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CONVERSION FACTORS

For use of those readers who may prefer to use metric (SI) units
rather than inch-pound units, the conversion factors for the terms used
in this report are listed below:

Multiply inch-pound unit By To obtain metric (SI) unit
Length
inch (in.) 25.40 millimeter (mm)
foot (ft) 0.3048 meter (m)
mile (mi) 1.609 kilometer (km)
Area
acre 2 0.4047 ﬁectare (ha) 9
square mile (mi”) 2.590 square kilometer (km™)
Volume
gallon (gal) 3.785 -3 liter (L)
3.785 x 10 cubic meter (m))
million gallons (Mgal) 3,785 cubic meter (m~)
inch per acre (in/acre) 62.76 millimeter per hectare
(mm/ha)
Flow
gallon per minute (gal/min) 0.06309 -5 liter per second (L/s)
6.309 x 10 cubis meter per second
(m~/s)
million gallons per day 0.04381 cubis meter per second
(Mgal/d) (m~/s)
inch per year (in/yr) 25.40 -2 millimeter per year (mm/yr)
cubic3foot per second 2.832 x 10 cubis meter per second
(ft™/s) (m/s)
Transmissivity
foot ﬁquared per day 0.09290 meteE squared per day
(ft7/d) (m~/d)

Hydraulic conductivity-

foot per day (ft/d) 0.3048 meter per day (m/d)
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Multiply inch-pound unit

gallon per day per3cubic
foot [(gal/d)/ft”]

foot per day per foot
[(ft/d)/ft]

Mean sea level

By To obtain metric (SI) unit

Leakance

0.1337 meter per day per meter
[(m/d)/m]

1.000 meter per day per meter
[(m/d)/m]

—-—— National Geodetic Vertical
Datum of 1929 (NGVD of

1929)
EXPLANATION OF UNITS

Ground-water term Original form Reduced form
Transmissivity, T = (m3éd)/m = mzéd

= (fe7/d)/ft = ft7/d

= (gal/d)/ft = —
Hydraulic conduc- 3 9

tivity, K (m éd)/m 9 = m/d
= (ft7/d) /£t = ft/d

(gal/d)/ft

ix






SIMULATED EFFECTS OF GROUND-WATER DEVELOPMENT ON POTENTIOMETRIC
SURFACE OF THE FLORIDAN AQUIFER, WEST-CENTRAL FLORIDA

By William E. Wilson and James M. Gerhart

ABSTRACT

A digital model of two-dimensional ground-water flow was used to pre-
dict changes in the potentiometric surface of the Floridan aquifer, 1976-
2000, in a 5,938-square-mile area of west-central Florida.

In 1975, ground water withdrawn from the Floridan aquifer for irri-
gation, phosphate mines, other industries, and municipal supplies averaged
about 649 million gallons per day. Rates are projected to increase to
about 840 million gallons per day by 2000.

The model was calibrated under steady-state and transient conditiomns.
Input parameters included transmissivity and storage coefficient of the
Floridan aquifer; thickness, vertical hydraulic conductivity, and storage
coefficient of the upper confining bed; altitudes of the water table and
potentiometric surface; and ground-water withdrawals.

Simulation of May 1976 to May 2000, using projected combined pumping
rates for municipal supplies, irrigation, and industry (including exist-
ing and proposed phosphate mines), resulted in a rise in the potentiometric
surface of about 10 feet in Polk County, and a decline of about 35 feet
in parts of Manatee and Hardee Counties. The lowest simulated potentio-
metric level was about 30 feet below National Geodetic Vertical Datum of
1929. Simulated declines for November 1976 to October 2000 were generally
5 to 10 feet less than those for May 1976 to May 2000.



INTRODUCTION

Background

Long-range projections of water use in west-central Florida suggest
that substantial increases in ground-water withdrawals will occur for
municipal supplies, irrigation, and phosphate mines. Population growth,
particularly in coastal areas, will require new and expanded public
water-supply systems. Although the area of agricultural land is not ex-
pected to increase, the proportion of agricultural land that is irrigated
will increase. In the mid-1970's, principal interest was focused on the
phosphate industry, whose mines and associated chemical plants each used
millions of gallons of ground water per day for processing. In 1975,
phosphate mining was confined to Polk County, but as the ore became de-
pleted, mining companies, through permit applications to regulatory agen-
cies, were seeking to expand operations into Hardee, Hillsborough, DeSoto,
and Manatee Counties over the next several decades.

Most demands for water will be met by ground water from the Floridan
aquifer. The combined withdrawals could have major effects on the hydro-
logy of the area. One possible effect is saltwater encroachment resulting
from lowered potentiometric levels. In 1975, the U.S. Geological Survey
started a cooperative investigation with the Southwest Florida Water
Management District to determine the regional hydrologic effects of anti-
cipated ground-water withdrawals by major users, including municipalities,
irrigators, and the phosphate industry.

In 1976, the President's Council on Environmental Quality directed
the U.S. Environmental Protection Agency to develop an Areawide Environ-
mental Impact Statement to analyze cumulative interrelated impacts of
present and proposed phosphate development in central Florida. 1In 1977,
the Geological Survey published preliminary findings on the effects of
withdrawals by the phosphate industry (Wilson, 1977a) in order to provide
timely results in support of the Environmental Protection Agency's inves-
tigation.

Purpose and Scope

This report presents the results of the first phase of a planned
two-phase investigation. The objective of the first phase was to deter-
mine the amount of change in the potentiometric surface of the Floridan
aquifer to be expected as a result of proposed or anticipated ground-
water development in west-central Florida. The objective was accomplished
principally through the calibration and application of a regional digital
model of ground-water flow. In the second phase of the investigation,
potential effects of development on the saltwater-freshwater interface
along coastal west-central Florida will be assessed.



This report updates and expands the preliminary report (Wilsonm,
1977a), which considered the effects of withdrawals for phosphate mining
only. This report includes the effects of withdrawals for phosphate
mines, municipal supplies, and irrigation, separately and in combination.
The effects of phosphate mining shown in this report differ from those
in the preliminary one because modifications were made in boundary condi-
tions and input parameters.

The study area covers 3,533 mi2 in west-central Florida, south and
east of Tampa (fig. 1). The area includes all of Hardee, DeSoto, Manatee,
and Sarasota Counties, the southeastern part of Hillsborough County, and
the southwestern part of Polk County. In order to determine effects of
ground-water development in the area, hydrogeologic data were evaluated
and a ground-water flow mode} was calibrated for a larger region. The
modeled area covers 5,938 mi~ and, as shown in figure 1, includes in ad-
dition to the study area parts of Charlotte, Highlands, Lee, and Pinellas
Counties, additional parts of Hillsborough and Polk Counties, and the
eastern part of the Gulf of Mexico.

Hydrogeologic interpretations in this report were based on existing
data, except for field data collected for irrigated acreage and for ground-
water withdrawals in 1975-76. Whenever feasible, results of test drilling
and aquifer tests conducted by others during the course of this investiga-
tion were incorporated into the study. These included detailed tests done
by private consultants for phosphate mining companies.

The report presents input data for the digital model in Supplementary
Data I at the end of this report. The data can serve as a basis for re-
fining the model or for testing effects of alternative schemes of ground-
water development.

Previous Investigations and Acknowledgments

The geology and ground-water resources of the study area and ad-
joining counties have been the subject of many investigations, including
some currently (1979) underway. Most studies cover counties or small
areas. Among the countywide ground-water investigations are those for
Highlands County (Bishop, 1956), Polk County (Stewart, H. G., Jr., 1966),
Hillsborough County (Menke and others, 1961), Manatee County (Peek,
1958), DeSoto and Hardee Counties (Wilson, 1977b), and Charlotte County
(Sutcliffe, 1975; Wolansky, 1978).

Many of the published geologic reports for the area are related to
the phosphate mineral resource. Included are reports by Bergendahl
(1956), Carr and Alverson (1959), Cathcart (1966), and Ketner and
McGreevy (1959).

In a regional appraisal of ground-water resources, Geraghty and

Miller, Inc., and Reynolds, Smith and Hills (1977) evaluated the avail-
ability of ground water in the Southwest Florida Water Management

3
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District, and presented alternative schemes of development. Regional po-
tentiometric maps representing conditions in May and September are pub-
lished each year by the U.S. Geological Survey. Three of these maps were
used in this report: September 1975 (Mills, Laughlin, and Parsomns, 1976),
May 1976 (Stewart, Laughlin, and Mills, 1976), and September 1976 (Ryder,
Laughlin, and Mills, 1977). Changes in potentiometric surface were map-
ped for 1964-69 (Stewart, J. W., and others, 1971), and for 1969-75

(Mills and Laughlin, 1976).

The authors are grateful for information obtained from many sources
during this investigation. The U.S. Envirommental Protection Agency and
their contractors, Texas Instruments Incorporated, Geraghty and Miller,
Inc., and Thomasino and Associates, Inc., provided valuable information.
Many consulting firms, including P. E. LaMoreaux and Associates,

William F. Guyton and Associates, Dames and Moore, Inc., and Richard C.
Fountain and Associates, provided, through their clients, results of de-
tailed site investigations in the study area. The Florida Phosphate
Council provided detailed ground-water pumpage records for the phosphate
industry. The authors are particularly grateful to Peter Schreuder,
Geraghty and Miller, Inc., William L. Guyton, William F. Guyton and
Associates, and Peter MacGill, formerly with the Florida Bureau of
Geology, for insights gained during many discussions concerning the
hydrology and geology of west~central Florida.

Geography

Physiography

The study area lies in the western half of Florida's mid-peninsular
physiographic zone, as defined by White (1970). Land-surface altitudes
range from National Geodetic Vertical Datum of 1929 (NGVD of 1929) at the
coastline to about 245 ft at the eastern border. The land surface is
composed of a series of gently sloping marine terraces, or plains. The
older and higher surfaces have been slightly dissected by erosion, but
large segments of the younger and lower ones remain nearly undissected.
North and east of the study area, in Polk and Highlands Counties, is a
series of subparallel eroded sandy ridges and intervening valleys con-
taining numerous lakes.

The principal rivers in the study area are the Peace and Myakka

Rivers, which flow into Charlotte Harbor; and the Manatee, Little Manatee,
and Alafia Rivers, which flow into Tampa Bay.

Climate

The climate of the study area is subtropical humid and is character-
ized by long, warm, relatively wet summers, and mild, relatively dry win-
ters. Long-term (1915-76) annual rainfall averages at stations in and

5



near the study area generally are between 50 and 54 in. Precipitation

is unevenly distributed throughout the year; about 60 percent falls dur-
ing four summer months, June through September. Most of the summer rain-
fall is in the form of afternoon and evening thundershowers, but the
rainfall may be substantially augmented by tropical storms that occasion-
ally affect the peninsula. Spring months are characteristically warm and
dry, and these are the months of heaviest irrigation of crops.

Land Use

Land use for 1975 and -projected land use for the year 2000 for coun-
ties in the study area were tabulated by Texas Instruments Incorporated
(1977b), applying categories of the U.S. Geological Survey Land Use Data
and Analysis (Anderson and others, 1976). Four counties (DeSoto, Hardee,
Manatee, and Sarasota) lie wholly within the study area. 1In the two in-
land counties, DeSoto and Hardee, agricultural land constituted about 44
percent of the total area in 1975 and urban areas covered less than 2 per-
cent. In the two coastal counties, Sarasota and Manatee, agricultural
land covered 23 percent and urban areas about 12 percent. In the four
counties, rangeland covered 32 to 51 percent, and barren land, which in-
cludes mined lands, covered less than 5 percent.

In Polk County, 112,670 acres were in barren land in 1975. Most of
this land was being actively mined for phosphate or being reclaimed from
mining. Nearly all of the barren land in Polk County was in the study
area.

The projected distribution of land uses in 2000 shows an increase
in urban areas and small declines in agricultural and rangeland areas.
In DeSoto and Hardee Counties, urban areas are projected to increase
slightly, to about 5 percent of the total area of the counties. 1In
Sarasota and Manatee Counties, urban areas are projected to increase to
about 16 percent. The projections by Texas Instruments Incorporated
(1977b) do not show increases in barren land for DeSoto, Hardee, and
Manatee Counties, as would be expected with an introduction of phosphate
mining into these counties. Anticipated continued mining and reclamation
activities in Polk County resulted in a projected increase of barren land
in that county to about 146,000 acres by 2000.

Population

The distribution of population directly affects the development of
and competition for the area's water resources. Estimated total popula-
tion of the study area in 1976 was about 420,000; projections indicate
that the population will more than double by 2000 (Texas Instruments
Incorporated, 1977a). As shown in figure 2, almost three-fourths of the
population, or about 309,000 people, are concentrated along a coastal
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strip from Tampa Bay to Charlotte Harbor. Potable ground-water resources
along this strip are severely limited or nonexistent. Principal coastal
urban centers are Sarasota (estimated 1976 population, 47,156) and
Bradenton (estimated 1976 population, 26,204).

Inland areas are sparsely populated (fig. 2). The total estimated
1976 population of DeSoto and Hardee Counties, for example, was only
36,200. Principal inland communities are Bartow, Wauchula, and Arcadia.

Population figures for 1976 for Hillsborough and Polk Counties (fig.
2) are from the files of the Hillsborough and Polk County Planning Com-
missions; all other county and city totals are from the University of
Florida (1977).

Geology

The study area lies in the Florida peninsular sedimentary province,
a part of the eastern Gulf of Mexico sedimentary basin (Puri and Vernon,
1964). Rock units of interest in this investigation are principally ma-
rine sedimentary rocks of Eocene and younger ages. Beneath the surficial
sands, the formations include, from youngest to oldest, a section of un-
differentiated deposits, including the Caloosahatchee Marl, Bone Valley
Formation, and Tamiami Formation; Hawthorn Formation; Tampa Limestone;
Suwannee Limestone; Ocala Limestone; Avon Park Limestone; and Lake City
Limestone. Formation ages and descriptions are shown in table 1.

The formations can be grouped lithologically into four major sequen-
ces of hydrologic significance. From youngest to oldest these include
the following:

(1) Surficial sand deposits, generally less than 100 ft thick;

(2) A heterogeneous clastic and carbonate section of interbedded
limestone, dolomite, sand, clay, and marl, generally a few
tens of feet to several hundred feet thick;

(3) A carbonate section of limestone and dolomite, generally more
than 1,000 ft thick;

(4) Carbonate rocks containing intergranular anhydrite and gypsum.

The Bone Valley Formation is one of the world's most important
sources of phosphate, and hundreds of millions of gallons of ground water
are used each day in the extraction gnd processing of phosphate ore. The
ore deposit underlies about 2,000 mi” in central Florida and is a shallow-
water, marine and estuarine phosphorite of Pliocene age (Altschuler,
Cathcart, and Young, 1964). The phosphate occurs in the form of grains
of fluorapatite in a deposit of pebbly and clayey sands.

As described by Fountain and others (1971), the most widely held
theory on the origin of phosphate ore is that the Bone Valley Formation



Table 1l.--Hydrogeologic framework

Major
System Series Stratigraphic General lithology lithologic Hydrogeologic
unit unit
unit
Quaternary | Holocene, Surficial sand,| Predominantly fine Sand Surficial
Pleistocene, terrace sand, sand; interbedded aquifer
Pliocene phosphorite clay, marl, shell,
limestone, phos-
phorite
—————— Undifferentiat~- Clayey and pebbly Carbonate Upper confining
ed deposits— sand; clay, marl, and clas- bed of Floridan
shell, phosphatic tic aquifer
Tertiary Miocene Hawthorn Dolomite, sand,
Formation clay, and limestone;
silty, phosphatic
Tampa Forma~ Limestone, sandy,
tion phosphatic, fossil-
iferous; sand and
clay in lower part
in some areas
L
Oligocene Suwannee Limestone, sandy
Limestone limestone, fossili-
ferous
Eocene, Ocala Limestone| Limestone, chalky, Carbonate Floridan aquifer
Paleocene foraminiferal,
dolomitic near bot-
tom
Avon Park Limestone and hard
Limestone brown dolomite
Lake City, Dolomite and chalky Carbonate Lower confining
Oldsmar, and limestone, with with inter- bed of Floridan
Cedar Keys intergranular gyp- granular aquifer
Limestones sum and anhydrite evaporites

1/ Includes all or parts of Caloosahatchee Marl, Bone Valley Formation, and Tamiami Formation.



was derived principally from the reworking of the underlying weathered
Hawthorn Formation. Phosphate in the Hawthorn Formation is probably the
result of precipitation from upwelling phosphorus—~rich water along the
continental shelf during Miocene time.

The ore generally occurs 10 to 60 ft below the land surface and is
5 to 50 ft thick (Fountain and others, 1971). The ore is mined from open
pits. Water is used to transport a matrix slurry to beneficiation plants,
to separate the phosphate from the matrix, and to convert the phosphate
into useful products.

HYDROGEOLOGY

Generalized Framework

Ground water in the study area occurs in two principal aquifers, the
surficial aquifer and the Floridan aquifer. The two aquifers are separa-
ted by a confining bed, and the Floridan aquifer is underlain by a lower
confining bed. Stratigraphic and lithologic equivalents of these hydro-
geologic units are summarized in table 1,

Ground water in the surficial aquifer is generally unconfined, and
that in the Floridan aquifer is confined. The water table of the surfi-
cial aquifer and the potentiometric surface of the Floridan aquifer fluc-
tuate continuously in response to changes in recharge and discharge.
Gradients of these surfaces indicate generalized directions of ground-
water flow. Recharge to and discharge from the Floridan aquifer are
principally by leakage through the upper confining bed of the aquifer.
The direction of vertical leakage is determined by the relative posi-
tions of the water table and potentiometric surface. Vertical flow be-
tween the Floridan aquifer and its lower confining bed is assumed to be
negligible. The freshwater flow system is bounded along the Gulf Coast
by a saltwater-freshwater interface.

