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ABBREVIATIONS AND CONVERSION FACTORS

For readers who wish to comvart measurements from inch-pound system of
units to the metric system of units the conversion factors are listed below:

Multipl

ineh (in.)

inch per year (in/yr)

foor (fr)

mile (mi)

foot per day (ft/d)

foot per mile (f£t/mi)

foot per year (ft/yr}

foot squared per day (ft2/d)

square mile (mi2)

cubic foot (ft?)

cuble foot per day (£t3/d)

square foot per pound
(ft2/1b)

gallon (gal)

gallon per minute
(gal/min)

gallon per day (gal/d)

gallon per minute
(gal/min)

million gallens per day
(Mgal/d)

pound par squars inch
(1b/in?)

pound per squara foot
(1b/fe?)

pound par cubic foot
(Ib/£t?)

foot per foot (ft/ft)

foot per day per foot
[(fe/d)/ft] ’

Sea level; In this raport,

By

25.4

25.4
0.3048
1.609
0.3048
0.1894
0.3048
0.0929
2.5%0
0.0283
0.0283
1.007x10

31.785
5.45

31.785
0.0631

0.4381
6,895

6.0479
0.0016

1.000
1.000

formerly called "Sea Lavel Datum of 1929."

* * * * *

* *

6

ALTITUDE DATUM

Te obtain

millimeter (mm)
millimeter per year (mm/yr)
meter (m)
kilometer (lm)
meter per day (m/d)
meter per kilometer (m/km)
meter per year (m/yr)
meter squared per day (m2?/d)
square kilometer (km?)
cubic meter (m3)
cubic meter per day (m*/d)
square meter per Newton

(m* /M)
liter (L)
cubie meter per day (m3/d)

liter per day (L/d)
liter per sscond (L/s)

cubic meter per second
{m*/s)
kilopascal (kPa)

kilopascal (kPa)

gram per cubic centimeter
(g/cm®)

meter per meter (m/m)

metex per day per meter

[(mn/d) /m]

"sea level" refers to the Natlional Geodetic
Vertical Datum of 1929 (NGVD of 1929)--a geodatic datum derived from a general
adjustment of the first-order level nets of both the United States and Canada,

APDITIONAL ABBREVIATIONS

ROMP -
QuTP

pCi/L

=~ Regional Observation and Monitor Well Program
=~ Quality of Water Improvement Program

mg/L = milligrams per liter
= pleocuries per liter
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ASSESSMENT OF HYDROGEOLOGIC CONDITIONS WITH EMPHASIS ON
WATER QUALITY AND WASTEWATER INJECTION, SOUTHWEST SARASOTA
AND WEST CHARLOTTE COUNTIES, FLORIDA

By C.B. Hutchinson

ABSTRAGT

The 250-square mile area of southwest Sarasota and west Charlotte
Counties is underlain by a complex hydrogeologic system having diversa ground-
water quality. The surficial and intermedlate aquifer systems and the Upper
Floridan aquifer of the Floridan aquifer system contain six separate aquifers,
or permeable zones, and have a total thickness of about 2,000 feet, Water in
the clastiec surficial aquifer system 1s potable and is tapped by hundreds of
shallow, low-yielding, supply wells, Water in the mixed clastic and carbonate
intermediate aquifer system is potable in the upper part, but in the lower
part, because of increasing salinity, it is used primarily for reverse-osmosis
-desalinjzation feed water and irrigation. Within the Upper Floridan aquifer,
limestone and dolomite of the Suwannee permeable zone are tapped by irrigation
and reverse-osmosls supply wells. The underlying, less permeable limestone of
the Suwannee-Ocala semiconfining unit generally encompasses the transition
zone between freshwater and very saline water. Interbedded limestone and
dolomite of the Ocala-Avon Park modarately permeable zone and Avon Park highly
permeable zone comprise the desp, very saline injection zone.

Potential ground-water contamination problems include flooding by storm
tidas, upward movement of saline water toward pumping centers by natural and
induced leaskage or through Improperly constructed and abandoned wslls, and
lateral and vertical movement of treated sewage and reverse-osmosis wastewater
injected into deep zones. Effects of flooding are evident In coastal areas
where vertical layering of fresh and saline waters Is observed. Approximately
100 uncontrolled flowing artesian wells that have interaquifer flow rates as
high as 350 gallons per minute have been located and scheduled for plugging by
the Southwest Florida Water Management District in an attempt to improve
ground-water quality of the shallow aquifers. Because each aquifer or perme-
able zone has unigue head and water-quality characteristics, construction of .
single-zone wells would eliminate cross-contamination and borehole interflow.
Such a program, when combined with the plugging of shallow-cased wells with
long open-hole intervals connecting multiple Zones would safeguard ground-
water resources in the study area.

The study arsa encompasses seven wastewater injectfon sites that have a
projected capacity for injecting 29 million gallons per day inte the zone
1,100 to 2,050 feet below land surface. Thers are six additional sites within
20 miles. The first well began injecting reverse-osmosls wastewater in 1984,
and since then, other wells have been drilled and permitted for injection of
treated sewage. A numerical modeal was used to evaluate injection-well design
and potential for movement of injected wastewater within the hydrogeologic
framework.

The numerical model was used to simulate injection through 2 representa-
tive well at a rate of 1 million gallons per day for 10 years. In this
simulation, a convection cell developed around the injection well with the
bouyant fresh injectant rising to form a lens within the injection zome balow
the lowar Suwamnee-Ocala semiconfining unit. Around an ideal, fully
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penetrating well cased 50 feet inteo the injection zone and open from a depth
of 1,150 feet to 2,050 feet, simulations show that the injectant moves upward
to a dapth of 940 feet, forms a lens about 600 feer thick, and spreads
radially outward to a distance of about 2,300 feat after 10 years. Comparison
simulations of injection through wells with open depth intervals of 1,150 te
1,400 feet and 1,450 to 2,050 feet demonstrate that such changes in well
construction have little affact on the areal spread of the Injectant lens or
the rate of upward movement. Simulations also indicate that reverse-osmosis
wastewater injected beneath a supply wall field, where water levels above the
semiconfining unit are lowered 20 feet by pumping, would move upward after 10
years to a depth of 860 feet, or about 80 feet higher than at a site with no
pumping strassas, Areal extrapolation of variocus pumping scenariog indicates
that about 7 percent of the study area would be underlain by injected
wagstewater after 10 years of injection at the maximum preojected capacity.
Observation wells are needed in the upper part of the Injection zeme and
within 2,000 feet of the injection well if the movement of the injsctant
within the first 10 years of operation is to be monitored.

INTRODUCTION

Coastal Sarasota and Charlotte Counties are being urbanized. The
increased demands for potable water has produced & need for suitable methods
of disposal of large volumes of wastewater. Because of the flat landscape and
lack of suitable surface-water impoundment areas, ground water is the sole
source of supply. No scarcity of supply exists; however, concentrations of
sulfate and chloride in ths ground water are undesirably high. 1In 1967, the
city of Sarasota alleviated its water-quality problems by transporting water
from & well field 15 mi (miles) east of the city. Problems of obtaining water
supplies of acceptable quality persist in southwest Sarasota and west
Charlotte Counties. This study focuses on that 250-mi? (square miles) area
(fig. 1).

Throughout this report infarences are mads concerning the chemical
quality of water. The terminology used to describe water quality fs modified
slightly from a classification system used by Robingrova and others (1958,

p. 3), as follows: :

Dissolved
s0lids
Clags —img/LY

Freshwater 0 to 500
Slightly saline 500 to 3,000
Modsrately saline 3,000 to 10,000
Very saline 10,000 to 36,000
Briny More than 36,000

The classification system considers freshwater to be that which meets the
dissolved-solids concentration limit for potable water rescommended by the
Florida Department of Envirommental Regulation (FDER). Slightly saline water
is nonpotable, but it may be suitable for irrigation. Moderately saline water
is suitable for desalinization. Very saline water is considered unusable, and
the FDER allows injection of wastewater into Some zones where very saline
water 1s confined. Briny water does not oceur {p the study area, but it is
classed as having a salinity greater than that of seawater,
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Figure 1.--Location of the study area in west-central Florida.
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The study area contains a complex hydrogeologic system. Water gquality
varies laterally and {s stratified. Six water-bearing aquifers or permeable
zones are recognized. Only the upper three aquifers contaln potable watar,
although they too are contaminated by saline water in some areas. Contamina-
tion is caused primarily by inundation by storm tides and upward leakage of
chloride- and sulfate-rich water from deep zones through semiconfining units
or through uncased or improperly comstructed wells that tap multiple zones.

