs to 110 percent of observed discharge at
Rainbow Springs. The average simulated discharge was 100 percent of the 1976
Measured discharge. :

Transmissivity and leakance values were changed slightly in the south to
Obtain the best calibration under pumping conditions. Rerunning the predevel-
Opment model with the changed parameters produced essentially the same results
4s the initial predevelopment calibration.
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May to September 1976 Transient Simulations and Sensitivity Analysis

Unlike the steady-state models, heads computed during transient simulations
are a function of starting heads and time. Thus, initial input data must include
an estimate of the storage coefficient for the Upper Floridan aquifer and inter-
mediate aquifer. As described previously, distribution of Upper Floridan aquifer
storage coefficient in,confined areas was estimated by applying an average speci-
fic storage of 1.0x10 ~ times aquifer thickness shown in figure 10. This procedure
was followed for the permeable deposits of the intermediate aquifer, whose thick-
ness is shown in figure 12. In unconfined areas, the storage coefficient (specific
yield) of the Upper Floridan aquifer was estimated at 0.2.

The quasi-three-dimensional model used in this study is not programmed to
deal with water that may be released from or taken into storage in the confining
beds. However, figures 11 and 14 show that confining beds are absent or rela-
tively thin over most of the study area. Water associated with change in storage
in confining beds could be significant in the southern third of the study area
where the beds generally exceed 200 feet in thickness and attain a maximum thick-
ness of about 400 feet.in De Soto County.

To test the estimated aquifer storage properties and other model parameters,
a transient simulation was made that started with May 1976 conditions and ended
with September 1976 conditions. An essential element of the simulation was a
procedure of using the model to correct for a large water-level recession that
was occurring in the aquifer in early May. The recession was steepest in areas
with heavy irrigation withdrawals, as normally occurs in late spring each year.
The procedure for the transient model simulation was furnished by J. M. Gerhart
(U.S. Geological Survey, written commun., 1981) and is described in detail as
follows:

1. Initial input data for the transient simulation were derived from the 1976
steady-state calibration with the following exceptions: (a) the May
potentiometric surface (Stewart and others, 1976) was used to provide
starting heads for the Upper Floridan aquifer, (b) a May potentiometric
surface was estimated for the intermediate aquifer, (c) average 1976
pumpage was replaced by the estimated pumping rate for April to May 1976,
and (d) lateral boundary fluxes for the 1976 steady-state model were de-
leted and replaced by fluxes as explained below.

2. The model was run in four pumping periods (six time steps per pumping per-
iod) from May 12 to September 12; each pumping period was 31 days. Each
pumping period was preceded by a run with the large regional model so that
boundary fluxes could be applied to the small model at the beginning of
each pumping period. The heads generated for September 12 were saved.

3. The April to May 1976 pumping rate was replaced by the rate estimated for
September 1976, and the procedure described in step 2 was repeated.

¥. The heads generated for September 12 in step 2 were subtracted from those
generated in step 3. These differences were added to the observed May
1976 heads, and the resulting heads were compared to the observed
September 1976 potentiometric surface (Ryder and others, 1977).
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The heads computed by the transient simulation were very similar to those
observed for September 1976 for most of the study area, including the heavily
stressed Polk and Hillsborough County areas. This similarity indicated that the
initial estimate of storage coefficient was good for most of the study area.
However, simulated heads were much higher, about 15 to 20 feet, than observed -
heads in De Soto County and in parts of Hardee, Manatee, and Sarasota Counties.
Nearly all pumpage in these counties is irrigation pumpage, the most difficult
of all water-use data to estimate. Also, confining beds attain maximum thick-
ness in these areas. To complete a transient calibration, it would be necessary
to reduce pumping rates or increase aquifer storage coefficient, or both, in
problem areas and perhaps change other model parameters as well. It would also
be necessary to assume that amounts of water released from or taken into storage
in confining beds is insignificant, by no means a safe assumption for these
areas.

The uncertainty concerning which parameters should be changed suggests that
a transient model calibration not be completed until (1) irrigation pumping rates
can be measured more accurately, and (2) the model code is modified to simulate
changes in storage in confining beds.

Peter Bush (U.S. Geological Survey, written commun., 1982) used the large
regional model (as described in Professional Paper 1403-C) to test the sensitiv-
ity of the model to changes in storage coefficient and pumpage. Using predevelop-
ment starting heads, and average annual pumpage and storage coefficient estimated
as previously described, a series of 183-day runs was made. For each run, storage
coefficient or pumpage was changed through a feasible range while holding all other
Parameters unchanged. The results of the sensitivity analysis are shown in figure
40. The center of the grid block used to construct the time-drawdown curves in
figure 40 is about 8 miles south of Bartow in Polk County. The sensitivity analy-
sis shows that (1) for less than 20 days, an order of magnitude change in storage
coefficient can cause a change in drawdown very similar in magnitude to a 30-
Percent change in pumping rates, and (2) changes in drawdown attributable to
changes in storage coefficient diminish with time, so that after 120 days, the
drawdown curves for a given pumping rate nearly converge to a_guasi—steady—state
condition. For smaller values of storage coefficient, 1.2x10 ', quasi-steady-
State conditions are essentially reached in 20 days.
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