Surficial Aquifer

Description

The surficial aquifer underlies most of the study area and consists
predominantly of fine to very fine sand and clayey sand (table 1). Lith-
ology is highly variable, and the aquifer may include beds of limestone,
gravel, marl, and shell deposits. Clay content commonly increases with
depth, and the contact between the aquifer and the underlying confining
bed is in many places indistinct. The aquifer includes deposits referred
to as surficial sand, terrace sand, and phosphorite.
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Aquifer thickness is generally a few tens of feet, but it ranges
from a few feet or less, where limestone or clay crops out or is near the
surface, to several hundred feet, beneath some ridges along the eastern
boundary of the study area (Stewart, H. G., Jr., 1966, p. 79).

Hydraulic properties of the surficial aquifer vary widely because of
large differences in lithology and thickness. Geraghty and Miller, Inc.,
and Reynolds, Smith and Hills (1977) reported a range 05 transmissivity
for the water-table (surficial) aquifer of about 200 ft~/d to about 6,700
ft®/d in the Southwest Florida Water Management District. Transmissivity
approaches zero where aquifer thickness is a few feet or less. Average
transmisiivity in DeSoto and Hardee Counties was reported to be about
1,100 ft~/d (Wilson, 1977b). Storage coefficients are probably within
the range common for unconfined sand aquifers, about 0.05 to 0.3.

Water Table

A generalized map of the altitude of the water table in the surfi-
cial aquifer is shown in figure 3. Water-table altitudes in the modeled
area range from near zero NGVD of 1929 at the coast to more than 150 ft
in the northeastern part of the area. The water table is generally a sub-
dued reflection of topography. Relatively steep water-table gradients ad-
join the major stream courses, and relatively gentle gradients exist in
the broad interstream areas. In poorly drained areas of little topogra-
phic relief, the water table is commonly at or within a few feet of the
land surface. Elsewhere the water table is generally 5 to 50 ft below
land surface., Figure 3 is based on a water-table contour map prepared
by Texas Instruments Incorporated (William Underwood, written commun.,
1977). The contour map was based on interpretation of topographic maps
and represents generalized conditions and not a particular year or
season.

Most ground-water flow in the surficial aquifer is toward local
points of discharge, including lakes, streams and ditches, and wells.
Flow is also vertical, as leakage from or into underlying confining beds.

The water table fluctuates seasonally, as illustrated by two hydro-
graphs in figure 4. Peak altitudes occur during rainy seasons, commonly
in late winter and mid-summer. Minimum altitudes occur during dry sea-
sons, commonly in May. The seasonal range is generally from 2 to 5 ft.
No significant trends in the peaks of the hydrographs are noted for the
1965-76 period, indicating that recharge from summer rains was generally
adequate to replenish the aquifer. Altitudes of the troughs in the hy-
drographs show more variability, primarily because they reflect variabil-
ity in the timing of the onset of summer rains.
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Floridan Aquifer

Definition

The principal sources of ground water are highly transmissive zones
in the Floridan aquifer. The Floridan aquifer was originally defined by
Parker (Parker and others, 1955, p. 189) to include all or parts of the
Lake City Limestone, Avon Park Limestone, Ocala Group, Suwannee Limestone,
Tampa Limestone, and '"permeable parts of the Hawthorn Formation that are
in hydrologic contact with the rest of the aquifer." This definition is
closely followed in this report, except for differences in the identity
of the top and base of the aquifer.

In this report, the top of the Floridan aquifer is the horizon below
which carbonate rocks persistently occur. In the study area, this surface
generally coincides with the top of either the Tampa Limestone or the
Suwannee Limestone. As shown on the contour map of figure 5, the top of
the Floridan aquifer ranges in altitude from about 0 to about ~700 ft.

The surface generally slopes to the south, but because it crosses forma-
tional boundaries and in many areas is erosional, the surface is highly
irregular.

For this investigation, the base of the Floridan aquifer is consid-
ered to be at the top of the persistently occurring intergranular evapo-
rites in the carbonate rocks. Permeability and porosity of the section
of carbonates containing intergranular evaporites is significantly lower
than where evaporites are absent. The stratigraphic position of the aqui-
fer base varies, probably because of variations in the depth of evaporite
deposition originally or because of removal and subsequent redeposition
by circulating ground water. In the study area, the aquifer base gene-
rally occurs in the lower part of the Avon Park Limestone or at the con-
tact of the Avon Park Limestone with the underlying Lake City Limestone.
For convenience, and because from a practical standpoint the position of
the base is difficult to ascertain, the base of the Floridan aquifer is
considered to correspond to the top of the Lake City Limestone. As shown
on the contour map (fig. 6), the base of the aquifer ranges in altitude
from about -900 ft to about -2,400 ft. Because of sparse control, the
map is highly generalized.

As defined herein for modeling purposes, the Floridan aquifer consti-
tutes a single hydrologic unit. In reality, the system is complex. For
example, in the southern part of the study area, two or more distinct ar-
tesian water-bearing zones have been described within the aquifer (Sproul
and others, 1972; Sutcliffe, 1975; and Wilson, 1977b). In addition, in
this area many wells tap secondary artesian aquifers that overlie the
Floridan, in order to obtain water of suitable quality. Nonetheless, on
a regional scale and over long periods of time, the ground-water flow
system in the Floridan aquifer probably functions as a single unit.
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Properties

The Floridan aquifer consists of limestone and dolomite containing
solution-enlarged fractures and bedding planes that commonly yield abun-
dant supplies of water to wells. The aquifer ranges in thickness from
about 900 to about 1,900 ft (fig. 7). The map in figure 7 is highly gen-
eralized and is based on contour maps of the top and base of the aquifer
(figs. 5 and 6). The most transmissive part of the aquifer generally
occurs in a widespread dolomite section within the Avon Park Limestone.
The dolomites in this section are the principal sources of water to
large-capacity wells, except along the coast, where those rocks contain
mineralized water.

Mode}ed transmissivit§ of the Floridan aquifer ranges from about
80,000 ft“/d to 500,000 ft"/d (fig. 8). The map is highly generalized
and does not reflect differences in transmissivity that occur locally.

Transmissivities were based in part on the results of 12 aquifer
tests, shown in figure 8. Test data are from publications and the files
of the U.S. Geological Survey. The tests were conducted under a wide
variety of conditions, including various durations, open-hole sections,
number and spacing of observation wells, pumping rates, and organizations
conducting the tests. All data were analyzed by the Geological Survey
to provide consistency and uniformity to interpretations.

Site data shown in figure 8 were regionalized, using as guides vari-
ations in the gradient of the potentiometric surface of the Floridan
aquifer and adjustments resulting from model calibration. No test sites
occur in the southwesteﬁn part of the modeled area, where transmissivity
was mapped as 80,000 ft“/d (fig. 8). The relatively low transmissivity
was based primarily on calibration results and was required to simulate
the relatively steep gradient of the potentiometric surface in that area.
The mapped potentiometric surface in this area is based largely on wells
that tap only the upper part of the Floridan aquifer. Thus the trans-
missivity values required to match this surface probably reflect charac-~
teristics of the upper part of the aquifer and not the full thickness.

_, Storage coefficiegg of the Floridan aquifer ranges from about 8.8 x
10 to about 1.9 x 10 in the modeled area, as detgrmined by multig%y-
ing.an estimated average specific storage of the aquifer of 1.0 x 10
ft timgg aqg}fer thickness (fig. 7). According to Lohman (1972, p. 8),
1.0 x 10 ft is an approximate value of specific storage for most con-
fined aquifers. Use of this value for the Floridan aquifer is supported
by compressibility data from cores taken from the aquifer in Pinellas
County, northwest of the study area.

Laboratory compressibility results from six core samples of dolomite
and five core samples of limestone were reported by Hickey (1977 and 1978).
The samples were taken from the depth interval 629 to 1,043 ft. Using an
estimated porosity of 20 percent for the dolomite and 30 percent for the
limestone, specific storage was computed to be as follows: dolomite
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ranged from 3.3 x 10--7 ft-l to 1.2 x ]_O_6 ft—lland averaged_g.Z 5110
a

ft ; and limestogg rag§ed from 5.6 x 10 ' ft = to 6.0 x 10 ft
averaged 3.1 x 10 ft ~.

For regional mapping, storage coefficients determined from the above
specific storage estimate and aquifer thickness were considered to be more
reliable than the highly variable results of aquifer tests. Storage coef-
ficients of the Floridan aquifer, determined ﬁzom 11 of the_aquifer—test
sites shown in figure 8, ranged from 3.2 x 10 to 1.8 x 10 ©, In gene-~
ral, the coefficients obtained by multiplying aquifer thickness by speci-
fic storage are probably higher than a practical field coefficient. As
discussed later in this report, reducing storage coefficient by 80 per-
cent made little difference in computed heads during transient calibra-
tion.

Potentiometric Surface

General features

Figure 9 shows the 1949 regional configuration of the potentiometric
surface of the Floridan aquifer in peninsular Florida. This surface rep-
resents nearly-unstressed conditions for the aquifer. Although man's ac-
tivities have since altered the configuration of the surface, the major
feature, a centrally located dome or ridge, has remained unchanged. Fig-
ure 9 shows that the study area lies along the southwestern flank of this
potentiometric dome and that the eastern boundary is approximately along
its crest.

Since 1975 the potentiometric surface in Southwest Florida Water
Management District has been mapped semiannually by the U.S. Geological
Survey at times of normally highest water levels (September) and lowest
water levels (May). The maps are based on nearly synchronous measure-
ments of water levels in hundreds of wells open to the Floridan aquifer.
However, observation wells in Sarasota and Charlotte Counties are scarce,
and the maps are less accurate in these counties than elsewhere.

Figure 10 shows the potentiometric surface for September 1975 for
west—-central Florida. This potentiometric surfaee represents conditions
near the end of the summer rainy season, at a time when the aquifer was
practically unstressed by irrigation pumping. Altitudes in the modeled
area ranged from less than 5 ft near Tampa Bay and offshore in the Gulf
to more than 120 ft in the northeastern part of the area. Positions of
contour lines in the Gulf of Mexico were extrapolated, based on mapped
onshore gradients. Around Tampa Bay, the map was modified slightly from
that of Mills, Laughlin, and Parsons (1976) in order to represent Tampa
Bay as a ground-water discharge area.

Major features of the potentiometric surface in figure 10 are the

ridge with relatively steep gradients in the eastern and northeastern
parts of the modeled area, the closed depression in southwestern Polk
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County, the relatively gentle gradient in DeSoto County, and the overall
coastward slope. Marked areal changes in gradient are believed to repre-
sent, in part, changes in aquifer transmissivity, and these changes were
used as guides in selecting boundaries for transmissivity map units showmn
in figure 8. The closed depression in Polk County is in an area of ground-
water withdrawals for phosphate mining, other industries, municipalities,
and, seasonally, agricultural use.

Figure 11 shows the potentiometric surface in May 1976. The surface
represents conditions near the end of a long dry season during which ex-
tensive irrigation pumpage occurred. Altitudes ranged from about 10 ft
below NGVD of 1929 to about 120 ft above. Like the September 1975 map,
figure 11 was modified slightly in the Tampa Bay area from the published
May 1976 map (Stewart, Laughlin, and Mills, 1976).

Major changes from September to May include a general decline in po-
tentiometric surface, except along the crest of the eastern ridge; the
development of a large closed depression, centered in Manatee County; and
a shift in the divide along the eastern boundary. A comparison of fig-
ures 10 and 11 shows that the potentiometric surface declined as much as
35 ft between September,1975 and May 1976. In May, the potentiometric
surface in about 700 mi~ in Hillsborough, Manatee, and Sarasota Counties
was below NGVD of 1929. These seasonally low levels may have first oc-
curred in the late 1960's, but the depression was not mapped until May
1975 (Mills and Laughlin, 1976), when data control was adequate to define
it. The depression nearly disappears by September, suggesting that its
development is principally related to seasonal stresses on the aquifer,
namely, ground-water withdrawals for irrigation.

In May 1976, a trough in the potentiometric surface extended east-
ward from the depression through Hardee and DeSoto Counties. Development
of this trough shifted the lower part of the axis of the major ground-
water divide eastward, and reoriented it in a northwest-southeast direc-
tion.

Figure 12 shows the potentiometric surface in September 1976. The
map is similar to that of September 1975, except that in 1976 the depres-
sion in southwestern Polk County is gone, and a small residual of the May
depression in Manatee County remains. These differences probably reflect
differences in pumping patterns during the 2 years. All four potentio-
metric maps (figs. 9-12) were used in calibrating the model, as described
in later sections of this report.

Seasonal fluctuations and long-term trends

Seasonal fluctuations and long-term trends of the potentiometric
surface are illustrated by three well hydrographs in figure 13. The
graphs show that during. any year, the potentiometric surface may undergo
several cycles of decline and rise, but that generally the surface is
highest in autumn and lowest in late spring. The steep downward trend in
spring is reversed, often abruptly, by the onset of summer rains in May
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or June and the consequent cessation of irrigation pumping. At this time,
water levels rise rapidly, often several feet in one or two weeks,

The hydrographs in figure 13 also show a slight downward trend in
the annual peaks, and an increase in range between the seasonal lows and
highs, especially since the early 1960's., Wilson (1977b, p. 50) conclud-
ed that the potentiometric surface in DeSoto and Hardee Counties showed
little or no net decline from 1934 to 1949, but from 1949 to 1973 declines
ranged from a few feet in much of DeSoto County to about 20 ft in north-
eastern Hardee County. Most of this change occurred during 1962-73. Com~
parison of figures 9 and 10 indicates a decline of at least 50 ft in parts
of southwestern Polk County between 1949 and 1975.

As suggested by the hydrographs of figure 13, September-to-September
declines were of lesser magnitude than May-to-May declines. The declines
in the September peaks do indicate, however, that discharge from the
Floridan aquifer exceeded recharge during the period of decline. In-
creases in seasonal range probably reflect long-term increases in ground-
water withdrawals for irrigation and widespread substitution of deep tur-
bine pumps for centrifugal pumps in irrigation wells in the 1960's.

Ground-Water Flow

Generalized directions of ground-water flow in the Floridan aquifer
are shown in the potentiometric maps for September 1975 (fig. 10) and May
1976 (fig. 11). As indicated by the arrows, regional flow is from areas
of high altitude of the potentiometric surface to areas of low altitude.
Although flow is generally coastward, flow in areas of closed depressions
occurs radially from all directions. The arrows indicate that the sea-
sonal development of the depression and trough in May substantially alters
the directions of ground-water flow,

Saltwater-Freshwater Relations

The freshwater flow system in the study area is bounded coastward by
a saltwater flow system. The two systems are separated by a zone of tran-
sition, in which the chloride concentration is highly variable. In much
of the inland area, chloride concentration is 10 to 25 mg/L. Values in
this range can be considered '"background" values for fresh ground water
unmixed with saltwater in the modeled area. Along the coast, at least
part of the Floridan aquifer contains saltwater, with a chloride concen-
tration commonly about 19,000 mg/L. This concentration is approximately
the same as the chloride concentration of Gulf seawater, and the 19,000-
mg/L isochlor can be considered to delineate the saltwater front.

The saltwater front and zone of transition have not been mapped in
detail in the study area. The trace of the intersection of the front
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with the top of the aquifer probably occurs offshore. The front dips in-
land as the potentiometric surface rises. The intersection of the toe of
the front and the base of the Floridan aquifer probably ranges from a few
miles to about 20 mi inland from the coastline, based on unpublished
water-quality data. Beneath most of Sarasota, DeSoto, and Charlotte
Counties, the lower part of the Floridan aquifer contains either salt-
water or water in the zone of transitiom.

Confining Beds

Definitions

Confining beds occur above and below the Floridan aquifer. As used
in this report the upper confining bed of the Floridan aquifer is the full
clastic and carbonate sequence between the surficial aquifer and Floridan
aquifer. This sequence may include all or part of the Bone Valley Forma-
tion, Tamiami Formation, Hawthorn Formation, Tampa Limestone, and other
undifferentiated predominantly clastic deposits of late Miocene to
Pleistocene age. Although in places these formations contain permeable
beds of limestone and dolomite, well yields are generally substantially
less than those from the underlying carbonate section of the Floridan
aquifer, Furthermore, the carbonates in the upper confining bed are gen-
erally underlain by clastic deposits of low permeability, and thus are
hydraulically separated from the Floridan aquifer. For modeling purposes
the clastic and carbonate sequence is considered to be a single confining
unit overlying the Floridan aquifer.

The lower confining bed of the Floridan aquifer is the section of
relatively impermeable rocks that underlie the Floridan aquifer. As used
in this report, these rocks include the Lake City Limestone, Oldsmar Lime-
stone, and Cedar Keys Limestone. These formations are predominantly car-
bonate rocks that contain thin beds and nodules and pore fillings of anhy-
drite, gypsum, and selenite. The Cedar Keys Limestone also contains
thick massive beds of anhydrite. Also present are zones of relatively
evaporite-free carbonate rocks that probably could yield water to wells.,
Nonetheless, in the overall flow system, this section functions predomi-
nantly as a confining bed to the Floridan aquifer.

The top of the lower confining bed is equivalent to the base of the
Floridan aquifer (fig. 6). The top of the confining bed, like the top of
the Floridan aquifer, generally slopes to the south.

Upper Confining Bed

The upper confining bed of the Floridan aquifer is a heterogeneous
section consisting of clay, sand, marl, limestone, and dolomite. In much
of the eastern part of the study area, the basal part of the upper con-
fining bed is the sand and clay unit of the Tampa Limestone, which over-
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lies the Suwannee Limestone. The sand and clay unit was recognized by
the author to occur in the eastern two thirds of DeSoto County and most
of Hardee County (Wilson, 1977b). Similar clay beds in the lower part of
the Tampa Limestone occur in Polk County (Stewart, H. G., Jr., 1966), and
the unit probably extends westward into Manatee and Hillsborough Counties
and southward into Charlotte County. In these areas, the upper part of
the upper confining bed includes clay, marl, limestone, and dolomite.