Ten municipal water-supply systems in the study area provided about 11
Mgal/d of freshwater in 1985, The water is withdrawn from more than 200
wells, generally less than 200 £t (feet) deep, that have an average yield of
less than 40 gal/min. Yields of most supply systems are Inadequate to meet
projected demands. Consequently, some communities have built reverse-osmosis
water-treatment facilities to upgrade slightly saline ground water from deep
aquifers to potable quality. This water supplements and is usually blended
with fresh ground water from shallow aquifars.

Several communities hava been issued parmits by the FDER for testing the
feasibility of injecting wastewater, including reverss-osmosls wastewater and
treated sewage, intc zones below those containing potable water. Suitable
injaction zones are poorly defined and the effects of injection are mot well
understood. A potential exists for degrading the water quality in zonas above
the injection zone as a result of wastewater injection.

PURPOSE AND SCOPE

This report presents the results of a study to assess the hydrogeologic
conditions and alternative water resources management measures that might be
used to maintain or improve ground-water quality in southwest Sarasota and
west Charlotte Counties. The study has three specific objectives:

1. Define the hydrogeologic framework,

2. Describe ground-water quality and assess the problem of uncontrolled
flowing artesian wells, and

3, Demonstrate the usefulness of a solute-transport model as a tool for
understanding the effacts of wastewater injection on the hydrologic
system.

The study was conducted from October 1983 through September 1988 Iin
cooperation with the Southwest Florida Water Mansgement District. The study
area encompasses a strip 8 mi by 30 mi along the gulf coast of Sarasota and
Charlotte Counties, including the towns of Venice and Englewced (fig. 1).
Data were obtained from published and unpublished reports and from files of
the U.S. Geologlcal Survey (USGS). The Southwest Florida Water Management
District provided data through its Regional Observation and Monitor Well
Program (RGMP) and Quality of Water Improvement Program (QWIF). - Where data
were lacking or incomplete, field tests were made to determine aquifer
characteristics and water qualicy.

Aquifer hydraulic properties and water-quality were estimated by using
existing information. These data were supplemented with data from tests at
thres ROMP sites that were constructed during the study period. Flow-meter
tests and geophysical logs on 15 wells open to multiple water-bearing zones
were interpreted to assess the effects of borehole interflow,
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A conceptual model was developed to provide an understanding of under-
ground Iinjection and solute transport. The heat and sclute-transport (HST3D)
model was used to simulate a typlcal injection-well system described in the
conceptual model. The model proved to be a helpful tool for understanding the
radial and vertical movement of injected sewage and reverse-osmosis wastewater
around a single injection well that is representative of conditions in the
study area, Predictive simulations provided insight for developing approaches
to ground-water monitering.

PREVIOUS INVESTIGATIONS

The first comprehensive studies of water resources in Sarasota County
were performed by Stringfield {1933a; 1933b). Those early reports warned of
potential negative impacts of developing additional water supplies in the
county and documented flow rates of several artesian wells. Sutcliffe (1975,
p. 51}, in the first datailed appraisal of water resources in Charlotte
County, recommended piping freshwater from the eastern part of the county to
coastal urban areas. Joyner and Sutcliffe (1976) differentiated five artesian
zones within the Myakka River basin. Wolansky (1983) lumped these zones into
three aquifer units and mapped the head and water quality in each unit.
Sutcliffs and Thompson (1983} tabulated water use for the Venica-Englewood
area. Reports on test-injection wells described hydrogeologic conditions in
central Sarasota County (Post, Buckley, Schuh, and Jermigan, Inc., 1984; 1989;
Geraghty and Miller, Inc., 1985; Law Environmental, Imec., 1989), Englewood and
North Port (CHZM Hill, Inc., 198&; 1988), and Gasparilla Island (Geraghty and
Miller, Inc., 1986).

Other studies that alded this investigation include an evaluation of high
transmissivity zones for liquid storage (Purl and Winston, 1974), a tabulation
of uncontrolled flowing artesian wells in Florida (Healy, 1978), maps of zones
widely used for subsurface injection (Miller, 1979; Wolansky and others,
1980), and aquifar properties that control movement of injected wastewater
darived from studles in Pinellas County, 60 mi north of the study area
(Hickey, 1982; GeoTrans, Inc., 1985). Supplementary data from the Southwest
Florida Water Management District s ROMP and QWIP programs were provided
through coordinator Kim Preedom.

DESCRIPTION OF THE STUDY AREA
Physiography and Dralnage

Southwest Sarasota and west Charlotte Counties lie in the mid-Florida
phiysiographic zone that includes the gulf coastal lowlands, gulf coastal
lagoons, and gulf barrier chain subdivisions (White, 1970). The gulf coastal
lowlands is a broad, gently sloping marine plain, and the gulf coastal lagoons
and gulf barrier chain are ercsional remmants of coastal prominences between
estuaries. The lowlands are characterized by broad flatlands that have many
sloughs, swampy areas, and creeks. Much of the area has been drained by
canals and is platted for future development,

The study area is a nearly flat peninsula of land between the Myakka
River and the Gulf of Mexico, The maximm tidal range unaffected by storms is
about 3 ft at Venice on the gulf coaat, 2.5 ft at the mouth of the Myakka
River, and 2 ft at a gage 13 miles upstream. Land surface is less than 20 ft
above sea level,
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About 50 percent of the land has been mapped as flood prone on USGS
1:24,000 scale Flood Prone Area quadrangle maps. Figure 2 shows major areas
that are statistically prome to inundation one time in 100 years, The
drainage canal system and excavation of the Intraccastal Waterway at Venice
have increased the potential for saltwater intrusion (Clark, 1964). The
potential for intrusion is greatest during hurricanes when tides may rise as
high as 6 ft above normal, as shown by the hydrograph of the Myakka River at
El Jobean, Fla., during Hurricane Elena in 1985 (fig. 2). Evidence of past
inmumdation was observed during drilling and subsequent water-quality analyses
at two coastal ROMP test-drilling sites where upper and lower zones of saline
water "sandwich" a relatively fresh zone.

Watey Budgef

A water budget is a quantitative accounting of the water antering or
leaving a hydrologic system for a specific time period. A pgeneralized water
budget for the Venice-Englewood area includes the following inputs and
outputs;

.
Rainfall (R) Evapotranspiration (ET)
Ground-water inflow (GI) Ground-water outflow (GO)
Stream inflow (SI) Stream outflow (50)
Sewage Inflow (SEW) Pumpage (P)

When the hydrologic system is in equilibrium, inputs equal cutputs with no
change in ground-water storage. Wolansky (1983) developed the following
general water budget for the Sarasota-Port Charlotte drainage area, with rates
in in/yr (inches per year):

R+ GI +5I +SEW=ET + GO+ SO + P
51 +1.2+ 0+0.3 =38 +0.7+12.5+ 1.1

Pumpage, ground-water inflow, and ground-water outflow, and sewage inflow
are relatively small parts of the total water budget. Evapotranspiration and

- streamflow are major outflows of freshwater that are difflcult to harness for

man's use. Capture of some of the water taken up by evapotranspiration may he
possible where the water table in the surficial aquifer is lowered by pumping
from a network of many low-ylelding wells. The flat landscape of the study

area is not sultable for lmpoundment of streams or diversion of surface water.