In coastal parts of the study area, including much of Sarasota,
Manatee, and southeastern Hillsborough Counties, the sand and clay unit
of the Tampa Limestone is commonly replaced by sandy limestone and lime-
stone, which are included in the Floridan aquifer. 1In this area, the
upper confining bed generally corresponds to the Hawthorn Formation, con-
sisting predominantly of sand and clay, with minor limestone and dolomite.

A preliminary map of the thickness of the upper confining bed was
prepared for the model. The map was later revised for separate publica-
tion (R. M. Wolansky, written commun., 1979). Thickness ranged from 20
ft in the northern part of the modeled area to 780 ft in the southern
part (see Supplementary Data I at the end of this report).

Vertical hydraulic conductivity of the upper confining bed, as used
in the model, is shown in figure 14, Preliminary values of vertical hy-
draulic conductivity (K') were determined by multiplying leakance coeffi-
cients (K'/b'), determined from aquifer tests, by confining-bed thickness
(b') at each aquifer-test site. An initial map of vertical hydraulic
conductivity, based on these results, was modified during calibration of
the steady-state and transient models. The resulting map of vertical hy-
draulic conductivity (fig. 14) is primarily a calibration map, but values
are within the probable range of error of original aquifer-test estimates.

Leakance coefficient (K'/b') of the upper confining bed, as used in
the model, is shown in figure 15. This map was prepared from values of
~onfining-bed vertical hydraulic conductivity and confining-bed thickness
Supplementary Data I) used in the model.

Storage coefficient of the upper confining bed was determingg frgT
the product of an estimated average specific storage of 1.0 x 10 ~ ft
and confining-bed thickness. Storage coeffig%ent ranged from 2.0 x 10~
in the northern part of the area to 7.8 x 10 ~ in the southeastern part

(Supplementary Data I).

4

Few data are available on storage properties of the upper confining
bed. Laboratory determinations of specific storage of five clay samples
from the_gpper confinigg bed.in southeastern Manatee County ranged from
3.4 x 10 7 to 3.2 x 10 ~ ft (Geraghty and Miller, Inc., 1978). 5 -1
William F. Guyton and Associates (1976) assumed a value of 1.0 x 10 ft
for an average specific storage of the upper confining bed at a test site
in northeastern Manatee County, based on a review of literature reporting
values for similar preconsolidated deposits elsewhere in the country.
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Results of detailed testing of the upper confining bed in the Osceola
National Forest in northern Florida were reported by Miller and others
(1978). 1In that area, the confining bed consists of the Hawthorn Forma-
tion. Specific storage, determ;ged fiom laboratory tests and exteggome:l
ter data analyses, was 1.8 x 10 ~ ft = for a clay bed and 2.2 x 10 ~ ft
for a calcareous sandstone bed. Similar lithologies occur in the upper
confining bed in this study area. 1In areas where the upper confining bed
contains limestogg and dolomite, average specific storage is probably
less than 1 x 10 7.

Lower Confining Bed

Few water wells penetrate the lower confining bed of the Floridan
aquifer, and little testing has been done to determine its hydraulic
characteristics. Thickness of the full section of Lake City Limestone,
Oldsmar Limestone, and Cedar Keys Limestone is on the order of 2,000 to
3,000 ft (Puri and Vernon, 1964). Of significance in this investigation,
however, are the properties of the upper part of the confining bed, and
its capacity to leak ground water to or from the Floridan aquifer.

Probably the most detailed testing of the lower confining bed was
conducted in northeastern Manatee County. Test procedures and results
were reported by William F. Guyton and Associates (1976). Pertinent as-
pects of that report are summarized below.

At the site, a test well was drilled to 2,000 ft, ending in the Lake
City Limestone. The top of the confining bed is at 1,685 ft, correspond-
ing to the first occurrence of a trace of gypsum in calcitic dolomite.
Below 1,700 ft, rocks are predominantly calcitic dolomite with an aver-
age of about 10 percent gypsum or anhydrite.

The major producing zone in the Floridan aquifer occurs in the Avon
Park Limestone at about 1,210 to 1,230 ft. Based on borehole-temperature
and fluid-resistivity logs, a small producing zone occurs at 1,500 ft; be-
low 1,500 ft, very little water entered the test hole. In a packer test,
the open~hole interval of 1,740 to 1,800 ft was pumped at 1.5 gal/min,
with a drawdown of more than 300 ft. Based on specific-capacity tests,
average hydraulic conductivity of deposits from 1,740 to 2,000 ft was es-
timated to be about 0.1 ft/d; some beds probably have much lower permea-
bility.
3.0 WP

In a 10-day aquifer test, a well open to the major producing zone in
the Avon Park Limestone was pumped at 2,500 gal/min. The pumping had no
discernible effect on water levels in a deep monitor well that was near
the pumping well and open at 1,930 to 2,000 £t to a relatively evaporite-
free zone in the lower confining bed. Furthermore, no seasonal change in
water level was observed in the deep monitor well from November 1975
through June 1976, although the head in the Floridan aquifer fluctuated
30 ft.
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At the Manatee County test site, the lower confining bed contains
ground water that is more highly mineralized than that in the Floridan
aquifer. Dissolved-solids concentration of water in the Floridan aquifer is
approximately 280 to 350 mg/L. Estimated dissolved-solids concentration for
the interval 1,500 to 1,700 ft is about 1,000 mg/L. Below 1,700 ft, the
dissolved-solids concentration was estimated to range from 4,000 to 9,000
mg/L or more.

Information obtained at the test site suggests that the lower confin-
ing bed has a sufficiently low permeability to effectively retard leakage.
Some indirect evidence exists to suggest this condition may be widespread
in the study area. Logs of deep wells in Polk County (Stewart, H. G., Jr.,
1966) and Sarasota County (H. Sutcliffe, Jr., written commun., 1977), for
example, describe intergranular and bedded anhydrite and gypsum in the
formations that constitute the confining bed, indicating that similar
lithologies are widespread. Although long-term declines in the potentio-
metric surface in parts of southern Polk County amounted to 40 to 60 ft
during 1949-69 (Stewart, J. W., and others, 1971) no upward encroachment
of mineralized water was reported.

Based on this sparse evidence, and as a modeling expediency, the
lower confining bed was assumed to be non-leaky throughout the modeled
area. However, because in some areas mineralized water occurs within
the Floridan aquifer, and because in reality the leakance of the lower
confining bed is probably variable, development in some areas could re-
sult in upconing of mineralized ground water.

Ground-Water Leakage

Where the altitude of the water table is higher than the altitude of
the potentiometric surface, ground water leaks downward from the surfi-
cial aquifer through the upper confining bed to the Floridan aquifer.
Where the relative positions of the water table and potentiometric sur-~
face are reversed, ground water leaks upward from the Floridan aquifer
through the confining bed to the surficial aquifer. As shown in figures
10 and 11, downward leakage occurs in most inland areas and upward leak-
age occurs along coastal areas and along the incised valleys of major
streams, such as the Peace River. Boundaries between the two areas in
figures 10 and 11 are generalized and correspond to nodal boundaries used
in the model.

The area of upward leakage corresponds closely to the area in which
wells tapping the Floridan aquifer flow at the land surface. In most of
this area, the water table is at or very close to the land surface. Thus,
wherever the potentiometric surface is above the water table, it is also
generally above the land surface.

The area of upward leakage is smaller in May than it is in.September,

because from September to May the potentiometric surface generally de-
clines more than the water table. Thus, in some areas where flow is up-
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ward in September, the potentiometric surface in May is below the water
table and the direction of vertical leakage is reversed. In actuality,
the rate of flow through the upper confining bed is relatively slow, and
a lag time probably occurs following the reversal of heads before the di-
rection of flow changes.

GROUND-WATER WITHDRAWALS

Ground water from the Floridan aquifer is the major source of supply
in the modeled area. Withdrawals from this aquifer in the modeled area
averaged about 649 Mgal/d in 1975, and withdrawals were expected to in-
crease substantially in the decades ahead (fig. 16). Ground water is
used principally for industrial, public supply and agricultural purposes.

Withdrawals for each type of use were inventoried for 1975 and pro-
jected to 1985 and 2000, as discussed below, These withdrawal rates
served as a basis for predicting changes in the potentiometric surface.
Locations and amounts of withdrawal for municipal and non-phosphate in-
dustrial supplies were obtained from the 1975 water-use inventory by the
Geological Survey (Leach, 1977). Amounts and locations of withdrawals
for phosphate mines and chemical plants were obtained mostly from data
supplied by the Florida Phosphate Council. These data included locations,
average pumping rates, and hours pumped during 1975 for wells at each
phosphate mine and chemical plant. The pumping rates included all
Floridan-aquifer withdrawals reported to the Florida Phosphate Council
by companies. Major existing and proposed ground-water withdrawal sites
are shown on plate 1.

Industrial

Ground water is withdrawn for a variety of industrial uses, princi-
pally phosphate mining, phosphate chemical plants, and citrus processing.
Industrial ground-water withdrawals for 1975 and projected amounts for
1985 and 2000 are summarized in tables 2 and 3. The tables show that in
1975, more than one-half (174 Mgal/d) of the industrial withdrawals were
for phosphate mining, nearly all of which was in Polk County. Ground
water was pumped for such uses as transport and beneficiation of ore,
drying plants, preparation plants, and shops. Pumping for phosphate
chemical plants in 1975 was 128 Mgal/d in Polk and Hillsborough Counties.

Projections of ground-water withdrawal rates for existing and pro-
posed phosphate mines are shown in table 2. Existing mines are those
that were permitted as of August 1, 1976; proposed mines are those that
plan to begin operations after that date. Proposed mines include 7 list-
ed by U.S. Environmental Protection Agency (1978, fig. 2.2) as "DRI mines"
(those for which Development of Regional Impact applications were pending
on August 1, 1976), and 13 planned for later development. Withdrawal
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Table 2.--Ground-water withdrawal rates for phosphate mines, Floridan aquifer,
1975, 1985, and 2000

Withdrawal rate, in Mgal/d

19752/

Countyl/ 1985 2000
Existing | Existi Propos Existi Propos
mines minesg§ minesg? Total minesgﬁ minesg? Total
Charlotte 0 0 0 0 0 0 0
DeSoto 0 0 9.45 9.45 0 9.45 9.45
Hardee 0 0 25.7 25.7 0 61.3 61.3
Hillsborough .82 5.43 14.6 20.0 .65 25.3 26.0
Manatee 0 0 34,2 34,2 0 41,7 41.7
Polk 173 128 0 128 10.6 12,3 22.9
Sarasota 0 0 0 0 0 0 0
Total 174 133 84.0 217 11.2 150 161

1/ Includes only those parts of the counties in the modeled area.

2/ Based on data from the Florida Phosphate Council (B. Barnes, written commun., 1977).

3/ Rates based on 1975-77 pumping data from Florida Phosphate Council, and on projected
life spans of existing mines (U.S. Environmental Protection Agency, 1978).

4/ Based on projected life spans and pumping rates of proposed mines (U.S. Environmental
Protection Agency, 1978; John Heuer, personal commun., December 1978).
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Table 3.--Ground-water withdrawal rates for phosphate chemical

plants and other self-supplied industries, Floridan

aquifer, 1975

1/

Withdrawal rate, in Mgal/d

County— Phosphate Other
chemica / s?lf-suppﬁ}ed Total
plants— industry=
Charlotte 0 0 0
DeSoto 0 .48 .48
Hardee 0 1.31 1.31
Hillsborough 45,6 .71 46,3
Manatee 0 .65 .65
Polk 82.6 22.6 105
Sarasota 0 0 0
Total 128 25.8 154

jw Mo

~

Only those parts of counties within modeled area.

Data from Florida Phosphate Council (B. Barnes, written commun., 1977).

Data from information obtained during U.S. Geological Survey water-use

inventory (Leach, 1977).
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rates for existing mines in table 2 reflect the expected phasing out of
mines in Polk County, as indicated by successively decreasing rates in
1985 and 2000. Rates for proposed mines reflect the potential shift of
mining activity to the south and west of Polk County, by the increasing
rates for DeSoto, Hardee, and Manatee Counties in 1985 and 2000. Total
withdrawal rates for phosphate mining, including proposed mines, are
projected to increase to 217 Mgal/d in 1985 and to decrease to 161 Mgal/d
in 2000, as compared to 174 Mgal/d in 1975.

Projected withdrawal rates for 1985 and 2000 for chemical process-
ing plants and other self-supplied industries (unrelated to phosphate
mining) were assumed to be the same as for 1975 (table 3). Production
rates and water demands for chemical processing plants are not expected
to change (Texas Instruments Incorporated, 1978, p. 1.87). Water demands
for citrus processing and other industries have been projected to increase
slightly by 2000 (Texas Instruments Incorporated, 1978, tables 1.16, 1.26,
and 1.27). However, for purposes of this investigation, withdrawal rates
were assumed to remain constant because the amounts are relatively small
compared to other uses, and locations of future withdrawal sites are un-
known.

Municipal Supplies

Most municipalities depend on ground water from the Floridan aquifer
for public supplies. Table 4 lists 1975 daily withdrawal rates based on
average annual withdrawals for 13 municipalities, and projected 1985 and
2000 rates for these and other water-demand areas. In 1975 about 50
Mgal/d was withdrawn for municipal supplies in the modeled area; Lakeland
had the largest rate (17.1 Mgal/d).

Table 4 shows that withdrawal rates for municipal supplies are ex-
pected to more than double the 1975 rates by 1985 and to nearly triple
them by 2000. These projections include expansions of existing well
fields and development of new inland well fields. Some of the new well
fields have been proposed to meet coastal water demands and others have
been proposed to meet local inland needs (Geraghty and Miller, Inc., and
Reynolds, Smith and Hills, 1977). County totals in table 4 reflect with-
drawal rates within the modeled area for each county, not necessarily
water demands for that county.

Irrigation

The largest single use of ground water is for irrigation of crops,
principally citrus, vegetables, and pasture. In 1975-76, irrigation
withdrawals averaged about 271 Mgal/d (table 5). Unlike other major
users, withdrawals for irrigation are highly seasonal. Commonly, two ir-
rigation seasons occur during the year, a fall season and a winter-spring
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Table 4,~-Ground-water withdrawal rates for municipal supplies,

Floridan aquifer, 1975, 1985, and 2000

Municipal Withdrawal rate, in Mgal/d
supply 1975%/ 1985%/ 2000%
DeSoto County
1. Arcadia 0.76 1.43 1.89
2, Nocatee area— 0 1.40 2,52
Total .76 2.83 4,41
Hardee County 4/ 6/
3. Bowling Gg?eu— — 1.35 2,15
4, NW Hardee-/ 0 3.74 9.55
5. SW Hardee— 0 4,50 11.5
6. Wauchula .9%/ 2.82 4,33
7. Zolfo Springs— - 1.35 2.41
Total .91 13.8 29.9
Hillsborough County
8. Brandon 4,00 4,00 4.00
9. Plant City 1.85 3.78 4,27
10. Riverview 1.79 1.79 1.79
11. Ruskin 3.04 3.04 3.04
12, Sun City 1.25 1.25 1.25
Total 11.9 13.9 14.4
Manatee County 5/
13. SE Manatee™ 0 1.49 3.80
Polk County
14, Auburndale 1.30 1.44 1.64
15. Bartow 4/ 3.39 3.48 3.62
16. Ft. Meade area— 0 1.80 2,26
17. Lake e}fred
area— 0 1.05 1.43
18. Lake Wales 2.36 2.76 3.37
19. Lakeland 17.1 44,5 49.4
20. Mulberrg/area— 0 2,70 3.26
21. SW Polk~ 0 5.27 13.5
22, W. Frg?tproof
area— 0 45 .63
23. Winter Haven 5.43 5.69 5.99
Total 29.6 69.1 85.1
Sarasota County
24, Sarasota (Verna) 7.11 7.11 7.11
TOTAL 50.3 108 145

1/ From Healy (1977).

2/ From unpublished water-demand projections of Geraghty and Miller, Inc.
(P. Schreuder, written commun., 1977).

3/ Interpolated from water—-demand projections for 1985 and 2035 (Geraghty
and Miller, Inc. and Reynolds, Smith and Hills, 1977, table 3.01).

4/ Proposed or existing well field to supply inland municipal water-demand
area of Geraghty and Miller, Inc., and Reynolds, Smith and Hills (1977,

fig. 3.01).

Proposed well field to supply coastal municipal water~demand areas

(Geraghty and Miller, Inc., and Reynolds, Smith and Hills, 1977, p.

5.16-5.17).

6/ Existing municipal well field in 1975, but not reported by Leach (1977);
1975 withdrawal rate unknown.

19}
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Table 5.--Ground-water withdrawal rates for irrigation, Floridan aquifer

1975-76
1/ 2/ Winter/spring Irrigation ggason Averag
County= Fall season™ season57 average§7 annual=
Acres Mgal/d | Acres Mgal/d | Mgal/d (Mgal/d)/mi2 Mgal/d
Charlotte 7,850 21.0 7,850 22.4 22.0 1.80 11.6
DeSoto 68,221 93.9 76,171 187 163 1.37 86.2
Hardee 50,975 73.6 | 51,015 124 111 1.39 58.6
Hillsborough 30,676 57.2 37,002 120 104 1.83 55.0
Manatee 12,604 28.5 21,004 73.6 61.9 1.89 32.7
Polk 23,060 26.4 24,515 47.8 42,2 1.10 22.3
Sarasota 701 4.5 2,298 10.2 8.7 2,43 4.6
Total (rounded) 194,000 305 220,000 585 513 - 271
1975-2020 1985-86 1999-2000
1/ Projected Irrigatjon | Averag Irrigation | Averag
County= increase Percent seasoniy annualsj seasonéy annual—/
per ye%}:
Mgal/d | chamge™ Mgal/d Mgal/d | Mgal/d Mgal/d
Charlotte 12.1 +1.17 24,6 13.0 28.5 15.0
DeSoto 83.3 +2.78 208 110 276 146
Hardee 88.2 +2.14 135 71.2 170 90.0
Hillsborough 0 0 104 55.0 104 55.0
Manatee 18.1 +1.50 71.2 37.6 85.1 45.0
Polk 0 0 42.2 22.3 42,2 22.3
Sarasota 19.3 +2.07 10.6 5.6 13.3 7.0
Total (rounded) 232 - 595 315 719 380

1/ Includes only those parts of the counties within modeled area.
2/ November 1, 1975, through December 20, 1975 (50 d).
3/ December 21, 1975, through May 12, 1976 (144 d).

4/ November 1 through May 12 (194 d); rate/mi2 based on acres irrigated during 1975-76
winter/spring irrigation season.

5/ November 1 through October 31 (366 d); assumes no irrigation withdrawals during
May 13 through October 31.

6/ Projections from Southwest Florida Water Management District (J. Wehle, personal
commun., 1977).
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season, During the rainy summer months, little or no withdrawals are
made.

In 1975-76, the fall season was estimated to be from November 1,
1975, through December 20, 1975, and the winter-spring season from
December 21, 1975, through May 12, 1976, Table 5 shows that the largest
withdrawal rates were in DeSoto and Hardee Counties. Withdrawal rates
during the fall season were slightly more than half of those in the
winter-spring season, and rates in the winter-~-spring season were general-
ly about twice the average annual rates.

The 1975-76 values shown in table 5 are based on an inventory of ir-
rigation conducted during this investigation, because no irrigation-use
inventory existed that showed the areal and seasonal distribution of
withdrawals within counties. The study was conducted by: (1) inventory-
ing irrigated crop types and acreages; (2) determining the approximate
starting and ending dates of the two irrigation seasons; and (3) estimat~-
ing average application rates for each crop type.

Irrigated crop types and acreages were inventoried on a section-by-
section basis from examination of maps and aerial photographs, field
checks, and in consultation with county agricultural agents, ranchers,
farmers, and others involved in irrigation. From examinations of obser-
vation-well hydrographs, rainfall records, and records of monitored irri-
gation wells, two irrigation seasons during 1975-76 were identified.
Figure 17 shows an example of the interrelationships of rainfall, irri-
gation pumping, and potentiometric surface for 1975-76. The potentio-
metric surface is a sensitive indicator of regional irrigation pumpage
for several reasons: (1) irrigation is widespread throughout the area,
as indicated on plate 1; (2) during irrigation seasons, rainfall occurs
principally as the result of frontal systems passing through the region,
and thus is widespread rather than localized; (3) irrigators tend to re-
duce or cease ground-water withdrawals during rainy periods, and resume
pumping shortly after rains stop; and (4) the potentiometric surface of
the artesian aquifer responds promptly and over a large area to changes
in withdrawal rate.

As shown in figure 17, the potentiometric surface generally declined
during the fall and winter-spring irrigation sedsons, with occasional
minor rises during brief rainy periods. With the onset of summer rains
on about May 12, the potentiometric surface rose abruptly, marking the
end of the winter-spring irrigation season.

The amount of water pumped for irrigation during the two irrigation
seasons was estimated for each crop by multiplying a constant applica-
tion rate (in/acre) for each crop times the irrigated acreage of that
crop. Average application rates for various crops are shown for the two
seasons in table 6. The seasonal application rates were selected after
considering the opinions of many agriculturalists on rates that were gen-
erally applied to each crop type. The opinions varied considerably, and
in practice, probably a wide range of rates was actually used, as sug-
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Figure 17.--Ground-water levels, irrigation pumpage, and rainfall, 1975-76.
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Table 6.-~Water application rates for selected

agricultural uses, 1975-76

Application rate, in in/acre

Water
e |t/ | Visterg, | sl cgja
Citrus 2 8 10
Vegetablesﬁ' 13 32 45
Flowers 25 90 115
Fish farms 6 12 18
Golf courses 12 37 49
Pastures 2 16 18
Sod farms 2 16 18
Hay 2 16 18
Grain 2 16 18
1/ November 1, 1975, through December 20, 1975.

December 21, 1975, through May 12, 1976.

Assumes no application May 13, 1976, through
October 31, 1976.

Includes tomatoes, strawberries, watermelons,

cucumbers, squash, corn, and peppers.
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gested for citrus irrigation by data in table 7. Citrus irrigation moni-
tored at 20 groves, in addition to Joshua Groves (pl. 1), showed a wide
range of irrigation rates. Thus, the values shown in table 6 should be
considered as estimates of average application rates.

Based on average annual irrigation withdrawals, rates in the modeled
area are projected to increase to 315 Mgal/d in 1985-86, and to 380 Mgal/d
in 1999-2000 (table 5). Increases are projected for all counties except
Hillsborough and Polk Counties, where no changes are projected within the
modeled area.

The 1985-86 and 1999-2000 rates are based on projected average an-
nual rates for 2020, as estimated by Southwest Florida Water Management
District (J. Wehle, personal commun., 1977). The rate of increase with-
in each county, expressed as a percent/yr increase over 1975 values
(table 5), was assumed to be uniform during 1975-2020. Average withdraw-
al rates for the irrigation season in 1985-86 and 1999-2000 were calcu-
lated from the average annual rates, assuming all the irrigation occurred
during a 193-day or 194-day irrigation season, November 1 through May 12,
as was the case for 1975-76.

HYDROLOGIC MODEL

Description

A digital simulation model was used to compute hydraulic head
changes in time and space in the Floridan aquifer in response to applied
hydraulic stresses. The model utilizes a finite-difference method in
which differential equations describing ground-water flow are solved nu~
merically. The equations require that hydraulic properties, boundaries,
and stresses be defined for the area modeled. The digital model of two-
dimensional flow was described by Trescott and others (1976).

A rectangular finite-difference grid was superimposed on the modeled
area (pl. 2). Block sizes in the grid range from 2 mi x 2 mi to 10 mi x
10 mi. The node at the center of each block is designated by row and
column numbers; for example, the node at row 20, column 5 is expressed
as 20-5,

Within the gridded area, model boundaries were selected to coincide
as closely as possible with hydrologic boundaries., The area within the
model boundaries, or modeled area, covers 5,938 mi”.

Major assumptions made in the model analysis are as follows:

1. Ground-water moves horizontally in the Floridan
aquifer in a single-~-layer, isotropic medium.
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Table 7.--Amount of ground water applied for irrigation

at monitored citrus groves, 1975-76

Amount of water applied (in)

. Acres .
Citrus grove irrigated Fall 1 WlnFer/ Total,
season— Spring 1975-76
season—
20 pilot grovesi/
Average 65 0.7 14.4 15.1
Range 10-400 0-4.5 0-39.4 -
Joshua Groveé/ 21,614 2.4 7.0 9.4

1/ November 1, 1975, through December 20, 1975 (50 d).
2/ December 21, 1975, through May 12, 1976 (144 d).

3/ See Robertson, Mills, and Parsons (1978) for description of pilot-
grove irrigation systems.

4/ See Wilson (1972) for description; location shown in plate 1.
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2. Water moves vertically into or out of the Floridan
aquifer through the upper confining bed. No leakage
occurs through the lower confining bed.

3. The head in the surficial aquifer does not change in
response to any imposed stress.

4, Movement of the saltwater-freshwater interface is
assumed to have little or no effect on calculated
heads.

The ground-water flow system is shown schematically in figure 18.
Regionally the system approximates the assumed conditions, although lo-
cally, deviations occur. Most wells are finished as open holes and tap
most of the thickness of the Floridan aquifer. A confining bed overlies
the Floridan aquifer throughout the area, and natural aquifer discharge
and recharge occur principally as vertical leakage through this confining
bed. Aquifer tests have shown the lower confining bed to be relatively
impermeable. The seasonal range of fluctuation of the water table in the
surficial aquifer is generally less than a few feet, and in most of the
study area the water table is little affected by withdrawals from the
Floridan aquifer.

On the other hand, the model greatly oversimplifies a complex sys-
tem. The model is inadequate to simulate vertical flow components in re-
charge and discharge areas, multiple zonation of the Floridan aquifer,
and movement of the saltwater-freshwater interface. Some of the errors
remaining in the calibrated model are due to these inadequacies, None-
theless, the model used was the most appropriate one available at the
time the investigation began, considering the size of study area, objec-
tives of the investigation, and state of knowledge of the hydrogeology.

Boundaries

Ideally, model boundaries should be chosen so that they coincide
with hydrologic boundaries that do not shift during the time frame of the
model analysis. In addition, the specified boundary conditions should
remain unchanged during all calibration and prediction runs; otherwise,
boundary conditions become another variable that could affect simulation
results. In order to simulate both steady-state and transient boundary
conditions without shifting the positions of the model boundaries, a
head-controlled flux boundary condition was developed. This condition
was utilized during all simulations for all lateral model boundaries.
The two~dimensional flow model described by Trescott and others (1976)
was modified to include this boundary condition (see table of model pro-
gram modifications, Supplementary Data II, at the end of this report).

The inland model boundaries were located approximately along

September 1975 hydrologic boundaries within the study area by drawing the
boundaries approximately perpendicular to the September 1975 potentio-
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metric contours (fig. 10). The coastal model boundary was located be-
tween the shoreline and the inferred position of the zero potentiometric
contour, or along the trace of an intermediate point on the sloping
saltwater—-freshwater interface (fig. 18). 1In designating nodes adjacent
to these boundaries as head-controlled flux boundary nodes, it was as-
sumed that beyond each boundary node there exists a point where the head
in the Floridan aquifer does not change. These constant-head points were
assumed to be from 20 to 40 mi beyond the model boundaries, or far enough
from the modeled area so that they would not significantly alter simula-
tion results. Between boundary nodes and constant-head points, hydrolo-
gic properties of the Floridan aquifer were assumed to be uniform and the
same as the properties in the boundary nodes.

A change in potentiometric head in a head-controlled flux boundary
node causes lateral flow across that boundary in an amount determined by
the magnitude of head change. Boundary flow is calculated as the product
of the head change and a coefficient. The coefficient is obtained for
each boundary node through an analytical solution of the partial differ-
ential equation describing flow in the region between the model boundary
and the constant-head point. Boundary flow calculated by this method is
taken into account in the model by adding it to or subtracting it from
the vertical leakage term in each boundary node at each time step.

For short-term transient simulations, the head-controlled flux boun-
dary condition is not accurate. The condition is based on a steady-state
solution and, therefore, does not apply in the early part of a simulation,
during which significant changes in aquifer storage take place. 1In this
model, all simulations were run for a long enough period of time to as-
sume that changes in storage were negligible by the ends of the runs.

Calibration Procedure

The model was calibrated before simulating effects of projected
changes in ground-water withdrawals. 1In this report, calibration refers
to the process of adjusting input hydrologic parameters to the model un-
til differences between model simulations and field observations were
within acceptable limits. Calibration was checked by comparing model
computations with different sets of field observations, namely by com-
paring simulated and observed potentiometric surfaces. The model was
calibrated under steady-state and transient conditions.

The calibration activity was a complex, interwoven process of adjust-
ment and readjustment. Care was maintained not to vary input parameters
much from known field values, and changes were made on an areal rather
than node-by-node basis. Parameters that were considered to be least re-
liably known, principally confining-bed vertical hydraulic conductivity,
were modified more than other parameters.

The calibration process was a means of modifying and improving con-
ceptual views of the aquifer system. Simulated potentiometric surfaces
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obtained early in the process represented an initial conceptual view
based on available data. The match between the computed and observed
potentiometric surfaces was improved and the conceptual view modified by
adjusting input parameters, while staying within a reasonable expected
range of error in their values. Although final simulated heads do not
fit observed heads precisely, the differences can generally be accounted
for by the likely range of error or uncertainty in one or more of the
input parameters.

Calibration of Steady-State Model

In the calibration of the steady-state model, a simulated potentio-
metric surface was compared to the observed September 1975 potentiometric
surface (fig. 10), which was assumed to reflect steady-state conditionmns.

A steady-state condition exists when there are no changes in aqui-
fer storage with time. Such a condition was approximated in September
1975. Hydrographs indicated that in September 1975, the potentiometric
surface was near the end of the summer-long recovery period and was
changing little with time (fig. 17). Principal stresses on the aquifer
system in September were withdrawals for municipal supplies, phosphate
mining, and other industrial supplies. Pumping rates for these uses vary
during the year, but the variations are generally too small to have much
impact on the regional fluctuations of the potentiometric surface. With-
drawals for irrigation were assumed to be insignificant in September 1975.
Field checks indicated that little irrigation occurred during and immedi-
ately following the summer rainy season. Hydrographs indicated that in
most areas the potentiometric surface in 1975 did not start declining as
a result of fall irrigation until October or early November (fig. 17).

Input Parameters

Input parameters to the steady-state model included pumpage, water-
table altitude, aquifer transmissivity, and confining-bed thickness and
vertical hydraulic conductivity. All input data for the steady-state and
transient calibrations are listed by node in Supplementary Data I at the
end of this report.

Withdrawals from the Floridan aquifer in September 1975 were assumed
to be the same as average 1975 ground-water withdrawal rates. These in-
cluded withdrawals for phosphate mines (table 2), phosphate chemical
plants and other self-supplied industries (table 3), and municipal sup-
plies (table 4). No irrigation pumpage was included. Average altitudes
of the September 1975 water table were estimated for each node from
Geological Survey topographic quadrangle maps (scale 1:24,000; contour
interval 5 ft). The water table in the surficial aquifer was assumed to
be a few feet or less below land surface in flat swampy areas, river
flood plains, and near lakes; depths of 5 to 20 ft below land surface
were assumed for sand-ridge areas.
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The maps of aquifer transmissivity (fig. 8) and confining-bed verti-
cal hydraulic conductivity (fig. 14) represent the final products of the
calibration process. Values shown on those maps were used as input to
the calibrated steady-state model.

Simulation of September 1975 Potentiometric Surface

The steady-state potentiometric surface simulating September 1975
conditions is shown in figure 19. This surface may be compared with the
actual September 1975 potentiometric surface as mapped in figure 10, Dif-
ferences between computed and observed heads at nodes of the model grid
ranged from O to 34 ft. The difference was less than 10 ft at 89 percent
of the nodes, and more than 20 ft at 2 percent of the nodes. All differ-
ences greater than 15 ft occurred in the northern part of the modeled
area, mostly in Polk County, and occurred in nodes where withdrawals were
occurring, where the potentiometric gradient was relatively steep, and
adjacent to boundaries.

A test was made to determine if the differences between computed and
actual heads could be accounted for by a likely range of error in input
parameters. The test thus provided a measure of the reasonableness of
calibration. Principal input parameters (transmissivity, vertical hydrau-
lic conductivity, and ground-water withdrawal rates for phosphate and
other industries were each independently changed by plus or minus a con-
stant factor throughout the model, while other parameters were unchanged.
The range of values differed for each parameter and reflected a subjec-
tive estimate of the likely range of error of each parameter. Withdraw-
als for municipal supplies were not varied because of their probable
small range of error. Results are shown along two profiles on figure 20.
The profiles, taken north-south along column 23 and east-west along row
15 of the model, show differences between actual September 1975 heads and
heads computed using various values of input parameters.

Figure 20 indicates that departure of the steady-state calibrated
heads from the September 1975 measured heads could be reduced by varying
one or more of the parameters within the ranges shown. The close spac-
ing of the curves in the south, along column 23, indicates that computed
heads in this area are relatively insensitive to input parameters, per-
haps reflecting in part the inadequacy of the model to represent condi~
tions in that area. However, for purposes of this analysis, departures
in this area are in an acceptable range, generally less than 8 ft.

The effects of varying water-table altitude and boundary conditions
were also checked. Raising or lowering the water table by 5 ft through-
out the modeled area resulted in a corresponding rise or drop in computed
potentiometric head of 3 to 4 ft along row 15 and along column 23, com-~
pared to calibrated heads. Changing all boundary nodes to constant head
resulted in a maximum rise in computed head of 8 ft at the boundary nodes,
but elsewhere along row 15 and column 23 the rise was generally less than
1 ft. Changing all boundary nodes to a no-flow condition resulted in a
maximum rise of 6 ft, but generally the rise was less than 2 ft.
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Simulation of 1949 Potentiometric Surface

The simulated potentiometric surface for 1949 is shown in figure 21.
This map can be compared to the observed 1949 potentiometric surface (fig.
9), as a further check on the reliability of the steady-state calibration.
All input parameters except pumpage were kept the same as in the September
1975 calibration. Withdrawal rates for 1949 were estimated to be about 22
percent of 1975 rates for municipal supplies and phosphate mining, and 29
percent of 1975 rates for other self-supplied industries. These estimates
were based on data in Robertson and Mills (1974), which show historical
pumpage data from municipalities and industries, and production data for
phosphate mining for the upper Peace and upper Alafia River basinmns,

The 1949 potentiometric map (fig. 9) is highly generalized because
of the lack of data points, poor vertical control, and nonsynchronous
water-level measurements (V. T. Stringfield, personal commun., 1978).
Nonetheless, the map does represent water-level conditions at a time when
stresses on the aquifer system were considerably less than at present,
prior to the years of rapid population growth and development of ground-
water resources, The simulated surface (fig. 21) matches reasonably well
with the observed surface (fig. 9), especially at altitudes of the poten-
tiometric surface below about 70 ft, where differences between the two
surfaces are generally less than 5 ft.