HISTORY OF WATER-RESOURCES DEVELOPMENT

Irzigation

Hundreds of wells have been drilled in the study area for a variety of
purposes. During the periocd from 1900 to the early 1950's, many naturally
flowing wells were drilled to obtain arteslian (flowing) water for irrigation
and stock watering. Stringfleld (1933a, p. 148) reported that, in 1931,
Venice Farms, a 6-mi? truck farm just east of Venice, had about 45 wells that
wers from 300 to 475 ft deep. Wells were usually cased to a depth of about 60
ft. Other major irrigation centers that had similarly constructed wells were
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on the east sida of the Charlotte County peninsula near the mouth of tha
Myakka River. As urbanization replaced agriculture, many irrigation wells
were simply abandoned rather than plugged.

Well-drilling regulations adopted by Sarasota County in the 1570's

control the use of water and determine the aquifer from which water is to be

i withdrawn. The regulations require that (1) all wells that penetrate consoll-
dated deposits must be cased with pipe having a minimum diameter of 3 in., and
{2) all irrigatiom or industrial wells that yield more than 50 gal/min
{gallons per minuts) or have pumps greater than 1.5 horsepower must be cased
to at least 300 ft below land surface. Such regulations help prevent
contamination of the best quality water, which is within 200 ft of land
surface, for domestic use and public water supply.

glty of Venice

In 1931, the water supply of Venice was furnished by three shallow wells,
all 135 ft deep, and the water had to be aerated to remove hydrogen sulfide
(Stringfield, 1933a, p. 145). By 1963, thirty-two shallow wells had been
installed. The quality of the raw water supply was marginal in that the aver-
age dissolved-solids concentration was 770 mg/L (milligrams per liter)
(Smally, Wellford, and Nalven, Ine., 1963, p. 52). To stay abreast of the
rapidly increasing population, the city increased the pumber of wells to about
65 by 1975 and provided additional elavated storage of treated water
(Sutcliffe and Thompson, 1983, p. 32). Increased pumping from closely spaced
wells led to degradation of the quality of water, and supplies had to be
augnented by low-pressura reverse-osmosis treatment of slightly saline ground
water from a deeper sources, By 1985, about 2 Mgal/d (million gallons per day)
of raw water from five deep wells was being desalinated, and 1 Mgal/d of
product watsr was being blended with 2.5 Mgal/d of shallow well water (James
Hogan, City of Venice, oral commun., 1985). Specific capacities In
approximataly 30 shallow production wells declined during a short, relatively
dry period in 1985; subsequently, the city drilled a sixth reverse-osmosis
supply well,

The average dissolved-solids concentration of the composite inflow of
well water to the reverse-osmosis plant increased from about 2,100 teo 2,700
ng/L between 1984 and 1989, as shown in figure 3. During the same perioed, the
average concentration of composite water from the shallow supply wells
increased from about 800 to 950 mg/L. The increasing sallnity apparently is
dus to upconing of moderately saline water beneath the city’s well fields.

Weo

Englewood chronically has lacked a reliable supply of water of acceptable
quality. Contamination 1s common, and historically, supplies have been drawm
from very shallow wells that are vulnerable to pollution and seasonal water-
level fluctuations. The first 20 supply wells, 40 to 80 ft deep, supplied a
demand of 0.3 Mgal/d in 1964. By 1975, forty-three production wells, ’
clustared in two well fields, supplied an average of 1 Mgal/d and had a
dissolved-solids concentration that fluctuated between 500 and 600 mg/L
(Sutcliffe and Thompsen, 1983}, A third well field, 3 mi north of the city,
began pumping about 1980. Shortly thereafter, concerns were ralsed over the
potential for contamination of the new well field by water from nine
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abandoned flowing wells on adjoining property. The abandoned wells are sched-
uled to be plugged. By 1985, a high-pressure reverse-osmosis desalinization
facility, nine supply wells that averaged 425 ft deep, and an 1,800-fr-deep
injection well for disposal of reversa-osmosis wastewater were constructed.
The wastewater is a very saline concentrate that has approximataly double the
dissolved-sollds concentration of the influent well water. The reverse-
osmosis plant has a design capacity of 3.6 Mgal/d of freghwater production.
The injection well was installed to meet the FDER requirements for safe
disposal of reverse-osmosils wastewater that contains high levels of radium.

Figure 3 illustrates treuds in water quality at the Englewood injection
site, which began operatiom in 1987. There has been a general rise in the
dissolvad-solids concentration of the reverse-osmoals wastewatsr from about
14,000 mg/L in 1987 to 18,000 mg/L in 1289. This indicates that there has
also been an increase In the concentrstion of reverse-osmosis feed water
pumped from the nine supply wells. This increase has been attributed to wells
having progressively higher dissolved selids concentrations coming online as
demand for water increased (Michael Micheau, CHZM Hill, Inc., oral commun.,
1989). Concentrations in reverse-osmosis supply well RO-1 and the monitor
well MW-1 above the injaection zone have not changed significantly.

Private Water-Supply Systems

In addition to the cities of Venicea and Englewcod, there are about 20
small davelopments that had private water-supply systems installed after about
1960 (table 1 and fig. 4). Daily capacities range from 500 to 1,152,000 gal
{gallons). Freshwater-producing wells are generally less than 150 ft deep.
Freshwater produced by many systems is blended with desalinated water from
deeper reverse-osmosis supply wells.

€lasg I Injection Wells

Eight class I {njection wells for disposal of wastewater were in
operation in 1989 in Sarasota, Charlotte, and Lee Countles, In and adjacent to
the study area, and five more are proposed or under construction (fig. 5 and
table 2). Class I wells are used for disposal of liquid wastes from sewage-
treatment plants and reverse-osmosis desalination systems. Because of the
cost of advanced wastewater treatment, the preferred alternative is deep-well
injection, whereby secondary treated (aerated, filterad, and chlorinated}
sawage and untreated radium-rich reverse-osmosis wastewater are injected into
highly parmeable saltwater-bearing zones deep In the Floridan aquifer system.
Bacsuse the FDER strictly monitors and comtrols injection-well systems, some
site-spacific hydrogeologic information is available for a regional assessment
of water quality and aquifer properties.

The first injection well in the study area went online in 1984 at the

Plantation residential development. Since then, wells at Venice Gardens,

: Englewood, and North Port became operational (fig. 5). Other proposed walls

! in the study area, or in adjacent Lee County that have potential for affacting
the atea, are listed In table 2, The estlimated total capacity of the gaven
existing and propoged injection-well systems in the study area ls about 29
Mgal/d, Six other proposed sites north, west, and south of the study area are
closa enough that injection at these sites may affact the study area.
Injection rates are expected to increase substantially as growth continues
along the gulf coast.

10
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Table l.--Water-supply systems in southwest Sarasota and west Charlotte
Counties

{gal/d, gallon per day; mg/L, milligrams per litar; RO, raverse osmosis;
-~-, no data available]

Number Range in

System of Range dissolvad
Name capacity supply casing/depth solids
(gal/d) walls (feet) (mg /L)

Gagparilla Island --------==« 130,400 iz 24/27-25/32 400-650
Bay Lake Estatas «-c-==-c--- - 40,000 3RO 44/7Q-44 /263 1,470-2,516

Circleawoods =---- 4ecsmssones -~ 240,000 4 57/130-77/130 406-639

Gulf View Estatas ----c-u-aas 300 1 82/115 320
Fairwinds Condominium ------ -~ 144,000 280 ~-- 1,470-1,792

Florida Pines -----cececeer~" 2,000 1 45/133 595

Japanass Garddans <--~-~----== 72,000 k) 50/110-50/234 . 584-750
Kings Gate Club ----sccnmu=-~ ~ 30,000 2R0 40/208-40/215 1,718-2,040
Lake Villaga +--<w=sswwemnnas 75,000 2RO 90/93- 93/96 1,672
Lyons Cove Condominium -----~ 6,000 1RO --- 2,820

Myakka Traller Park «-<<-=-=-=. 17,000 1 ~-- 456
Palm and Pines Trafler Park - 13,500 2RO 60/98- 2,122

Plantation =-=----ceseva-aan. 1,152,000 2RO 380-380 --
Sorrento Shores ~=----------- 300,000 4RO va- ..