Calibration of Transient Model

Model calibration was extended to transient flow., In the transient
model, computed hydraulic head is a function of starting conditions and
time, and therefore storage coefficients were incorporated into the
model. Following a procedure similar to the steady-state calibration,
the simulated May 1976 potentiometric surface was compared to the observed
May 1976 surface. The simulated surface was obtained by computing draw-
downs from the simulated steady~state potentiometric heads, after simu-
lating a 194-day pumping period representing the irrigation season
(November 1, 1975, through May 12, 1976). Computed drawdowns were then
subtracted from the observed September 1975 potentiometric map to obtain
the simulated May map. In this analysis, it was assumed that the poten-
tiometric surface on November 1, 1975, was approximately the same as that
of September 1975. These assumptions are generally borne out by hydro-
graphs of wells in the study area (fig. 17). The computed drawdowns for
May 1976 were arrived at in two time steps, corresponding to the fall ir-
rigation season (November 1 through December 20) and winter-spring irri-
gation season (December 21 through May 12).

Input Parameters

Input parameters for the transient calibration were the same as for
the steady-state model, with the addition of aquifer and confining-bed
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storage coefficients and irrigation pumpage. 1Initially, values of aqui-
fer transmissivity and vertical hydraulic conductivity were not changed;
in succeeding runs, these values were modified to improve calibration.
Appropriate values of ground-water withdrawal rates and water-table alti-
tudes were used to fit changing conditions from November 1975 to May 1976,
All input values are shown in Supplementary Data I at the end of this
report.

Irrigation pumpage was simulated by using the appropriate applica-
tion rate for each irrigation season and crop type, as shown in table 6,
with the estimated irrigated acreages assigned to each node. Withdrawal
rates for municipal supplies, phosphate chemical plants, and other self-
supplied industries were the same as for the September 1975 steady-state
calibration. For phosphate mines, average 1975 withdrawal rates (the
same as for the steady-state calibration) were used for the 1975 fall ir-
rigation season, and average 1976 values were used for the winter-spring
irrigation season. Some new mines that began operation during the cali-
bration period were included.

Throughout the study area, the water table of the surficial aquifer
during the fall irrigation season was assumed to average 1 ft lower than
in September 1975. During the winter-spring irrigation season, the water
table was assumed to average 3 ft lower than in September. These values
were selected based on 1975-76 hydrographs of observation wells in the
surficial aquifer; two examples are shown in figure 4.

Storage coefficient of the Floridan aquifer was determined for_gach_
node by multiplying an assumed average specific storage of 1.0 x 10 ~ ft
times thickness of the Floridan aquifer, shown in figure 7. Similarly,
storage coefficient of the upper confining bgg was.determined by multiply-
ing confining-bed specific storage (1.0 x 10 ~ ft 7) and thickness. All
values of storage coefficients are shown in Supplementary Data I.

1

Simulation of May 1976 Potentiometric Surface

The transient-model potentiometric surface simulating May 1976 condi-
tions is shown in figure 22, This surface may be compared to the observed
May 1976 potentiometric surface (fig. 11). Differences between computed
and observed heads at nodes in the model grid ranged from O to 19 ft. The
difference was less than 10 ft at 78 percent of the nodes. The most sig-
nificant difference between the simulated surface and observed May 1976
potentiometric surface is in the position of the depression in the west-
ern part of the modeled area. The depression in the simulated surface is
centered in Hillsborough County rather than Manatee County.

Tests similar to those made for the steady-state model were made to
determine the reasonableness of the transient model calibration (fig. 23).
Each input parameter was independently varied by a constant amount through-
out the model, while holding other parameters at their transient-calibra-
tion value. The range of values used for each parameter reflected the
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likely range of error of that parameter. Different ranges were used for
different types of ground-water withdrawals. Irrigation withdrawal rates
were varied the most because these data were considered to be the least
accurate. Municipal withdrawal rates were not varied at all because of
their probable small range of error.

Figure 23 indicates that the departure of the computed heads from the
observed heads for May 1976 could be significantly reduced by varying with-
drawal rates within the ranges shown. For example, the poor correspondence
of the observed and simulated closed depression in Manatee and Hillsborough
Counties could be accounted for if the actual withdrawal rates in Manatee
County were greater than the inventoried values used to calibrate the model.

For clarity, the effects of changing water-table altitude, boundary
conditions, and storage coefficients are not shown in figure 23. Raising
or lowering the water table by 5 ft throughout the modeled area resulted
in a corresponding rise or drop in computed potentiometric head of about
2 to 3 ft (maximum about 4 ft), compared to calibrated heads. Changing
all boundary nodes to constant head resulted in a maximum rise in comput-
ed heads of 12 ft at boundary nodes, but generally 2 to 4 ft elsewhere
along rows 15 and 30 and columns 11 and 23. Changing all boundary nodes
to a no-flow condition resulted in a maximum decline of 15 ft at the north
boundary node (column 11); generally the change elsewhere in the selected
rows and columns was 3 to 4 ft.

Reducing aquifer storage coefficient to 20 percent of its calibrated
value resulted in a maximum decline in computed potentiometric heads of
about 4 ft; generally the decline was 2 ft or less. Changes in confining-
bed storage had about the same effect on computed heads.

Simulation of September 1976 Potentiometric Surface

The simulated potentiometric surface for September 1976 is shown in
figure 24. The map can be compared to the observed September 1976 poten-
tiometric surface (fig. 12) as a check on the reliability of the transi-
ent calibration. 1In simulating the September condition, all input param-
eters were kept the same as in the May transient calibration, except
irrigation pumpage was shut off starting May 13, 1976. The system was
allowed to recover until the start of the next irrigation season, assumed
to be November 1, 1976.

The simulated surface compares reasonably well with the observed
surface, especially in the western part of the area, where differences
are generally less than 5 ft. In eastern Hillsborough and southwestern
Polk Counties, the simulated surface is generally 5 to 10 ft lower than
observed.
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Simulated Ground-Water Budget, 1975-76

Table 8 shows sources and discharges of ground water in the modeled
area for 1975-76. Results are based on model mass-balance computations for
the 1975-76 steady-state and transient calibration model runs. Ground
water was derived from aquifer storage, cross-boundary flow, recharge wells,
and downward leakage through the upper confining bed. Ground water was
discharged from the aquifer into aquifer storage, and by cross-boundary
flow, pumpage, and upward leakage through the upper confining bed. Table
8 shows that, except for rounding errors, the total recharge from all
sources balances the total discharge.

In the steady-state run, most of the water pumped was obtained from
downward leakage. As shown for all calibrations, water was discharged
mostly by pumping but a significant amount (22 percent) also discharged
across boundaries. As the potentiometric surface declined during the
irrigation season, water was obtained mostly from downward leakage, but
about 13 percent came from aquifer storage and about the same amount
came from cross-boundary flow. Water flowing in across the boundaries
indicates that drawdown had reached the model boundary.

During the non-irrigation season, total pumpage decreased substan-
tially. As the potentiometric surface rose, a lesser proportion of water
came from cross-boundary flow, and an increased proportion (85 percent)
came from downward leakage. Ground water returned to aquifer storage,
and the amount of upward leakage increased.

In table 8, averages for the year are time-weighted averages for the
irrigation and non-irrigation seasons. For the year, about 83 percent of
ground-water discharge was pumpage. Most (76 percent) was derived from
downward leakage, and about 13 percent was derived from cross-boundary
flow. The amount of downward leakage (representing the amount of natural
recharge within the modeled area) was equivalent to 2.01 in. of water
over the modeled area. Table 8 shows that for the year clightly more
water was derived from storage than was returned to storage, indicating
a net loss and a decline of the potentiometric surface.

SIMULATED EFFECTS OF GROUND-WATER WITHDRAWALS

Transient model analyses were used to simulate changes in the poten-
tiometric surface during 1976-2000 resulting from projected ground-water
withdrawals for irrigation, municipal supplies, and phosphate mines. The
effect of each major use was considered separately and in combination.
Withdrawals for phosphate chemical plants and for other self-supplied in-~
dustries (except phosphate mining) were assumed to remain constant, and
the effects of these uses were not evaluated. 1In evaluating the effects
of each major use independently, all other withdrawal rates were held at
their 1975, or where known, 1976 rates.
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Table 8.--Sources and discharges of ground water in the modeled area, 1975-76

Transient calibration

Non-
Steady-state Irrigation irrigation Average for year
season (Nov. 1975 to
calibration season
(Sept. 1975) (Nov. 1975 (May 1976 Oct. 1976,
pt. to yto 366 days)
May 1976,
194 days) | 955- 1978,
ays)
Per- Per- Per- 1/ | Per-
Mgal/d cent Mgal/d cent Mgal/d cent Mgal/d ] in/yxr= cent
SOURCES
From storage 0 122 13 0 0 65 0.23 9
Across boundaries 44 125 14 61 11 95 .34 13
Recharge wells 18 23 3 24 4 23 .08 3
Downward leakage 445 88 645 70 478 85 567 2,01 76
Total 507 100 915 100 563 100 750 2.66 101
DISCHARGES
Into storage 0 0 0 109 19 51 0.18
Across boundaries 112 22 50 83 15 66 .23
Pumpage 378 74 856 94 363 65 624 2,21 83
Upward leakage 17 4 7 1 7 1 7 .02 1
Total 507 100 913 100 562 100 748 2.64 100

1/ Over the modeled area

(5,938 mi%).
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Two plans for phosphate mining were considered:

1. An existing-mines plan, in which the effects were eval-
uated of the continuation and eventual phasing out of
withdrawals for existing mines only;

2. A proposed-mines plan, in which the effects were eval-
uated of the continuation and phasing out of existing
mines, plus the introduction of proposed mines.

In the model runs using projected pumpage, the transient model was
used as calibrated. Results are presented primarily as a series of con-
tour maps showing simulated changes in potentiometric level. Positions
of lines of equal change on these maps are based on linear interpolations
between data points, plotted at the centers of nodal blocks.

All runs that included projected irrigation withdrawals were made
with two phases each year, a single irrigation season (November 1 to
May 12) and a non-irrigation season (May 13 to October 31). For these
runs simulated head-change maps are given for both May 2000 and October
2000. TFor the combination runs, simulated potentiometric-surface maps
for May 2000 and October 2000 are given in addition to head-change maps.

Irrigation

Procedure

In the modeled area, ground-water withdrawals for irrigation are pro-~
jected to increase in all counties except Hillsborough and Polk Counties
(table 5). For each of the other counties, the total irrigation-season
increase for 1976-2000 (table 5) was divided into 2-year time steps
(1976-85) and 3~year time steps (1986-2000), and countywide pumpage dur-
ing each time step was computed. These projected amounts were distributed
throughout agricultural land in each county, as shown on county land-use
maps (Roy F. Weston, Inc., 1976). Amounts assigned to each node in each
time step were based on the number of acres of agricultural land still
avgilable in the node for new or additional irrigation. No more than 2
ft”/s were assigned to a node at any givea time step. When the county-
wide average application rate [(ft7/s)/mi~] (table 5) for the 1975-76 ir-
rigation season was reached for agricultural land in a node, no further
irrigation pumpage was assigned to that node. New irrigation withdrawals
were not assigned to urban and urbanizing areas, or to proposed phosphate
mining areas, even if mapped as containing agricultural land.

Model runs were made simulating head changes from May 1976 to May
2000, and from November 1976 to October 2000. A single irrigation season
(November 1 to May 12) and non-irrigation season (May 13 to October 31)
were simulated each year.

63



Results

Simulated changes in the potentiometric surface due only to projected
increases in ground-water withdrawals for irrigation are shown in figures
25 and 26. Figure 25 shows that by May 2000 more than 15 ft of decline is
predicted to occur in a small area in northwestern DeSoto County and more
than 5 ft of decline in most of the modeled area. Net decline in October
2000, however, is generally less than 3 ft (fig. 26). Thus, the maps sug-
gest that with continued increased withdrawals for irrigation, the May
potentiometric lows would decline at a rate greater than that of the
October highs, continuing a trend evidenced by hydrographs in the 1960's
and 1970's (fig. 13).

Municipal Supplies

Increased demands for potable water are expected throughout the area
as population growth continues. Various alternatives have been proposed
to meet these demands (Geraghty and Miller, Inc., and Reynolds, Smith and
Hills, 1977). One alternative utilizes inland well fields to meet both
local and coastal public-supply needs. To determine the effects that such
a plan would have on the potentiometric surface, the proposed well fields
and their projected pumping rates, and projected increased pumping rates
for existing well fields, were incorporated into the model (table 4; pl.
1). Existing coastal well fields were held at 1975 pumping rates, on the
assumption that increased pumping by these well fields would be undesira-
ble because of the potential for saltwater encroachment. Withdrawal rates
for 2000 were obtained by linearly increasing rates for inland well fields
above those of 1975 in eleven 2-year intervals, starting in 1978.

Figure 27 shows simulated head changes in October 2000 due to pro-
jected increased withdrawals for municipal supplies. The map indicates
several localized cones of depression where declines are 10 ft or more.
Simulated declines exceed 5 ft in the north-central part of the area; a
decline of at least 1 ft occurs over almost all of the modeled area.

Phosphate Mines

Existing

Each existing phosphate mine is expected to continue withdrawals un-
til the ore underlying the mine property is depleted. Projected rates of
ground-water withdrawal and expected life spans of existing mines are
shown by node in figure 28; withdrawal sites are shown in plate 1. Pro-
jected withdrawal rates are based on 1975 and 1976 inventories of phos-
phate pumpage provided by the Florida Phosphate Council. 1In the simula-
tion, withdrawal rates at each mine were held constant during the life of
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the mine. As existing mines phase out, withdrawal rates are expected to
decline to about 133 Mgal/d by 1985 and to about 11.2 Mgal/d by 2000.
Also included was about 24 Mgal/d of aquifer recharge through connector
wells in 1975; recharge amounts for each mine were held constant during
the life of the mine. Data for projected life spans were provided by
Texas Instruments Incorporated (William Underwood, written commun.,
1977).

Simulated changes in the potentiometric surface resulting from pro-
jected changes in withdrawal rates for existing mines are shown in figure
29, The map shows a rise throughout most of the area; maximum rise is
more than 25 ft in southwestern Polk County. The rise would be expected
because of the projected declines in withdrawal rates of existing mines.

Proposed

At least 20 new mines are proposed to begin mining operations before
2000, mostly in Hardee, DeSoto, and Manatee Counties. The projected rates
of ground-water withdrawals and expected life spans of proposed mines are
shown by node in figure 30; withdrawal sites are shown in plate 1.

Withdrawal rates and life spans are based on data provided by Texas
Instruments Incorporated (William Underwood, written commun., 1977) and
by the Southwest Florida Water Management District (J. Heuer, personal
commun., 1978). Most rates are based on an assumed requirement of 1,500
gallons of ground water per ton of phosphate mined (U.S. Environmental
Protection Agency, 1978, p. 2.16). By the end of 1985, withdrawal rates
for proposed mines are expected to be about 84 Mgal/d; by 2000, the
rates are expected to increase to about 150 Mgal/d (table 2).

Assignment of proposed mine withdrawal sites to nodes was determined
by overlaying the model grid on a map showing areas of proposed mines.
Where a mine was in more than one node, a single node was selected to rep-
resent all the mine's withdrawals. Actual well locations may differ from
those selected, but this difference should not significantly affect the
regional distribution or amount of head change.

Simulated changes in potentiometric head resulting from withdrawal
rates for proposed mines are shown in figure 31. The map shows a decline
throughout most of the area. Maximum decline is about 20 ft in eastern
Manatee County and western Hardee County.

Existing and Proposed

Figure 32 shows the combined effects of existing and proposed mines.
In this simulation, withdrawal rates and durations of proposed mines were
superimposed on those of existing mines. The map shows a rise of the po-
tentiometric surface in Polk County (maximum of about 20 ft), and a de-
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cline elsewhere (maximum of about 15 ft). The areal extent and magnitude
of both the rise and decline are smaller than when the effects of pumping
for existing and proposed mines are considered separately,

Combined Effects

Without Proposed Phosphate Mines

Figure 33 shows simulated changes in potentiometric head resulting
from combined projected withdrawals for irrigation, municipal supplies,
and existing mines (but without proposed mines), from May 1976 to May
2000. The map shows about 15 ft of rise in southwestern Polk County, and
about 15 ft of decline in parts of Manatee, Hardee and DeSoto Counties.
Another area of decline, up to about 10 ft, occurs in the Lakeland area
of Polk County.

Simulated changes for May 2000 were superimposed on the May 1976 po-
tentiometric map (fig. 11), to obtain a simulated map of the potentiometric
surface for May 2000, as shown in figure 34. The principal change is a
deepening and broadening of the large cone of depression centered in
Manatee County. In May 2000, the potentiometric surface is 20 ft below
NGVD of 1929 in a small area of central Manatee County. The -10-ft con-
tour line encloses much of the central and eastern parts of the county,
and the NGVD of 1929 (zero) contour line extends into southwestern Hardee
County. The rise in southwestern Polk County is reflected in the south-
westward shift of the 40-ft contour line.

Simulated changes in potentiometric surface resulting from the com-

bined effects of pumping, excluding proposed phosphate mines, from
November 1976 to October 2000, are shown in figure 35. The map illus-
trates net simulated changes expected between the end of the non-irriga-
tion season in 1976 and the end of the non-irrigation season in 2000.
For November 1976 to October 2000, a rise of about 20 ft occurs in south-
western Polk County, and a decline of 5 ft or less occurs in the southern
part of the area. These changes are less than the projected changes for
May 1976 to May 2000 (fig. 33).

Simulated changes for October 2000 were superimposed on the September
1976 potentiometric map (fig. 12) to obtain a simulated map of the poten-
tiometric surface for October 2000, as shown in figure 36. The principal
change is the southwestward shift of the 60- and 70-ft contour lines in
Polk County and the eastward shift of the 40-ft contour line in Hardee,
DeSoto, and Charlotte Counties in October 2000.
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With Proposed Phosphate Mines

Figure 37 shows simulated changes in potentiometric head resulting
from the combined projected withdrawals for irrigation, municipal sup-
plies, and existing and proposed phosphate mines, from May 1976 to May
.2000. The map shows about 10 ft of rise in Polk County, and about 35 ft
of decline in parts of Manatee and Hardee Counties. Almost all of the
southern two-thirds of the modeled area shows a decline of more than 5 ft,

Simulated changes for May 2000 (fig. 37) were superimposed on the
May 1976 potentiometric map (fig. 11) to obtain a simulated map of the
potentiometric surface for May 2000, as shown in figure 38. The princi-
pal change is a broadening and deepening of the major econe of depression.
In May- 2000, the lowest level is about 30 ft below NGVD of 1929, and the
NGVD of 1929 (zero) potentiometric contour line extends eastward to the
Peace River in Hardee County. The potentiometric surface is also below
NGVD of 1929 along a part of coastal Sarasota County.

Simulated changes resulting from the combined effects of pumping,
including proposed phosphate mines, from November 1976 to October 2000,
are shown in figure 39. The pattern of change is similar to that of the
May 2000 change map (fig. 37), with a rise in parts of Polk County and
declines elsewhere. Maximum rise is about 15 ft, and maximum decline is
about 25 ft, in Manatee and Hardee Counties (fig. 39). Declines during
November 1976 to October 2000 are generally 5 to 10 ft less than declines
during May 1976 to May 2000 (figs. 37 and 39).

Simulated changes for October 2000 (fig. 39) were superimposed on
the September 1976 potentiometric map (fig. 12) to obtain a simulated map
of the potentiometric surface for October 2000, as shown in figure 40.
The October 2000 map shows an eastward shift of the 20-, 30-, and 40-ft
contour lines and a re-entrant 10-ft line in eastern Manatee County, re-
flecting a remnant of the closed depression shown in May 2000. The rise
in Polk County is reflected in a southwestward shift of the 60- and 70-ft
contour lines compared to September 1976.

Figure 41 shows, for selected sites, the effects of combined with-
drawals for irrigation, municipal supplies, and existing and proposed
mines. The effects are expressed as projected hydrographs for observa-
tion wells. Records for 1960-76 and computed heads for May and October
in 1985 and 2000 are shown. Hydrographs for the wells for the entire
periods of record to 1976 are shown in figure 13; locations are shown in
plate 1. Figure 41 indicates that projected withdrawals would result in
a continuing decline of water levels, except at the Mulberry well in Polk
County, where October water levels first decline then rise slightly as a
result of reductions in withdrawal rates of existing mines. As has been
the case since 1960, the May-to-May declines would be greater than the
October-to-October declines.
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APPRAISAL OF RESULTS

The modeling activity described in this report represents an initial
effort to integrate all hydrologic parameters that affect potentiometric
head changes, and to determine net effects of combined withdrawals on a
regional scale. The model used was the most advanced and appropriate one
available at the time the investigation began. Nonetheless, certain as-
sumptions underlying use of the model were not fully met by the field
conditions. For example, in some areas vertical components of flow exist
within the Floridan aquifer, the aquifer is anisotropic, some leakage
probably occurs through the lower confining bed, and the water table fluc-
tuates seasonally and in response to pumping stresses in the Floridan
aquifer, Boundary conditions can only be approximated by the model, and
the effect of a moving saltwater-freshwater interface on the distribution
of heads in coastal areas cannot be assessed by the model. All these
limitations may serve to introduce errors in calibration and in predicted
head changes.

The model was calibrated by simulating heads from four potentiometric
maps, under steady-state and transient conditions. In some areas, com-
puted heads changed by as much as 50 ft when ranges of probable values of
input parameters were used. Even the best combination of parameters eval-
uated, that is, the one producing the least error in the calibration pro-
cess, still yielded computed heads that in places substantially differed
from observed heads. These differences were considered acceptable as long
as they could be accounted for by reasonable ranges of values of the input
parameters.

In the simulations using projected pumpage, the water table was held
constant on the assumption that the surficial aquifer could be fully re-
charged each year. If, however, pumping from the Floridan aquifer were
to result in a long-term or seasonal decline of the water table, leakage
would be reduced. Additional drawdown of the potentiometric surface would
then be required to sustain leakage at a rate sufficient to supply the
water being discharged by pumping. This effect would, in turn, produce
additional decline in the water table and, perhaps, additional expansion
of the pumping effects.

Model results can be used to obtain a sense of the magnitude of
changes in potentiometric levels that could be expected on a regional ba-
sis if the projected pumping schemes are carried out. Results also indi-
cate the relative amounts of changes caused by pumping for irrigation,
public supplies and phosphate mining. Table 9 summarizes these changes.
The values in table 9 show only the maximum range in simulated declines
and rises, as indicated by contour lines; the areal extent and locations
of these changes can be determined from the illustrations listed in table
9. The table shows that pumpage for irrigation, public supplies, and ex-
isting and proposed phosphate mines would each contribute a maximum de-
cline of about 15 ft by May 2000. Because of recovery during the non-
irrigation season in 2000, maximum projected net decline by October 2000
due to irrigation pumpage alone was only about 3 ft,
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Table 9.--Summary of simulated maximum changes in potentiometric

surface, 1976-2000

Maximum change in poten
surface, in feet~

E}ometric

Cause
May 1976 to November 1976 to
(Ground-water May 2000 October 2000
withdrawals for ...)
Decline | Rise Figure Decline | Rise Figure
no, no.
Irrigation -15 0 26 -3 0 27
Municipal supplies -15 0 -2 -15 0 28
Phosphate mines:
Existing 0 25 ——g/ 0 25 30
Proposed =20 0 _A -20 0 32
Existing and proposed -15 20 _2 -15 20 33
Combined uses:
Irrigation, municipal
supplies, and exist-
ing mines -15 15 34 -5 20 36
Irrigation, municipal
supplies, and exist-
ing and proposed
mines -35 10 38 =25 15 40

1/ As indicated by contour line with maximum value

listed.

on illustration

2/ Not mapped, but vaiues approximately the same as for November 1976 to

October 2000.
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Table 9 illustrates the role that the projected reduction in pumping
for existing phosphate mines would have on the potentiometric surface.
Projected pumping for existing phosphate mines alone resulted in a simu-
lated rise of about 25 ft, and even when combined with all other types of
pumping, including that for proposed mines, maximum net rise was still
about 10 ft in some areas. Maximum net decline due to all pumping was
projected to be about 35 ft in May 2000 and about 25 ft in October 2000.

These results suggest that the effects of projected combined pumping
rates are on the order of several tens of feet, and not hundreds of feet
or a few feet. The impact of these effects on the environmental system
cannot be addressed by this model. However, predicted potentiometric
changes can provide the basis for future impact analysis.

SUMMARY

An area of 5,938 mi2 in west-central Florida was modeled to simulate
changes in the potentiometric surface of the Floridan aquifer, 1976-2000,
due to expected increases in ground-water withdrawals for irrigation and
municipal supplies, and due to anticipated shifts in the sites of pumping
for phosphate mines.

Ground water occurs beneath the study area in two principal aquifers,
the surficial aquifer and Floridan aquifer. The Floridan aquifer is over-
lain by an upper confining bed and underlain by a lower confining bed.

The surficial aquifer is predominantly fine to very fine sand and clayey
sand and is generally a few tens of feet thick. Ground water in the sur-
ficial aquifer is unconfined. The water table fluctuates seasonally
about 2 to 5 ft.

The Floridan aquifer includes all or parts of the Avon Park Lime-
stone, Ocala Limestone, Suwannee Limestone, and Tampa Limestone. The
top of the Floridan aquifer is the horizon below which carbonate rocks
persistently occur. The base is the first persistently occurring inter-
granular evaporites in the carbonate rocks, usually coincident with the
top of the Lake City Limestone. Aquifer thickness generally ranges from
909 to 1,900 ft. Transmissivity ranges from about'80,920 to 5()0,000‘_-3
ft™/d. Storage coefficient ranges from about 8.8 x 10 = to 1.9 x 10 ~.

The potentiometric surface fluctuates seasonally, with highest levels
in September and lowest levels in May. In September 1975, altitudes
ranged from about 5 ft near Tampa Bay to about 120 ft in the northeastern
part of the area. 1In May 1976, altitudes ranged from about 10 ft below
NGVD of 1929 to about 120 ft above. Well hydrographs indicate a general
downward trend in annual peaks and an increase in range between seasonal
lows and highs, especially since the early 1960's.

Ground-water flow is generally coastward. However, development of
a depression and trough in the potentiometric surface in the dry season
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substantially alters the direction of ground-water flow. The freshwater
flow system in the Floridan aquifer is bounded coastward by a saltwater-
freshwater interface.

The upper confining bed of the Floridan aquifer may include all or
part of the Bone Valley Formation, Tamiami Formation, Hawthorn Formation,
Tampa Limestone, and other undifferentiated predominantly clastic depos-
its of late Miocene to Pleistocene age. The rocks consist of clay, sand,
marl, limestone, and dolomite. Thickness ranges from about 20 ft to
abggt 780 ft. Verticg} hydraulic conductivity ranges from about 8.6 x
10 ° ft/d to 2.6 x 10 ~ ft/d, as determined principal%y by model c§libra—
tion. Leakance coefficient ranges from about 1 x 10 = [(gal/d)/ft"]/ft
to more than 1 _x 10 [(gal/d)/ft léft. Storage coefficient ranges from
about 2.0 x 10 to about 7.8 x 10 ~.

The lower confining bed of the Floridan aquifer includes the Lake
City Limestone, Oldsmar Limestone, and Cedar Keys Limestone. For model-
ing purposes the lower confining bed was considered to be impermeable,
based on a detailed test in Manatee County and on the extensive occur-
rence of intergranular and interbedded anhydrite and gypsum in the for-
mations constituting the confining bed.

Downward leakage from the surficial aquifer to the Floridan aquifer,
through the upper confining bed, occurs in most inland areas; upward
leakage occurs along coastal areas and along incised valleys of major
streams.

Water from the Floridan aquifer is the major source of water supply
in the modeled area. 1In 1975, withdrawals averaged 649 Mgal/d, mostly
for industrial, public-supply, and agricultural purposes.

In 1975, more than half (174 Mgal/d) of the industrial ground-water
withdrawals were for phosphate mining, nearly all of which was in Polk
County. Mines existing in Polk County in 1976 are expected to be phased
out, and proposed mines are expected to begin operations in DeSoto,
Hardee, and Manatee Counties in the decades ahead. Projected withdrawal
rates for phosphate mining were 217 Mgal/d in 1985 and 161 Mgal/d in
2000. Withdrawal rates for other self-supplied industries were expected
to remain unchanged.

In 1975 about 50 Mgal/d was withdrawn for municipal supplies in the
modeled area. Rates were projected to increase to about 108 Mgal/d in
1985 and to about 145 Mgal/d in 2000, due to expansion of existing well
fields and development of new well fields.

A digital model of two-dimensional flow was used to compute hydrau-
lic head changes in the Floridan aquifer in response to projected pumping
rates. A head-controlled flux boundary condition was used for all model
runs. The steady-state model was calibrated by comparing simulated poten-
tiometric surfaces with the September 1975 and the 1949 surfaces; irriga-
tion pumpage was assumed to be zero.
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At most nodes, the difference between computed and observed heads
was less than 10 ft. In most instances, the differences could be account-
ed for by reasonable ranges of errors in the input parameters.

The transient model was calibrated by comparing simulated potentio-
metric surfaces with observed May 1976 and September 1976 surfaces. Ir-
rigation pumpage was simulated using the inventoried withdrawal rates for
the 1975~76 fall and winter-spring seasons. The difference between com-
puted and observed May 1976 heads was less than 10 ft at 78 percent of
the nodes; maximum difference was about 19 ft. Simulation of the closed
depression in the potentiometric surface in May 1976 was poor, probably
because of inaccurate irrigation withdrawal rates input to the model. In
most instances, differences could be accounted for by reasonable ranges
of errors in the input parameters.

Mass-balance computations for the 1975-76 transient calibration model
runs show that, on the average, about 83 percent of ground-water discharge
was pumpage. About 76 percent was derived from downward leakage and 13
percent from cross-~boundary flow. Downward leakage was equivalent to
2.01 in/yr over the modeled area.

Transient model analyses were used to simulate changes in the poten-
tiometric surface during 1976-2000 resulting from projected ground-water
withdrawals for irrigation, municipal supplies and existing and proposed
phosphate mines, separately and in combination.

Projected irrigation withdrawals alone were expected to result in
about 15 ft of decline of the potentiometric surface in a small area in
DeSoto County by May 2000. Projected net decline in October 2000 was
generally less than 3 ft.

Projected increases in withdrawals for municipal supplies were ex-~
pected to result in several localized cones of depression where declines
were 10 ft or more. A decline of at least 1 ft was projected over almost
all of the modeled area.

Projected declines in withdrawal rates for existing phosphate mines
were expected to result in a rise of the potentiometric surface of about
25 ft in southwestern Polk County. Withdrawals for proposed mines showed
a maximum decline of about 20 ft in eastern Manatee and western Hardee
Counties. When effects of existing and proposed mines were combined, max-
imum expected rise in Polk County was reduced to about 20 ft, and else-
where up to about 15 ft of decline occurred.

Combined effects of projected ground-water withdrawals for munici-
pal supplies, irrigation, and phosphate mining (with and without proposed
mines) were determined for May and October 2000. Under conditions of
greatest projected stress on the aquifer (with proposed phosphate mines,
in May 2000), about 10 ft of rise was expected to occur in Polk County,
and about 35 ft of decline was expected to occur in parts of Manatee and
Hardee Counties. In the simulated May 2000 potentiometric map, the low-
est level was about 30 ft below NGVD of 1929, and the NGVD of 1929 poten-
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tiometric contour line extended eastward to the Peace River in Hardee
County. Projected declines during November 1976 to October 2000 were
generally 5 to 10 ft less than projected declines during May 1976 to
May 2000.

The model represents an initial effort to determine, on a regional
scale in west-central Florida, the net effects of combined withdrawals on
the potentiometric surface of the Floridan aquifer, Results can be used
in assessing the impacts of these effects.

REFERENCES

Altschuler, Z. S., Cathcart, J. B., and Young, E. J., 1964, Geology and
geochemistry of the Bone Valley Formation and its phosphate deposits:
Guidebook prepared for Field Trip no. 6, Annual Meeting, Geological
Society of America, November 19-20, 1964.

Anderson, J. R., and others, 1976, A land use and land cover classifica-
tion system for use with remote sensor data: U.S. Geological Survey
Professional Paper 964, 28 p.

Bergendahl, M. H., 1956, Stratigraphy of parts of DeSoto and Hardee
Counties, Florida: U.S. Geological Survey Bulletin 1030-B, p.
65-98.

Bishop, E. W., 1956, Geology and ground-water resources of Highlands
County, Florida: Florida Geological Survey Report of Investigation
15, 115 p.

Carr, W. J., and Alverson, D. C., 1959, Stratigraphy of Middle Tertiary
rocks in part of west-central Florida: U.S. Geological Survey
Bulletin 1092, 111 p.

Cathcart, J. B., 1966, Economic geology of the Fort Meade Quadrangle,
Polk and Hardee Counties, Florida: U.S. Geological Survey Bulletin
1207, 97 p.

Fountain, R. C., and others, 1971, The central Florida phosphate district:
Florida Bureau of Geology Field Trip Guidebook, Seventh Forum on the
Geology of Industrial Minerals, 41 p.

Geraghty and Miller, Inc., 1978, Hydrologic effects of developing 15 MGD
of water from the Floridan aquifer in the Pine Level area, DeSoto
and Manatee Counties, Florida: Unpublished consultant's report for
Phillips Petroleum Company.

Geraghty and Miller, Inc., and Reynolds, Smith and Hills, 1977, Water re-
sources management study, Hydrologic and engineering evaluation of
the Four River Basins area, west-central Florida: Consultant's re-
port for the Department of the Army, Jacksonville District, U.S. Army
Corps of Engineers,

90



Healy, H. G., 1977, Public water supplies of selected municipalities in
Florida, 1975: U.S. Geological Survey Water-Resources Investiga-
tions 77-53, 309 p.

Hickey, J. J., 1977, Hydrogeologic data for the McKay Creek subsurface
waste-injection site, Pinellas County, Florida: U.S. Geological
Survey Open-~File Report 77-802, 117 p.

1978, Hydrogeologic data for the South Cross Bayou subsurface
waste-injection test site, Pinellas County, Florida: U.S. Geological
Survey Open~File Report 78-852, 87 p.

Ketner, K. B., and McGreevy, L. J., 1959, Stratigraphy of the area be-
tween Hernando and Hardee Counties, Florida: U.S. Geological Survey
Bulletin 1074-C, p. 49-124,

Leach, S. D., 1977, Water-use inventory in Florida, 1975: U.S. Geological
Survey Open-File Report 77-577, 57 p.

Lohman, S. W., 1972, Ground-water hydraulics: U.S. Geological Survey
Professional Paper 708, 70 p.

Menke, C. G., Meredith, E. W., and Wetterhall, W. S., 1961, Water re-
sources of Hillsborough County, Florida: Florida Geological Survey
Report of Investigation 25, 99 p.

Miller, J. A., and others, 1978, Impact of potential phosphate mining on
the hydrology of Osceola National Forest, Florida: U.S. Geological
Survey Water-Resources Investigations 78-6, 159 p.