Soucthbay Utility -----=====-- 205,000 4RO 103-450 2,149

Spantsh Lakes -----<ccxceeen- 200,000 3RO 65/95-70/160 636
Terra Cove ==-==meesac-a-c-ux 50,000 1RO 48/70- - 1,605
Venice Ranch ~------ssacsaai. 17,280 2RO 60,/80-60/90 476-1,680

Venice =-=-e----c-euccnacnans 2,500,000 29 36/46-88/150 900
5,500,000 6RO 230-450 2,500

{55 pearcent
‘racaovery)?

Venice Gardang ==-=-===ecea===o 1,238,000 93 41/169-67.5/209 310-720
2,500,000 3RO 240/380-240/%00 1,140-1,260
(50 percent

racovery) :
Englawood «--ceeeevenemnaanas 2,200,000 33 20/49-49/92 400
2,000,000 9RO 425 N ---
(70 percent
TRCavery) :
Rotunda West =--==-e---=vecs=- 200,000 9 20/28 500
500,000 2RO 137 9,000

1 of the water pumpad for reverss-osmosis plant feed water, 55 percsnt is
dasalinated and pumped into the dis:ribution systam; 45 psrcent has increased
salinity and 1is pumpnd to wasta,

11



_Page 20

§2°32 30 25
2746

10'

o

27%0

555

SOF

2645

SARASCTA

3

MANATEE COUNTY

2 Ve
nice
% weil tisid
\'& ‘!ﬁ‘“ @ Vanica éﬂfdlm
% VENICE wall Haelds —
=
0 Plantation
A\ O well fisd U \ _SARASQTA COUNTY |
o 3 !CHARLCYTTE COUNTY
| Englawood 7]
well fiald "
EXGLEWOOD —,
\" i %
Rotunda ?E
_EXPLANATION \ wall fisid m Sasparilla
H Istand %
B2 WELL FIELD PRODUCING 1 MILLION watl tield [y
 GALLOWS PER DAY ON MOAE %
) COMMUNITY WELL PAODUCING LESS N ' ™
THAM 1 MHLLION GALLONS PER DAY &
1 —
® ARVARSE-OSMOSIS SYSTEM %
[s+]
[=]
A
0 - 5 MILES \
B o
0 -5 KILOMETERS GASPRALLA CEE TOONTY |
ST 1 IIS.ANU L chNW

Figure 4.--Comrunity water aystems.

12



| Cylene McPeeks - U S. Geological Rpt. 90-709.tif Page 21

82°45" 30 Is' a2°00' 45' 81°30"
27°30' T T T

27°00'|F

EXFLANATION

J
STUDY AREA
[/ '
W
UNDERQRO Y IMJECTION SITEY--1. Fecr

Nywss Beask; 1. Nerth Fart Myers; 3.
pacila lstamd: 4. West Part: 5. Englewsen;

B, Kast Pern; 7, Narth Pact; B Plantatien; '
9. Venise Oardens; 10. Knight Trai Perk: : .
11 Settunte Uliiine: 12, Contial Caunty;
13, Atiamtie Utitios \
L}
30+ 130 Tesind sowags

LEE COUNTY

20 Rurerimnamenis wesitwater !
12 % Prageses o under asnatrustion [
1
o] 10 20 MILES
1 —_ ) -
6 {s] 20 KILOMETERS
26°15' 1 1 1 ]

Figure 5.--Class I injection-wall sites in Sarasota, Charlotte, and Lee
Counties.



[Byiene McPesks - U.S. Geological Rpt. 90-706.67 __ - Y]

Table 2.--Class I injection wells in Sarasota, Charlotte, and Lae Counties

[in., inch; Mgal/d, million gallons per day; RO, reverse osmosis]

Casing Capacity
Map Nams Diam- Well (Mgal/d) Injectant
No.! atar Dapth depth Cur- Pro-

(in.) (feet) (feet) rant? {ectad

1 Fort Myers Baach?

{proposad} 9 Sewage
2 North Fort Myers? 12 2,340 2,600 4 & Sewage
3 Gasparilla Island?® 6 1,702 1,926 .3 .8 Sewags
4 Wast Port (proposed) p Sevage
5 Englewood 10.75 1,040 1,800 .5 1.6 RO rejecc
[ East Port3 16 1,575 2,424 1 20.5 Sewage
7 North Porc 14 1,100 3,200 3.5 5 Sawage
8 - Plantation : 8. 1,102 1,603 .8 .8 RO rajact
9 Vanice Gardens 8 1,388 1,705 1.8 1.8 RO reject
10 Knight Trail Park

{undar construction :

1989) : 2.6 RO reject
11 Sorrento Utilities .

(propesed) 3 Sewage
12 Central County

Utilities® (proposad) 8 Sewage
13 Atlantic Utilicies®

{under c¢onstruction) 12 1,902 1,480 1.2 1.2 Seawage

Total ) 13.1 72.3

Total in study area 6.6 28.8

Map numbers are keyed tc well locations in figure 5.
21987.
3Qutside study arsa, as defined in figures 1 and 5.

14



 Cylene McPesks - U.S. Geological Rpt. 90-709.tif

Observation Wells

The cbservation-well network used in this study contains 135 wells (fig.
6 and table 3). Data from two springs were used to augment the well network
data. Data from the network were used to prepare water-level maps, defina the
hydrogeologie framework, evaluate ground-water quality, and estimate hydraulie
properties of the aquifer systam=. Several sites contain well clusters of
discrete-zone observation wells that provide information on the vertical dis-
tribution of head and watsr quality.

The flrst systematic drilling and testing program was undertaken by the
USGS in 1962 (Sutcliffes and Joyner, 1968). Four test wells were drilled
within the study area to collact hydrogeclogic data, including:

Hydraulic head of each aquifer penetrated,

Chemical quality of water from each aquifer,
Materials penatratad during drilling,

Yield of each aquifer penetrated, and

Geophysical logs for each well at completed depths.

WP

In the early 1980's, several test wells were drilled within the Englewood
well field, and multizone observation wells were installad at four ROMP sites
by tha Southwest Florida Water Management District. The USCS weasures water
levels in 33 wells within the study area. Figure 7 shows the observation
wells at ROMP TR5-2. Towers wers comstructed about 25 ft above land surface
that would allow the recording of the contained artesian head using
conventional equipment. Complementing this network is at least one
observation well that is open to an interval above the injection zone at each
wastewater-injection site.

HYDROGEQOLOGIC FRAMEWORK

Water-bearing formations in west-central Florida consist of Tertiary
limestone and dolomite and Quaternmary marine and nonmarine clastics. The
hydrogeolegic framework deplcted In table 4 comprises the surficial, inter-
mediate, and Floridan aquifer systems. Each system contains one or more
permeasble zones separated by low-permeability semiconfining units. Upper
Zones are utilized for production of freshwater for municipal supply and
irrigation. Lower zones contain very saline water and are a repository for
injected wastewaters, including treated sewage and reversa-osmosis wastewater.

Data from test wells and published reports {table 5 and fig. 8) wera used
to delineats hydrogesologic units in a wedge of deposits that total about 1,700
ft thick at the Atlantic Utiliries injection test site in the northern part of
the study area and 2,400 ft thick at the Gasparilla Island well in the
southern part. Hydrogeologic units were identified by using geophysical and
lithologic logs as follows:

1. Top of the surficial aquifer system is land surface,
2. Top of the intermediate aquifer system iz based on the first observance of

areally contlnuous clay or the shallowest large "kick" on a gamma-ray
log.

15
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Table 3,--Wall records

[Data type: WL, water lavel; QW, quality of water; HG, hydrogeclegle; AT,
aquifer test; FS, flowmeter survey]
Index Latitude- Casing/depth
number longitude? (faet) Data type Sice name
1 264525082153501 1,702/1,926 WL,HG,QW,AT Gasparilla Island injection
wall IWl
2 264525082153502 340/360 WL,QW Gasparilla Island injection
monitor well
3 265017082153701 3146/413 WL,HG, QW Placida well
4 2651580821100 12,683 HG Vanderbilt oil tast
5 2633200821435 <32 QW,AT Gasparilla Island well
field
’ 6 265531082194B01 1,600/1,652 WL,HG,QW ROMP TR3-3 Avon Park well
7 265531082194802 1,080/1,120 WL,QW,FS ROMP TRJI-3 Ocala well
8 265531082194803 680/900 - WL, QW ROM?P TR3-3 Suwannees wall
9 265531082194B804 370/410 WL, QW ROMP TR3-3 Lower Hawthorm
well ~
10 265531082194805 155/175 WL,QwW ROMP TR3-3 Upper Hawthorm
well
11 265531082194806 10/30 WL ROMP TR3-3 surficial well
12 265557082152201 258/300 oW USGS 19 San Cassa
13 265612082110301 68/1,407 HG,QW Cattladock Point well
14 265638082130702 55/75 WL ROMP TR3-1 Tamiami well
15 265638082130703 140/1860 WL.QW ROMP TR3-1 Upper Hawthorn
wall
16 265638082130704 250/270 WL ROMP TR3-1 middls Hawthorn
© well
17 265638082130705 380/40C WL, QW ROMP TR3-1 lower Hawchorm
: wall
18 265638082130706 600/620 WL,HG,QW ROMP TR2-1 Suwannea wall
19 265652082185801 101 WL,QW Englawood wall 150
20 265653082190301 175/320 WL, QW Englewcod ravarse-osmosis
. test 1, RO-1
21 26571008270%5101 152/310 WL, QW Englewood reaverse-osmosis
. : tege 2, RO-2
22 26571208220570L 51/110 WL, QW Englawood wall R-2
23 285712082205702 7/17 WL Englawood WP shallow well
24 26571408220380QL 260/425 AT Englewood production wall 1
25 265716082205101 1,040/1,800 WL,HG,QW,AT Englewood injection wall

1The latitude-longitude well number 264%235082153501 reprasents

W-1

a wall in

the l-second quadrangle bounded by lacitude 26°45'25" on the south and longi-

' tude 82

*15°35~

en the sast.
first well inventoried in the quadrangls.

The suffix 01 indicates that the well is the
A missing suffix indicates thac the

" location of the well was approximated from township-range-section informacion.

17
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Table 3,--Wall records--Continued

Tndex  Laticuds- Casing/dspth
number  longitudel (feat) Data type Site name
26 265716082205102 500/550 WL,QW Englaewood injection monitor
wall MW-1
27 2657220822103 25/60 AT Englewood preduction
‘ well 27
28 265735082205701 49 /55 AT Englawnod production well 9
29 265809082194001 45/65 WL Englewood well TH €
30 265834082202601  43.5/55 WL,QW Englewsad well 14
31 265834082202402 10/20 WL, QW Englewood wall L4a
32 2659100821830 /930 HG Venetia 19
33 265927082195201 56/110 Qu Englewood test well C-8
34 265944082175401 28/101 Qw USGS 20 Plamors
35 2700050821730 /996 HG Venecia 9
36 2700150822113 31/75 AT Engleucod production tast
well 2
37 270018082201301 &7/120 Qw Englawood test well C-7
38 2700300821900 /840 HG,QW Venetia 3a
39 270032082205801 52/253 Qw,Fs VYenatia (Berry 8)
40 2700330822142 35/70 QW ,AT Englewood production tast
well 4
41 27003608221340L 41.5/70 WL,QW,AT Englewood tast well C-10
42 2700380822113 35/70 QW,AT Englewood production test
well 5
43. 270047082230501 42/719 HG Dolphin Bath & Racquat Club
44 270057082210501 48/185 QW,FS Vanetia (Berry 7)
45 270058082152501 1,100/3,200 WL,HG,QW,AT North Port desp injection
wall DIW
46 270038082152502 730/750 WL,QW North Port onsite monitor
- ) wall
47 270058082152503 560/600 yL,Q¥ North Port onsita moniter
wall .
48 2701040822141 42/70 QW.AT Englawood production test
: . wall 3
49 270106082214101 109/135 WL, QW Englawood desp zome wall 3
50 2701070822112 43/70 QW AT Englewood production test
well 1
51 270112082201201L 65/120 qw Englewcod tasc wall C-9
52 270112082213301 58/70 WL, QW Englewocd production well 8
53 270112082213302 20/25 WL Englewood watar-tabla
well 8A
54 270113082223302 40/70 WL,QW Englewood production well 3
55 270113082223303 10/15 WL Englewood water-table

18
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Table 3.--Well racords--Continued

Latituda-

Indax Casing/depth
numher  longitudae® {faat) Data type Site name
56 2701250822055 830 HG Vanecia 15
57 270137082235301 2637305 WL, QW Manssota desp well 14
58 270138082152401 1,100/1,150 WL, HG,QW Horth Port satellite
monitor well SMW
59 2701450822300 76Q HG Venecia 124
60 270153082212601 224/620 FS Venetia 3 {(Berry 9)
61 270203082210101 2127315 Qw,Fs Venetia (Berry 3)
62 270203032213701 207/608 Qw,Fs Venstia 2 (Berry 4)
63 270205082204001 290/472 FS Venetia (Berry 5)
64 270219082185801 110/270 WL,QW,AT Manatee Jr. College
. south well
85 2702231082185701 41/158 WL,CW Manates Jr. College
middle wall a
86 2702350821400 915 HG Frizell 1
67 270240082235701 46076475 . WL,HG,QW ROMP TR4-2
68 2703220822347 61/160 AT Venice Cardans MWVG-1
69 270333082154000 WL,QW Warm Mineral Springs
70 2704020822206 60/200 AT Plantation well
71 270403082220001 §6/180 WL,QW Plantation monitor well 1
72 270404082215801 52/65 WL,QW Plantation moniter wall 2
73 270406082215901 630/6850 WL,Qw Plantation zone 4 monitor
well
74  270406082220101 1,102/1,605 WL,HG,QW,AT Plantation deep injection
tast well DITW
75. 270407082215801 228/366 QW ,AT ~ Plantation reverssa-osmosis
test well 2
76  270420082230501 1,388/1,705 HG,QW,AT Venice Gardens deap injec-
’ tion well DIW
77 270421082230401 770/800 WL,Qw Vanice Gardens injaction
: monitor well 300
78 270421082230402 200/500 WL,Qw Venice Girdens injection
gonitor wall 400
79 270430082140000 WL,QW Lirtle Salt Spring
80 270430082221S 61/160 AT Venica Gardans TP-49
81 2705080822331 63/160 AT Vanice Gardens TEVG-1
82 270533042261001 200/650 AT Venice RD-5
83 2705340822609 206 /441 QW, AT Venice RO-§6
84 2705360822539 77/140 QW,AY Venice wall 2
85 2705360822542 42/59 AT Venice wall 95
86 270522082251801 86/163 WL, QW Venica well 35
87 270542082261802 638 VL. Qw Venice wall 36
88 2705520822621 29/110 AT Tenlce well 31
8% 270537082234601 47/390 F3 Vanice Ranch Traflsr Park
) (Ellis)
90 270654082222001 42/464 FS