Mills, L. R., and Laughlin, C. P., 1976, Potentiometric surface of
Floridan aquifer May 1975, and change of potentiometirc surface 1969
to 1975, Southwest Florida Water Management District and adjacent
areas: U.S. Geological Survey Water-Resources Investigations 76=80.

Mills, L. R., Laughlin, C., P., and Parsons, D. C., 1976, Potentiometric
surface of Floridan aquifer, Southwest Florida Water Management
District, September 1975: U.S. Geological Survey Open-File Report
76-003.

Parker, G. G., Ferguson, G. E., Love, S. K., and others, 1955, Water re-
sources of southeastern Florida, with special reference to the geol-
ogy and ground water of the Miami area: U.S. Geological Survey
Water-Supply Paper 1255, 965 p.

Peek, H. M., 1958, Ground-water resources of Manatee County, Florida:
Florida Geological Survey Report of Investigation 18, 99 p.

Puri, H. S., and Vernon, R. 0., 1964, Summary of the geology of Florida
and a guidebook to the classic exposures: Florida Geological Survey
Special Publication 5, 312 p.

Robertson, A. F., and Mills, L. R., 1974, Ground-water withdrawals in the
upper Peace and upper Alafia River basins, Florida: Florida Bureau
of Geology Map Series 67.

Robertson, A, F., Mills, L. R., and Parsons, D. C., 1978, Ground water
withdrawn for municipal, industrial, and irrigation use in the up-
per Peace and Alafia River basins, west-central Florida, 1970-74:
U.S. Geological Survey Open-File Report 78-29, 59 p.

91



Roy F. Weston, Inc., 1976, Land use map atlas: Consultant's report for
the Department of the Army, Jacksonville District, U.S. Army Corps
of Engineers.

Ryder, P. D., Laughlin, C. P., and Mills, L. R., 1977, Potentiometric
surface of Floridan aquifer, Southwest Florida Water Management
District, September 1976: U.S. Geological Survey Open-File Report
77-353.

Sproul, C. R,, and others, 1972, Saline-water intrusion from deep arte-
sian sources in the McGregor Isles area of Lee County, Florida:
Florida Bureau of Geology Information Circular no. 75, 30 p.

Stewart, H. G., Jr., 1966, Ground-water resources of Polk County,
Florida: Florida Geological Survey Report of Investigation 44,
170 p.

Stewart, J. W., Laughlin, C. P., and Mills, L. R., 1976, Potentiometric
surface of Floridan aquifer, Southwest Florida Water Management
District, May 1976: U.S. Geological Survey Open-File Report.

Stewart, J. W., and others, 1971, Potentiometric surface and areas of
artesian flow, May 1969, and change of potentiometric surface 1964
to 1969, Floridan aquifer, Southwest Florida Water Management
District, Florida: U.S. Geological Survey Hydrologic Investigation
Atlas HA-440.

Stringfield, V. T., 1949, Ground-water geology in the southeastern states:
Proceedings of Symposium on Mineral Resources of the Southeastern
United States, Knoxville, Tennessee, p. 211-222,

Sutcliffe, H., Jr., 1975, Appraisal of the water resources of Charlotte
County, Florida: Florida Bureau of Geology Report of Investigation
78, 53 p.

Texas Instruments Incorporated, 1977a, Demography, economics, and culture:
U.S. Environmental Protection Agency, Central Florida Phosphate
Industry Areawide Impact Assessment Program, v. 3.

1977b, Future land use: U.S. Environmental Protection Agency,
Central Florida Phosphate Industry Areawide Impact Assessment Pro-
gram, v. 10,

1978, Water: U.S. Environmmental Protection Agency, Central
Florida Phosphate Industry Areawide Impact Assessment Program,
v. 5.

Trescott, P. C., Pinder, G. F., and Larson, S. P., 1976, Finite-differ-
ence model for aquifer simulation in two dimensions with results of
numerical experiments: U.S. Geological Survey Techniques Water-
Resources Investigations, Book 7, Chap. 1, 116 p.

U.S. Environmental Protection Agency, 1978, Draft areawide environmental
impact statement, central Florida phosphate industry.

University of Florida, 1977, Florida statistical abstract, 1977: The
University Presses of Florida, College of Business Administration,
Bureau of Economics and Business Research, 597 p.

92



White, W. A., 1970, The geomorphology of the Florida peninsula: Florida
Bureau of Geology Bulletin 51, 164 p.

William F. Guyton and Associates, 1976, Hydraulics and water quality:
Unpublished consultant's report prepared for Swift Agricultural
Chemicals Corp., Manatee mine site.

Wilson, W. E., 1972, Hydrogeology of Florida's largest citrus grove, in
Age of changing priorities for land and water: American Society of
Civil Engineers, Irrigation and Drainage Division Specialty Confer-
ence, Spokane, Washington, p. 293-307.

1977a, Simulated changes in ground-water levels resulting from pro-
posed phosphate mining, west-central Florida--preliminary results:
U.S. Geological Survey Open-File Report 77-882, 46 p.

1977b, Ground-water resources of DeSoto and Hardee Counties, Florida:
Florida Bureau of Geology Report of Investigation 83, 102 p.

Wolansky, R. M., 1978, Feasibility of water-supply development from the
unconfined aquifer in Charlotte County, Florida: U.S. Geological
Survey Water-Resources Investigations 78-26, 34 p.

93



SUPPLEMENTARY DATA I -- MODEL INPUT DATA

The following table lists by node the input values used in model
calibrations. Included are potentiometric head; aquifer transmissivity
(T) and storage coefficient (S); confining-bed storage coefficient (S'),
vertical hydraulic conductivity (K'), and thickness (b'); water-table
altitude; and pumping rate. Negative values of pumping rate indicate
discharge rates; positive values indicate recharge rates.
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SUPPLEMENTARY DATA II -~ MODEL PROGRAM MODIFICATION

The following program modifications were made to the two-dimensional
model source deck of Trescott, Pinder, and Larson (1976) in order to in-
corporate the head-controlled flux boundary condition.
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l-

20

325

265
370

PRR

?-

320

MODEL PROGRAM MODIFICATIONS

ADD THESE STATEMENTS, REPLACING THE STATEMENTS WITH THE SAME IDENTIFYING
NUMBERS IN THF ORIGINAL PROGRAM

> S - ——— -y, - —— - —— - — - T > - ——— - — = — - —— - - - -

DIMENSION Y(70000)e L(3R)s IFMT1(9)y IFMT2(9)s TIFMT3(9)s IFMTS(9) +MAN 200
INAMF (10R) aYY (1) " MAN 210
COMMON /SARRAY/ VF4(11)+CHK(15) 9sVFS5(7) o XLAR(6) 4VF6(7) ¢ XRATEX(50+S0MAN 240

A0 4HN s 3#4H e4H ARF ¢4HAL RGLHECHAZ4HRGE +4HRATE ,2%4H «4H  MAN 460
REAN(R4320) DIML «DIMWINW,ITMAX 4 IHCFJLPRINT MAN 620
3L(34))9Y(L(3S))aY(L(38))) MAN1580
FORMAT (RTS) MANZ2690
IMeSY G RATFsRIVER«Ms TOP 3 GRNN ¢ DEL X s NFLY s WReNWR4DIST) DAT 20
LoNWR(THe?) e A(I7eJZ)y IN(Q)s IFMT(9)e NIST(IZ+JZ) DAY 170
COMMON /SARRAY/ VF4(11)4CHK(15) «VFS(7) 4XLAB(6)4VF6(T7) s XRATEX(S50450DAT 190
JNOL=DIMW=-1 DAT1640
IF (NWFL.FQ.0) GO TO 404 DAT?260

COMMON /SARRAY/ VF4(11) 4CHK(15) sVF5(7) 4XLAR(6) 4VFA(T7) 9XRATEX(S0+50STP 180
COMMON /SARRAY/ VF4{11) ¢CHK{1S) +VFS(7) ¢ XLAB(E) yVFE(T) o XRATEX(S04S0SIP 200
COMMON /SARRAY/ VFA4(11)4CHK(15) ¢VFS(T) ¢XLAB(FR) 4VF6(T7)+XRATEX (50,5004 130
COMMON /SARRAY/ VF4(11)eCHK(15) «VFS(7) o XLAB(F) JVFE(T) 4 XRATEX(S0450ANT 200
COMMON /SARRAY/ VF4(11)«CHK(15) 4VFS{T) 4XLAB(6) 4VF6(T7) «XRATEX(50,50COF 170

1TOMSYsRATE «RIVER MG TOP sGRNND G NDEL X o NFLY (NDIST) CHK 20

COMMON /SARRAY/ VF4(1]1) «CHK(15) oVFS{7) o XLAR(B) yVFA(T7) s XPATEX (50450CHK 180
RFTURN CHK1600
COMMON /SARPAY/ VFG({1]1) +CHK(15) oVFS(7) ¢ XLAR(E) qVFE(T) «XRATEX (S0+4S50PRN 150
COMMON /SARRAY/ VF4(11) eCHK(15) qUFS(T) ¢XLAR(L) 4VFE(T) s XRATEX(504508LD 80

AND THESF STATFMENTS IN THE SENUENCE INDICATEU RY THE INENTIFYING NUMRERS

- —— " gy > - = W e o e S T = T T - -, W 40 > T TS s " e W - - - -

1)« XRIVX (50,50) MAN 245
T1HCF o LPRINT«JUL s JUL o TLL o JLL o TUR s JURWSTLR4JLR MAN 255
COMMON /XL T/ RFINT«BFOUTToXNINT«XNOUTT MAN 305
DATA TIFMTS/4H('0Y g4H 12 e d4H2X a1 9aHNF 12 04H 4 9344H(/5XebHa10FeG4H]12.4MAN 372
le6H)) 7/ MAN 374
[*] «4HNIST ¢4HANMCF o4H BEY 44HOND ¢ GHROUN s 4HDARY- e 2%4H MAN 465
READ(R4375) TULJULSILLeJLLoILRsJLRSIURSJLR MAN 635
L (38)=1SUM MAN1S12
ISUM=ISUM+]ISTI?7 MAN1S514
Ivy(L(38))) MAN1835
BFINT=0. MAN1903
BRFOUTT=0. MAN1904
XNINT=0. MAN1G(0S5
XNOUTT=0. MAN1906
IF(IHCF FQel 0R.IHCF«EQ.2) CALL ARRAY(Y(L(38)) 4TFMTS,NAMF (100)+13)MAN2035
FORMAT(41I104120412) MANZ2685
1) o XRIVX (50,50) DAT 165
1HCF oLPRINT o TUL s JUL o ILL 3 JLL s TURSJURHLILRGJLR DAT 295
1) «XRIVX (50,450) STP 18RS
1HCF o LPRINToTUL s JUL 9 TLL o JLL o TUR9JURSILRyJLR STP 255
1) o XRIVX(50,50) sIp 20S
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1) « XRIVX(S0,+50) D4 135
1) «XRIVX(SN+50) ADI 20S
1) «XRIVX(50.50) COF 175
DIMENSION XXLEAK(S50e50) ¢ XBFLUX(50450) ¢ XNFLUX {50450} CHK 165
DIMENSION DIST(IZ.J27) CHK 168
1) «XRIVX(50+50) CHK 18S
IHCF oLPRINToIUL e JUL o TLL o JLL s TUR9JURLILRHJLR CHK 255
COMMQON /XILT/ BFINTBFOUTT«XNINT«XNOUTT CHK 257
XXXX=0, CHK 411
YYYY=0,. CHK 412
7777=0. CHK 413
WWWwW=0, CHK 414
DO 1 I=1.DIMt CHK 41S
DO 1 I=1.NIMw CHK 416
XXLEAK(TeJ) =0, CHK 417
XRFLUX(IsJ)=0, CHK 418
1 XNFLUX(T.J)=0, CHK 419
XXLEAK (T« J)=XNFT/AREA CHK1245
BF IN=XXXX#DELT CHK1461
BFOUT=YYYY#DELT CHK 1462
XNIN=2277*DFLT CHK1463
XNOQUT=WWWWH#DELT CHK 1464
BF INT=BF INT+RF IN CHK1465
BFOUTT=RBFOUTT+RFOUT CHK 1466
XNINT=XNINT+XNIN CHK1467
XNOUTT=YNOUTT+XNOUT CHK 1468
1) o XRIVX (50450) PRN 155
THCF o LPRINT e TUL s JUL o TLL o JLL e TURSJURGILR G UL P PRN 245
1) «XRIVX(50,50) BLD A5
THCF « LPRINToTUL e JUL o ILL o ULL s TUR 3 JURGTLRH JLR 8LD 175

3. ADD THESE STATEMFNTS BETwWFEN STATEMENTS DAT1610 AND DAT1620

- - — - —— ——— " — —— - - — —— —— - o ——— - - - —— -

-=-=CHFCK TO SFF IF HCF QPTION IS To rE USFD---
IF (THCF JNE o1 .AND.IHCF JNF.2) GO TO 265
~==DEFINITION OF VARIABLFS~--=

COFFFICIENT OF LEAKAGE OCCURRING IN ROUNDARY NODE
(FT#22/SEC)

COEFFICIENT OF HORIZONTAt FLOW OCCURRING BETWEEN
BOUNDARY NODE AND POINT BEYOND BOUNDARY (FT##2/SEC)

SUM OF 2 COEFFICIENTS (FT##2/SEC)

HORIZONTAL FLOW OCCURRING BETWEEN ROUNDARY NODE AND
NONE ABOVE IT AT START OF STEAUY~STATE STMULATION
(FT##3/SEC)

HORIZONTAL FLOW OCCURRING BETWEEN HOUNDARY NODE AND
NODE TO LEFT OF IT AT STARY OF STEADY-STATE
SIMULATION (FT##3/SEC) )

0R3 = HORI7ONTAL FLOW OCCURRING BETWEEN BOUNDARY NODE AND

NODE BENEATH IT AT START OF STEADY-STATE SIMULATION
(FT##3/SEC)

QR4 = HORIZONTAL FLOW OCCURRING BETWEEN BOUNDARY NODE AND
NODE TO RIGHT OF IT AT START OF STEADY~-STATE
SIMULATION (FT##3/SEC)

HORT7ONTAL FLOW OCCURRING ACROSS OUTER EDGE{(EDGES) OF
BOUNDARY NODE AT START OF STEAOY-STATE SIMULATION

COFNL

COFHCF

COFTOT
OR1

"on

QR?

"

QRINIT
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HO1

HQ?

HQ3

HQ4

HQTOT
XRATEX
XRIVX
RATE
RIVER
STRT
T

S

M
DELX
DFLY
TR

TC
DIST

TUL «JUL
ILLesJLL
ILRsJLR
TUR,JUR

——eSAVE

LU L | T 1 I | I VO | R I [
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MODEL PROGRAM MODIFICATIONS - Continued

(FT#%#3/SEC)

HORIZONTAL FLOW OCCURRING BETWEEN SOUNDARY NODE AND
NODE ABOVE IT AT START OF TRANSIFNT SIMULATION
(FT##3/SEC)

HORI7ZONTAL FLOW OCCURRING BETWFEN EBOUNDARY NODE AND
NODE TO LEFT OF IT AT START OF TRANSIFNT SIMULATION
(FT##3/SEC)

HORIZONTAL FLOW OCCURRING BETWFEN HOUNDARY NODE AND
NODE BENFATH IT AT START OF TRANSIENT SIMULATION
(FT##23/SFM)

HORIZONTAL FLOW OCCURRING BRETWEEN ROUNDARY NODF AND
NONE TO RIGHT OF IT AT START OF TRANSTENT
SIMULATICN (FT##3/SEC)

SYM OF 4 HORTIZONTAL FLOW COMPONENTS (FT##3/SF(C)

ORIGINAL VERTICAL HYDRAULIC CONDUCTIVITY (FT/SEC)

ORTGINAL ELEVATION OF WATER TABLE (FT)

ADJUSTED VERTICAL HYDRAULIC CONDUCTIVITY (FT/SFC)

ADJUSTFD ELEVATION OF WATER TARLE (FT)

STARTING HEAD (FT)

TRANSMISSIyYITY (FT##2/SEC)

STORAGFE CCEFFICIENT

THICKNFSS OF CONFINING RFD (FT)

GRID-SPACING IN X=-DIRECTION (FT)

GRID-SPACING IN Y=DIRFCTION (FT)

INTERNODAL TRANSMISSIVITY ALONG ROWS (FT/SEC)

INTERNODAL TRANSMISSIVITY ALONG COLUMNS (FT/SFC)

DISTANCE BETWFEN BOUNDARY NODE ANU POINT REYOND MODFEL
ARFA wHERE HEAD IS CONSTANT (FT)

ROWCOLUMN LOCATION OF UPPER LFFT CORNER BOUNDARY NONDE

POWCOLUMN LOCATION OF LOWER LFFT CORNER BOUNDARY NODE

ROWsCOLUMN LOCATION OF [LOWER RIGHT CORNER BOUNNARY NODE

ROWSCOLUMN LOCATION OF UPPER RIGHT CORNER ROUNDARY NNODE

RATE o+ RIVFR=-==

DO 690 TI=1.NIM

DO 690 J=1,DIMw

XRATEX (T oJ)=RATF (T4}
690 XRIVX(I+J)=RIVFR(TWJ)

-==WRITE HEADING FOR TABLE OF CALCULATED VALUFrS-=--

IF(IHCF .FQe1) WRITE(P+6S2)
IF(IHCF.EQ.?) WRITE (P¢694)
692 FORMAT (9190 43X e T1a3Xs'JtosSXa?COFNLY 26X g COFHCE 1 ¢SXs 'RATF Y +6Xs'RTVE
IR 44X e " XRATEX ! 45X o " XRIVXt 94X o 'QBINIT?)
694 FORMAT (17 43XatT"a3X9 Ut 4SXs'COFNLa6Xg'COFHCF 1 ,4Xe"HQL 48X, "HQ2'
18X "HO3 ' 48X s *HO4L* 9OX 9 "RATF * 46Xy * XRATEX ")

-==SET UP LOOP T0O DO CALCULATIONS AT FACH BOUNDARY NODE---

ITI=DIML-1
JJJ=DIMW-1

DO R60 I=2,1T11
DO 860 J=2+.JJJ
IF(DIST(I,J).EQ.0.) GO TO 860

-=-=INITIALIZF VARIABLES---

COFNL=0.