19

Everglades Estatas 1



Tablae 3.--Well records--Continued

Indax Latitude- Casing/dapth
number  longitudel (faet) Data type Site name
91 270659082233901 50/190 FS Fox Lea Farms
E 92 270705082222201 60/358 FsS Evergladaes Estates 2
93 270714082155201 2827351 WL,QW Test 18 Blackburn Ranch
94 270728082232801 229/1,046  HG,QW Whealwright 1
95 270807082152701 %00/550 WL MacArthur Tract 14FS
96 270807082L52702 275/300 WL MacArthur Tract 14GS
97 270808082270502 492/510 WL, QW ROMP TR5!1 Suwannea well
98 270808082270503 275/289 WL, QW ROMP TRS:l Hawthorn well
99 270814082192701 500/554 Wi, MacArthur Tract 3F
100 270814082192702 65/230 WL MacArthur Tract 3E -
101 270822052231101 40/286 WL, QW Henry Ranch 1
102 270840082225101 /78 WL,QW Henry Ranch 3
T 103 270902082193108 69%/1,000 WL RMR Cluster 21 Floridan
. ’ wall
i ' . 10& 270902082193109 /240 WL RMR Cluster 21 Hawthorm
wall
105 270919082234201 8/13 WL ROMP TRS5-2 surficial well
106 270919082234202 100/120 WL,QW,AT ROMP TRS-2 upper Hawthorm
wall
107 2709190822342013 245/265 WL, QW ROMP TRS5-2 lower Hawthorm
: well
108 270919082234204 360/400 WL,QW,AT,FS ROMP TRS5-2 Tampa well
109 270919082234205 510/700 . WL,QW AT ROMP TRS-2 Suwannee well
110 270919082234206 350/890 WL, HG, QW ROMP TR5-2 Ocala well
111 270931082252901 - b4 /256 WL,QW,FS Ewing Ranch (Holland)
112 270932082283501 308/669 s Sorrento Shores well
113 270933082154901 -500/550 WL MacArthur Tract 14FN
114 270934082252801 100 WL, ‘ Mydkka River Nursery
115 2709360822409 1,643/1,915 WL,HG,AT,QW XKnight Trail Park
sxploratery/monitor well
116 270959082203001 410/425 WL,HG ROMP 19 WLAM
117 270959082203002 8§7/205 WL EOMP 19 WUAM
118 270959082203003 - 32/67 WL,QW ROMP 19 WS
119 271015082122901 500/629 WL MacArthur Tract 20F .
120 271015082122902 101/253.3 WL MacArthur Tract 20C
121 2710210382151601 410/419 WL, HG EOMP 19 ELAM
122 271021082151602 g80/121 WL ROMP 19 EUAM
123 271021082151603 14.5/34.5 WL ROMP 19 ES
124 271035082285%01 710 WL,QWw Southbay Utilicies daep
wall
125 271059082173901 550/551 WL MacArthur Tract &F
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Table 3.--Well records--Continued

Index Latitude- Casing/depth
numbar longitude? (fasc) Data type Site name
126 27105908217§902 60/240Q WL MacArthur Tract 6E
127 271118082082401 62/301 WL Mabry Carlton 16
128 271118082285301 157/255 WL, QW Osprey well 9
129 271134082092201 78/100 WL Big Slough deep well
130 271134082092202 19/25 WL Big Slough shallow well
131 271222082295201 41/224 WL, QW Sarasota County Historical
Sociaety
132 271227082084801 311/369 WL Mabry Carlton 6
133 271348082221801 182 WL Buck Hawkins Bermuda Patch
134 271450082292601 1,200 WL,QW Mamm Golf Course well
135 271522082165801 72/360 WL 0ld Palmer well
—_ 136 271853082280901 1,480/1,902 WL,HG,QW,AT Atlantic Utilitias tast/
. injection well
137 271853082280%02 1,130/1,240 QW Atlantic Utilicias deep -

monitor well
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Figure 7.--Observation wells with casings as high as 23 ft above Land
surface to retain arctesian head. (Photograph by L.D. Windom.)
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3. Top of the Upper Floridan aquifer occurs where thick, relatively pure
limegtone is encountered and gamma-ray acciviecy subsides

4., Top of the Suwannee-Ocala semiconfining unit oceurs below the base of a
dolomitic limestone that i{s distinguished by high activity on gamma-ray
logs.

5. Top of the Ocala-Avon Park moderately permeable zone is based on the
presence of transmissive Intervals identified in test injection wells.

6. Top of tha Avon Park highly permeable zone 1s the occurrence of a
vertically persistent dolomite section that commonly is fractured and
provides geophysical signatures of high reslstivity on the dual-
induction log and cycle skipping (cyclic high-amplitude velocity
measurements) on the sonic log.

7. Top of the middle confining unit of the Floridan aquifer system is marked
by the occurrencs of dolomite that centains inclusions of anhydrite and
gypsut. This stratum is considered to be impermeable.

Many aquifer tests have been conducted in the study area, Including five
during this study. Table § lists the findings of sach test, which are keyed
by index number to the location map in figure 6. The following sections
present detalled analyses of tests of the injection zone.

Sugficial Aguifer System

The surficial aquifer system consists primarily of Pliocene to Holocene
ags intermixed sand, c¢lay, shell, and phosphate gravel having stringers of
limestone and marl. The 50-ft-thick aquifer system is unconfined; however,
lenses of sand, marl, and limestone contaln water under confined conditioms in
scme areas. It 1s tapped for public supply where more permeable; underlying
aquifers contain saline water. The Gasparilla Island waell field (fig. 4) is
typical of development of the surficial equifer system with 32 supply wells
that ave 27 to 32 feet deep and that are finished with 3 to 7 £t of well
screen (table 1). Yield is restrictad to about 20 gal/min for sach well to
prevent upconing of saline water,

Depth to the water table is generally less than 5 ft. In areas of low
topographic relief and near the coast and Myakka River, the water table is
virtually at land surface. Fluctuations of the water table vary in response
to rainfall and range over about 5 ft. Figure 9 shows several hydrographs
including that of the water level in a 25-ft-deep observation well within one
of Englewood’'s well fields. Water levels between 1980 and 1988 ranged from
about -5 to l4 feet, with respect to sea level. The water table fs affected
by seasonal varfations in rainfall and by pumping from nearby producticn wells
that tap the underlying intermediate aquifer.
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Table 4. --Aydrogselegle framework

Depch
) : balow
System Series Stracigraphie Hydrogeologic land Use of
unie unit surfaca zZone
(Fast)
Quacernary| Holocene Terracs ] 55 Surficial 0-50
Plaistocene | deposits E £ 8 aquifer
Caloosa- 3 E‘%
hatches Marl [® Source of
Pliocane Semiconfin- 50-60 | domestic
Tamiami ing unit and muni-
Tertiary Formation e Tamiami- 6§0-100 | cipal
o uppar supplies
Miocane .} Hawthern E. Hawthorn ) .
. Formation o agquifar?
o Semiconfin- 100-240
§. ing unit
Lowar 2640-410
2 Hawthorn-
T Upper Tampa Source of
Tampa Lime- % aquifar? revarsa-
stone Lowsr Tampa- | 410-5001| osmosis
) E samiconfin- fead and
ing unit irriga-
‘ Suwannse 500-750 { tion sup-
Oligocene Suwannea parmaable plies
Limestone " Zone
- 3| Lower Suwan- 750-
. g, nes-0cala 1,100
Eocene Ccala Lime- semiconfin-
stona '§ S| ing unit
: g3 Ocala-Avon 1,100- | Injection
&|8] Park moder- | 1,400 | zome for
. 5| =1 ately perm-|. sawage
Avon Park % | &]__eable zone and re-
Formation2 ?{ S avon Fark 1,400~ | verse-
15 highly parm< 2,075 | osmosia
g sable zone waste-
watsr
o Middle con- 2,075-
fining wnicy 2,400
. 0Oldsmar and Lower 2,400- | Unusad
Palaocene Cedar Keys Floridan ?
Formations aquifard

1Bagsed on nomenclaturs
2Baged on nomsnclature
2Basad on nomenclaturs

of South-ca.st:om Geological Socisty (1986).

of Wolansky (1983).
of Miller (1986).
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Table 8.--Suppagy of squifer tests
[ttz,c'd. Leot squavad par day: (£3/d)/fe, feet pur day per foot]
Hydra=
geclogic Depth Trans- Leakance
Index Latitude- unit” or interval wmiasivity cosffigisat Storage Rafazwnca
Fo. lengitude epsn (fent) (£e%/d)  [{fLfd)/ft] coefficient
integval
1 2645250821333 AP 1,702-1,028 54,000 - - Geraghty and Miller, Inec. (1988)
5 2853200821433 5 =32 1,340~1,330 - 0.02 Sutcliffe (1873, p. 34)
24 2857140822038 LB-UT 250423 8,200 - 000085 CHzM Hill, Inc. {1580)
25 2857180822031 Q-AP  1,040-1,800 48,000 - - CH2M Hil1l, Inc. (1948)
Q-AP  1,040-1, 800 &0,000 - - CH2M Hill, Imc. {193%)
27 2637220822103 T 25-40 7.800 - 00005 HYolansky {1943)
28 2857350822037 T 49-55 5,500 0.0007 00011 Wolansky [1543)
36 2700150822113 T 1-75 1,280 .12 08087 CH2M Hill, Inc. (1978)
A0 2700330822142 T A5-70 3,320 .000038 . 0000186 CHzM Hill, Ine, (1978}
41 2700380822134 T 41,570 3,600 .00024 00017 Wolanaky {1943}
42 2700380322113 T -7 1,325 .05 .Gonoss CH2M Bill, Ino. (1878)
43 2700580821525 2 SUW-O S80-1,100 8,500 - - CHzM Hill, Inc, (1988)
SUW-AP 580-1, 5800 72,000 - - CHz2M Bill, Ine. (1988)
AP 1 000 150,000 - - CHzM Hill, Inc. (1988)
AP=GLD Q 140,000~ - - CH2H Hill, Ino. {1884)
370,000
48 2701040822141 T 42-79 1,808 - - CH2M Bill, Ime, (1979)
30 2701070822112 T 43-70 2,970 .01 Q0085 CHzM Hill, Inc. {1878}
84 2702100821858 -8 ii0-270 200 - 30002 USGS teat, 18984
88 2703220822347 ‘T-UH 81-180 854 - .00022 .0q03 Geraghty sod Miller, Ime. (1984)
70 2704020822208 T-UR 80-200 300 - - Post;, Buckley, Schuh, and
Jernigan, Ine. (19481}
74 2704080822201 Q-AP 1,102-1,805 &7,.000 - - Post, Buckley, Schmh, and
Jernigan, Inc. (1984}
75 2704070822158 | LH-UT 228-366 3,600 .0o02s 00033 Post, Buckley, Schuh, and
Jernigan, Inc. (1922b)
76 2704200822305 AP 1,388-1,70%5 24,000 - - Geraghty and Miller, Inc. {1985)
B 2704300222215 t-0R 81~160 00 - - Geraghty and Miller, lme, (188D)
81 2705080822331 T-UE 80~-180 850 - - Geraghty and Miller, Inc. (1980)
82 2703330822810 LE-SUW 200-530) 17,900 .0001 .30013 Wolansky (1383)
83 2703340822809 LE-UT 206-441 15,400 —— .00CEs Post, Buckley, Schuh, and
Jernigan, Ine. {1G82a)
83 2703380822339 T-UH 77-140 550 .o00as 000042 Post, Buckley, Schuli, and
Jernigan, Inc. (1982a)
85 2703360822542 T 42-59 1,100 0001 .00013 Clark (1964)
38 2703520822821 T-UH 29~110 800 .00018 .00011 Clazk (1364}
:108 2700190822342 T-U8 8§0-100 5,000 - USGE taest, 1346
108 2709190822342 LH-UT 240-410 10,000 - USGS tast, 1986
108 2700180822342 SO0W 310-700 13,000 -— Butchinson and Trommer (in press)
100 2709360822409 AP 1,504-1,91% 300,000 - Law Environmental, Ine, (1988}
138 2718530822003 1,480-1,802 5,000 hae Paat, Buckley, Schub, and

Jernigan, Ioc. (1088)

17est wells tap a single hydrogsologic wmit or open intsrval of permasble and semiconfining zomes as follows:

8 = Surficisl aquifsr system SUW-0 = Suwarmse-Ocala opsn interval

T = Tamismi open intezval SUW~-AP = Suwarnes-Avon Park open interval

T-UH = Tamisai-upper Bmethorn squifer O-AP = Qoala-Avon Fark open interval

LH-UT = Lowez Hawthorn—upper Taopa aquifsr AP = Aven Purk highly permeable zoue

LB-SUW = Lowar Nawthorn-Suwannee opwn intsrval AP-OLD = jvon Park-Oldamar open interval

S0W = Suwanhee parmesble zons

2'I!lsb at the BOMP TRS~-Z sits consisted of a well open from 60 to 4lD feet and making generalizations abaut
depth intervals of permsable units based on ter sucveys. The test hole wai subsequantly cased at multipls

ititervals as indicated in table 3.
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Recharge to the surficial aquifer system occurs as rainfall, upward
leakage through semiconfining beds where the altitude of the potentiometric
surface of the intermedlats aquifer system is higher than the water table,
infiltration of irrigation water, and upward flow from deep aquifers through
improperly cased wells or abandoned flowing wells. Discharge from the
surficial aquifer system is by evapotranspiration, upward seepage into streams
and along the coast, pumpage from wells, and dowmward leakage where the water
table is higher than the potentiometric surface of the intermediate aquifer
system. ’

Hydraulic properties of the surficisal aquifer sysrem vary over short
distances, primarily due to heterogeneity of lithologle units. Clark (1964,
p. 32) reportad z transmissivity of 1,100 ft2/d (square feet per day) for the
nfirst artesian aquifer"” at Venice, based on a pumping testc of a wall cased to
42 £t and open to 59 ft below land surface. This test was categorized by
Wolansky (1983, p. 17) and Duerr and Wolansky (1986, p. 10) as a test of the
surficial aquifer system because the deposits comprise the Bona Valley
Formation and upper part of the Tamlami Formation. Suteliffe (19753, p. 34)
reported transmissivity of the surficilal aquifar system to range from 1,340 to
1,870 ft3/d at the Gasparilla Island well field in Charlette County.

Wells at the Vanica, Englewcod, Rotunda, and Gasparilla Island well
fislds tap the surficlal aquifer system. Elsewhere, hundreds of small-
diameter wells tap the aquifer Ffor domestic supply, lawn irrigatlion, and
watering livesteck. Through 1986, the Englewood Water District, which
supplies Englewood and mearby communities, received 726 shallew-well parmit
applications. In 1986, there wers 77 applications for small-diameter, privace
wells.

Intermediate Aquifer Syscem

The intermediate aquifer system includes all rocks that lie between and
collactively retard the exchange of water between the overlying surficial
aquifer systam and the underlying Floridan aquifer system. The system con-
sists of Miocene and younger fine-grained clastic deposits that ara
interlayered with carbonate rocks. Discontinuous confining units, consisting
of sandy clay, clay, and marl at the top, middla, and bottom of the system,
separats it into two aquifer units known as the Tamiami-upper Hawthorn aquifer
and the lower Hawthorm-upper Tampa aquifer.

The intermediate aquifer system thickens from north to south from less
than 400 ft north and east of Venice to mora than 600 £t at Gasparilla Island
(fig. 10). Fine-grained sediments separate the Tamiami-upper Hawthornm and
lower Hawthorn-upper Tampe aquifers within the system and are not clearly
delineated by gamma-ray logs due to naturally occurring high gamma sctivity of
the phospherite in the carbomate rocks., Lithologie and flowmeter logs
indicate multiple zones of high and low permeability that appear to be
discontinuous. Transmissivity is generally less than 10,000 fc2/d, and the
system exhibits storage characteristics of a confined aquifer (table 6).
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Figure 10.--Altitude of the top and thickness of the intermediate aguifer
system.
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Water-level hydrographs in figure 9 show that head increases with depth
throughout the study area. Levels rise in the rainy summer in response to
reductions in pumpage and upgradient recharge east of the study area, and they
fall in the dry spring when ground-watar outflow and pumpage exceed recharge.
Relatively large head differences (10 - 25 ft) between shallow and deep zomes
within the intermediate aquifer system indicate appreciable hydraulic
separation of aquifsr units; however, water-level trends are parallel,
implying that the aquifers are interconnected or affected by the same
stresses. Interconnection of aquifer systems through uncased, fully
penetrating wells is a problem in the study area that will be addressed
geparataly.