COFHCF=0.,
COFTOT=0.

HO1=0.
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HG2=0.
HQ3=0.
HQ4=0.
HQTOT=0,
AAA=0.
BRB=0.
QR1=0.
0R2=0.
QR3=0.
QR4=0.
QRINIT=0.

--=-CALCULATF INITIAL BOUNDARY FLOWS FOR STEADY-STATE CASE---

IF(IHCF.NFL,1) GO TO €98

NRI=2.4#T (1o N #(STRT(I=1eJ)=STRT(TeJ))*DELX (J)/(NELY (T=1)+DELY (1))
QR2=2.#T(TaJ) *(STRT(14J=11=STRT(I+J) ) *DELY (1) /(DFLX(J=1)+DELX(I))
OR3=2.#T(TeJ)# (STRT(I+1a)=STRT(T« NI #DFLX(J)/Z/(DELY(T+1)+DELY(I))
OR&4=2.#T (To ) #(STRPT(LeJ+1)=STRT (I 4N ) #*DFLY(TI/Z(DELX(J+1) +DELX (D))

---CALCULATF COEFFICIENTS--~

69R COFNL=XPATEX (I« ) #DELX(J)#DELY (1) /M(I+3)
AAA=SORT(T(TeJ) #XRATEX (T wd) /M(IsJ))
BRB=EXP ( (=2, ) #SORT(XRATEX (I o J) ¥ (DIST{ o) ##2) /M(T 43I #T(Fad)))
IF(T.FO.TULLANDGJLEQ.JUL)Y GO TO 700
IF(T.FR.TURLANND,JL,EQLJUR) GO TO 700
IF(I.EQ.ILLANDLJ.FQ.JLLY GO TO 700
IF(T.FQ.ILR.AND,J.EQ.JLR) GO TO 700
GO TO 710
700 COFHCF=AAA® (1.+RRR)#(DELX(J)+DELY (1)) /{1 .-RRK)
IF(IHCF NF 1) GO TO 790
IF(TFQ.IULANND,JEQ.JUL) QRINIT=QR1+0B?2
IF(T.FO.TURAND.J.FQ.JUR) QRINIT=QR]+0B4
IF (T LFN.ILLANDJLEOQ.JLL) GRINIT=GQR?+QB73
IF(I.EQ.TLRAND.J.EGsJLR) QBINIT=QR3+QGB4
GO TO 790
710 TF(ToLE.MAXO(TULoTUR) e ANDeJeGTaJULeAND LY el ToJURGANDeT(I=19J)eF0e0o
1) G0 TO 720
GO TO 730
720 COFKCF=AAA#(1.+RRR)#LELX(J)/(1+-RRR)
IF(THCF.EN.1) QRINIT=QR}
GO TO 790
730 TF(JoLEMAXO (JUL e JLL) e AND o1 eGToTUL e AND eI L TeILLoANDeT(TaJ=1)eEQ.Dw
1) GO TO 740
GO TO 750
740 COFHCF=AAA#(]1,+RBRR)Y#DELY(T)/(1.-RRR)
IF(IHCFEN.1) QRINIT=QRB?2
GO TO 790
750 IF(ToGEMINO(TLL oTLR) e ANDeJeGToeJLL cAND ol ToeJLR.ANDST(I+14J) ¢EQ.DQ.
1) GO TO 760
GO TO 770
760 COFHCF=AAA#(1.+BRR)=CELX (J)/(1.-RAR)
IF(IHCF.FA.1) ORINIT=nR3
GO TO 790
770 IF(JeGELMINO(JURSILR) e AND e T eGT e TURGAND ¢ I et TeILRAND«T(I9J+1).EQ40e
1) GO TO 780
GO TO R60
780 COFHCF=AAA®*(],.+RBBR)#DELY(I)/(1.-BBB)
IF(IHCF.EQ.1) QRINIT=QB4

--~CALCULATE NEW VERTICAL HYDRAULIC CONDUCTIVITY-»-~
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790 COFTOT=COFNL +COFHCF
RATE(T «J)=COFTNT#XPATEX (T eJ) /COFNL

-~~CHFCK TF STEADY-STATE OR TRANSIENT CASE---
IF(IHCF ,EN.?) GN TO 795
--=CALCULATF NFw WATER-TARLE HEAD FOR STEADY-STATE CASF---

RIVER(TeJ)=STRT (T oJ) *XRATFX (T oJ) H(XPIVX(IoJ)=STRT(IeJ))/PATF(I,J)+
IM(TeJ)EQRINIT/Z(RATF (Lo J)ENELX (N ENFLY(I))
WRITE(Pe792) T4 taCOFNL 4COFHCF «RATE (T9J) «RIVFF (T J) o XRATFX(TeJ) o XRIT
TVX (T aJ) «ORINTT

792 FORMAT (' 942XeT292%X01201Xe2F11e6eF11e34F9,.3eF11.34F9,.3.F0,3)
GO YO 860

~-=WATFER-TARLF “FAD o+ TRANSIENT CAGF---

~=~CALCULATE HORIZONTAL FLOW COMPONFNTS—---

795 IFA(T(I=1eJ) e N.0eeORS(T=15J)LT.N.) GO TN ROO
TCUI=102)= (25T (T=1eJ)2T(Te D))/ (MELY(I)*T(I=1J)+DELY(I-1)%T(T4J))
1#FACTY
HOI= (STRT(I=1eJ)=STRT(1+J})ETC(I-1eU) *DELX (J)

A00 TF(T(Tead=1)eFN.0..0RaS(ToU-1).LT.0,) GO TO PLCG
TRITeJ=-1)=(2e# T ed=1)2T(T eI /Z(NFLX(I)#T(TeJ=1)+DELY (U=-1) 5T (14J))
VRFACTX
HOZ2=(STRT(T+.0-1)~STRT(I« ) =TR(T+JU=-1}*DFLY(T)

BI0 TF(T(T+1eJ) aFNNaa0RS(T+1ed)LT.0.) GO TN ReU
TCATa )= (Pa 2T (T 2T (Il e))ZUDELY(T)ET(I+1eJ)+DELY(T+1) =T (T o)) ) =F
1ACTY
HA3=(STRT(I+1« ) =STRT (T4} )} =TC(I,JYEDELX(J)

B20 TFA{T(TaJ+1).FN_0,,0P.S{T+U4+1).LT.N.) GO TH 23w
TRIT e =(2e2T(Ta 2T (Lad+ 1)) Z(NELX () 2T (T4 1) +RELX (1) 2T (1)) =F
TACTX
HN4= (STRT (T4 J+1)=STRI(TJ))#=TR (T« #ELY(T)

-=~CALCULATF NET HORIZONTAL FLOW=—--
R30 HRTNT=HN]+HA2+HOI+HO4S
-==CAl CULATE NEW WATER-TARLFE HEAD FN® TRANSIE!T CASE---

RIVER(I «J)=STRT(T1eJ) =M (T14J)*HATOT/(RATE(I+J)}* EL X(H =NFLY(]))
WRITE (PeR40) 14 sCOFAL (COFHCF ¢HN1 «HAZsHO3sHNL «RATE (I 4J) « XRATEX (T4

1
RB40 FORMAT(? * 42X eT2e2Xel2e¢1Xe6F11ehaF11e341%eF11.3)

86N CONTINUF
-==RE-INITIALIZE INTERNODAL TRANSMISSIVITIES---
DO B70 I=1l.DIML
DO 870 J=1eDTuW

TRIT.J)=0,
R70 TC(T.J)=0,

4, ADD THESF STATEMENTS BETWFEN STATFMENTS NAT2420 AND DAT2430

- ——— T — —— —— — — - - " > " " s > e e
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-=~=CHFCK IF TRANSTENT CASE=---
IF(IHCF.NE.2) GO TO 410

-=-=RE-CALCULATE AND wRITE WATER-TABLE HFEAD FOr TRANSIENT CASE
IF WELL LOCATED IN ROUNDARY NODE~=--

TF(KP.NF.1) GO TO 4190

WRITF (P,406)

DO 403 TI=1.DTML

DO 403 J=1,DPTMw

IF(NIST(I«J) LE.D.) GC TO 403

TF(WELL(I4J) FO.0.) GO TO 402

RIVER(T ¢ N=RIVFR(TeJ)=M(TeJ)*WELL (I oJ) /RATE (IsJ)
SLATed)=RATF (T« ) /ML) #(RIVFR(T«J)=STRT(I+J))
WELCFS=WELL (TeJ)*NDELX (J) *NDELY (])

WRITE(P4407) TaJsRIVER(I+J) o XRIVX(ToJ) sWELCFS
CONT INUE

GO TO 410

IF(IHCF NF.?2) GO TO 410

---WRITF WATFR-TARLE HEAD FOR TRANSTENT CASFE IF NO WELL LOCATED
TN ROULNDARY NODE-~-

IF(KP,NF,1) GO TO 414

WRITF (B,4NR)

Ne 405 I=1.NTML

DO 405 J=1DTMY

IF(NIST(Ted)aLFal,) CO TO 40S

WRITF (P4409) TaJeRPIVER(TeJ) o XRIVX(TeJ)

CONTINUF

FORMAT (119 a7X o ?ROW? a2 Xe 'COL Y oSXe*RIVERS 47X o XTVX 96Xy *WFLCFS?)
FORPMAT(? ? 4RXalPe3X el 203X aFTe3ea3XeFGa3¢3XeF7,.2)
FORMAT (910 47X o ?ROW? 42X o ?COL " 4SXetRIVFRE TN XRIVXY)
FORMAT(? % 4AX4I”2 83X alla3XeF9.393X4FG.3)

AND THESF STATEMENTS BETWFEN STATEMENTS CHK1Z2+0 AND CHK127N

- - ——— - - —— L v = = n - = o W T En e e . e . - - e - - -

~==CHFCK IF HCF OPTIUN IS IN USF=--

IF(THCF JNF ,1.8MNDJTHCF oNEL2) GO TO 240
IF(NIST(I+J)tFeCe) GO TO 240

--~CALCULATF ACTUAL LEAXAGE RATE---
XNFLUX (TeJ)=XRATEX (ToJ)# (XRIVX (I eJ)=HED2) /M(1eJ)
--=POUNDARY FLOW RATE o STEADY-STATFE RUN---

QR11=n,
QRrR22=0.
0233=0.
QR44=n,
QT0T=0,
QvL=0.
QrpY=n,
IF(IHCF.FR.2) GN TO 232
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OR11=2.%T(T,J)# (STRT(I=14J)=STRT(I+J))I#DELX(J) /(DELY (I~1)+DELY(I))
OR22=2.#T {14 ) # (STRT(I4U=-1)=STRT(I4J))#DELY(I)/(DELX(J=1)+DELX(J))
OB33=2,#T(I4J)#(STRT(I+15J)=STRT(I,4))#DELX(J)/(DELY (I+1)+DELY(I})
OR44=2 . #T(TeJ)# (STRT(I4J+1)=STRT(14J))#DELY(I)/(DELX(J+1)+DELX(J))
IF(I.FQ.TUR.AND.J.EQ+sJUR) QBDY=QB11+QB44

IF(T.EQ.TLL.AND.J.EQeJLL) QBDY=QB22+QB8B33

IF(T.FQ.TLR.AND.J.EQ«JLR)Y QBDY=QB33+0B44

IF(QBNYNE.0.) GO TO 234

IF (T LE.MAXO(TULsTUR) e ANDoJeGToeJULGAND ¢ Jel TeJURGANDT(I-19J) EQe0e
1) ORDY=QR11

TF(JLE.MAXO (JUL o JLL) e AND e I e GT e JULAND o T oL TeILLoANDeT (I o J=1) cEQeDe
1) QBDY=0BR22

IF(ToGE MINO(TLL+TLR) ¢ ANDeJaGTaJLLeAND 4 JolL TeJLRANDT(T+19J) cEQe0Qe
1) GBDY=0QR33

TF(JeGE.MIND (JURSJLR) ¢ AND ¢ I s GToTURAND o T oL Te ILRGANDeT (T 9 J+1)+EQ.0e
1) ORDY=QR44

GO TO 234

~==BOUNDARY FLOW RATE , TRANSIENT RUN=-==~

232 QTOT=RATE (I #NELX(J)#*DELY (1) #(RIVER(T+J)=STRT(TeJ))/M(I,J))
OVL=XRATEX(T+ ) #DFLX(J) #DELY (1)} # (XRIVX(I9J)=STRT(TI4J)) /M (TeJ)
ORDY=QTOT-QVL

~=-=-CALCULATE ROUNDARY FLOW RATE==-
234 XRFLUX(TsJ)=(RATE(I¢J)=XRATEX(I+J))#(HED1=HEDZ) /M(I+J)+0NRDY/AREA
-=-=SUM UP ACTUAL LEAKAGE AND BOUNDARY FLOW RATES==-

IF(XBFLUX(TsJ) eLTe0e) YYYYSYYYY+XBFLUX(IWJ)*AKEA
IF(XBFLUX(TeJ) eGEa0e) XXXX=XXXX+XBFLUX(IoJ)#ARFA
TF(XNFLUX(T9J) eLTo0s) WWWWEWWWW+XNFLUX(IeJ)#AFEA
TF (XNFLUX (I 9J) oGFe0e) 27277=72777Z+XNFLUX(I4J)#AKEA

6. ADD THESE STATEMENTS BETWEEN STATEMENTS CHK1590 AND CHK1600

. e - - — - W Y 5w - T - " G S W on S - -

-==CHECK IF HCF OPTION IS IN USE=--
254 IF(THCF.NE.1.AND.THCF.NE.2) GO TO 258

---WRITE ACTUAL LEAKAGE AND BOUNDARY FLOW RATES IN EACH BOUNDARY
NODE==-

IF(LPRINT.NF.1) GO TO 256

WRITE (P,282)

WRITE (P,283)

DO 255 I=1.DIML

DO 255 J=1+DIMW

IF(DIST(I,J).LE.0.) GO TO 255

WRITE (P+284) T9JeXBFLUX(IsJ) «XNFLUX(IsJ)
255 CONTINUE

--=WRITE SUMS OF ACTUAL LEAKAGE AND BOUNDARY FLOW RATES==-

256 WRITE(P,285)
WRITE(P,286)
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WRITE (Ps2B7) XXXXeYYYY
WRITE(P¢288) 7777 +WWwWW

--=WRITE SUMS OF ACTUAL LEAKAGE AND BOUNDARY FLOW VOLUMES---

WRITE(P4289)
WRITE (P,+290)
WRITE (Py291) BFIN,BFOUT
WRITE (P4292) XNINsXNOUT

--=-WRITE CUMULATIVE VOLUMES OF ACTUAL LEAKAGE AND BOUNDARY FLOW===

IF(THCF.EQ.1) GO TO 258
WRITE (P4293)

WRITE (P+294)

WRITE (P4295) BFINT,BFOUTT
WRITE(P4296) XNINT4XNOUTTY

7. ADD THESE STATEMENTS BETWEEN STATEMENTS CHK1790 AND CHK1800

- P G L G- D L S G TS D P S D R W YD Gn P S D - - TRt TP G - o oo de WD S e D an e

282 FORMAT('1',15X,'BREAKDOWN OF HCF BOUNDARY NODE LEAKAGE RATES IN TH
11S TIME STEP, FT##3/SEC/FT##2, (=) - FLOW OUT")

283 FORMAT (101 43Xe'ROW? «3Xs'COLY33Xs'LEAKAGE DUE TO BOUNDARY ' ,43Xs'LEAK
1AGE DUE TO NNDE?')

2R4 FORMAT (' ¢ 44X el2e4X9I2eRX9E12¢3412XaE12.3)

PRS FORMAT('1")

PR6 FORMAT(*0',15X«'TOTAL BOUNDARY AND NODAL LEAKAGF RATES IN ALL HCF
1BOUNDARY NODES IN THIS TIME STEP, FT#%#3/SEC!)

287 FORMAT('0* 45X 'BOUNDARY RATE IN = ®,F15,3,5X+*BOUNDARY RATE OUT =
1'4F15.3)

2R8B FORMAT (10 ,SXxe'NONDAL RATE IN = *,F18.3,5X,*NODAL. RATE OUT = ',F18.
13)

2R9 FORMAT(t0r)

290 FORMAT('0*s15X, *ROUNDARY AND NODAL LEAKAGF IN ALL HCF BOUNDARY NOD
1ES IN THIS TIMFE STEP. FT##31)

291 FORMAT (0! 4SX4'BOUNDARY IN = 1,F20.2+5Xs *BOUNDARY OUT = 14,F20.2)

297 FORMAT (*0'45X4"NODAL IN = '4F23.,2+5Xs*NODAL OUT = 1,F23.2)

293 FORMAT(vQ?*)

294 FORMAT('0'415X'CUMULATIVE BOUNDARY AND NODAL LFAKAGE IN ALL HCF B
10UNDARY NODFS DURING THIS RUNs FT#231)

295 FORMAT(90%45X%4 *BOUNDARY IN = 1,F20.,2+:5Xs *ROUNDARY OUT = 1,F20.2)

296 FORMAT (10" 45X 4'NONAL IN = "3F23.245Xs'NODAL OUT = '9F23.2)
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