The USGS measures water levels in the intermediate and Floridan aguifer
systems each May and Septembsr to portray annual low and high conditions,
respectively. Figures 1l and 12 show the May 1987 potentiometric surface of
the Tamiami-upper Hawthorn aquifer and the composite or average potentiometric
surface of all water-bearing units within the intermediace aquifer system,
Flow in both units is from east to west and heads ars above sea lavel at the
coast, which indicates that recharge occurs somewhere east of the Myakka River
and discharge is upward to the gurficial aquifer and west and south to the
Gulf of Mexico and Charlottes Harbor. Depressions in the potentiometric
surfaces occur at wall flelds between Venice and Englewood and east of the
Myakka River at Warm Mineral Springs and Little Salt Springs. At Warm Mineral
Springs, divers reached a depth of 230 ft (Royal, 1978, p. 216), which
corresponds to the middle of the intermediate aguifer system.

Floridan Agquifer System

The Floridan aquifer system consists of a thick sequence of carbonate
tocks that generally have been referred to in the past as the Floridan
aquifer. The Floridan aquifer system, as dafined by Miller (1986), comprises:

"a vertically continuous sequence of carbonate rocks of generally
high permeablility that are mostly of middle and late Tertiary
age, that are hydraulically comnaected in varying degrees, and
whogse permeability fs, In general, an order to several orders of
magnitude greater than that of those rocks that bound the system
above and below.

"% % % (in west-central Florida), less-permeable carbonate
units of subregional extent separate the system inte two
aquifars, * * * called the Upper and Lower Floridan aquifer.”

In the study area, the permeable part of the Floridan aquifer system is
the Upper Floridan aquifer. Deep test holes at Sarasota (Sutcliffe, .1979) and
at the North Port injection site (CH2M Hill, Inc., 1988) have demomstrated
that, once Intergranular evaporites of the middle confining unit (table 4) are
encountered in drilling, there is relatively little or no permeability down to
the bedded evaporites that form the base of the Floridan aquifer system. The
Lower Floridan aquifer apparently does not exist fn southwast Sarasota and
west Charlotte Counties.
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Within the study area, the Upper Floridan aquifer has not bean widely
exploited for water supplies because of its generally poor water quality.
Until recently, it was tapped only by a few deep irrigation wells with shallow
casings (less than 100 ft) for high yield of relatively poor quality water.
With the development of raverse-osmosis and large sewage-treatment plants, tha
aquifer has become an important source of slightly saline to moderately saline
water as well as a receptacle for injected wastewater.

Data from geologic logs and hydraulic testing at injection-well sites
have revealed much about local hydrogecologic comditions that can be
extrapolated beyond the study area. Regional hydrogeologic units within the
Uppex Floridan aquifer are defined herein in descending order: (1) the
Suwannee permeable zone, {(2) the lower Suwannee-Ocala semiconfining umit, (3)
the Ocala-Avon Park moderatsly permeable zone, and (4) the Avon Park highly
permeable zone.

Suwannee Permeable Zomne

The Suwannee permeable zone is the uppermost permeable unit within the
Upper Floridan aquifer. The zone was defined by using lithologic and
geophysical logs of wells listed in table 5. The 300-ft-chiek zone is
confined above by clayey carbonate rocks within the intermediate aquifer
system and below by low-permeability limestones at the base of the Suwannee or
upper part of the Ocala Limestone. The top of the zone lies between 500 and
750 ft below land surface and slopes from 485 ft below sea lavel at ROMP TR5-2
southward to 732 ft below sea level at Gasparilla Island (index numbers 110
and 1, respectively, in fig. 6 and table 5), The zone is characterized by
moderate transmissivity as determined in tests at ROMP TR5-2 (13,000 ft2/d,
index mumbaer 109, tabla 6) and North Port (8,900 ft%/d, index number 45, table
6).

The lithology of the Suwannee permeabls zome is characterized by porous
limestone in the upper 200 ft and interbedded limestone and dolomite in the
lower 100 ft. The zone ylelds water from several discrete intervals (CH2M
Hill, Inc., 1988, p. 3-11). Based on tests at the North Port well, which taps
the full thickness of the zone, producing intervals are in the limestone and
comprise about one-third of the total thickness of the zone. The dolomitic
interval (760-B10 ft) within the Suwanmee permeable zone does not appear to
yield significant quantitias of water.

A fault was discovered through geophysical log correlation of the
dolomitic limestone intarval near the base of the Suwannee permeable zone.
The dolomitic limestone interval is identified by a gamma-ray correlation
marker of increased radiation activity. A 100-ft offset of the interval {is
interpreted from gamma-ray logs of wells 4,000 ft apart at the North Port
Injection sits. The marker on logs of the satellite monitor and injectlon
wells occurs at 800 to 900 ft and 700 to 800 ft, respectively (fig. 13).
Displacement appears to occuxr above the gamma-ray corralation marker and
possibly below the marker between the lower part of the intermediate aquifer
system and extending below the base of the Ocala-Avon Park moderately
permeabla zone. The fault was traced arsally in figure 14 by mapping the
configuration of the top of the dolomitic limestone interval on gamma-ray and
lithologic logs of wells listed in table 5. The fault strikes approximately
east-west.
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Other evidence, which points to the offset as a fault as opposed to a
stratigraphic or erosional feature is:

1. If the offset {s stratigraphically controlled, a reversal of the north-
south regional dip of formations would have had to occur, which is neot
likely in a marine depositional environment.

2., If diagenetic dolomitization had occurred along an lsolated erosional or
solution feature, the offset would likely correspond to a local anomaly
within the regional framework. It is not likely that such a feature
could be mapped regionally.

3. The fault aligns with a 100-ft offset in the Suwannee Limestone approxi-
mately 20 mi east of the North Port injection site, as delineated in a
geologic gection by Gilboy (1985).

4. The fault is approximately parallel to similar faults within the Suwannee
Limestone near Cape Coral, 40 mi south-southeast of North Port, as
mapped by Sproul and othars (1%72), which indicates response to the same
tectonism at both sites.

5. Warm Mineral and Little Salt Springs are from 2 to 3 mi north of the
fault. As their names suggest, warm saline water flows from the
springs, Indicating a deep source such as upwelling along a fault or
fault zone.

6. Although the top of the Ocala Limestone is an erosional surface, evidence
for the offset does not support an erosional faature, such as a river
charmel. The gamma-ray correlation marker slopes constantly through
wells 13, 58, and 74, which implies that the marker at well 45 £s high
relatlive to the regional slope (fig. 13). The Suwannee permeable zone
is slightly thicker in well 45 than it 1s {in well 58. This is the
opposite of what would ba expected if Suwannee sediments had been
deposited over an irregular Ocsla surface.

A section of the May 1987 potentiometric-surface map that encompasses the
southwest Sarasota and west Charlotte Counties study area 1s shown in E£igure
15 (Lewelling, 1987b}. The wap represents water levels in the freshwater-
bearing part of the Upper Floridan aquifer, which correspend to the heads in
the Suwammee permeable zone. Artesian heads are above land surface and the
gradient is from east to west from 30 ft above sea lavel at the Myakka River
to about 20 ft above sea level at the gulf coast. Depressions were drawn
around Warm Mineral and Littls Salt Springs because the chemical and physical
properties of the dlscharge suggest a deep source, possibly the Upper Floridan
aquifer. Anmual fluctuations of the surface between May low and September
high levels are about 5 ft at ROMP sites TR5-1 and TR5-2 and about 2 ft at
ROMP TR3-1 (fig. 9).
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Lower Suwannee-Qcala Semiconfining Unit

Chapter 17-28.21 of the Florida Department of Environmental Regulation
(1982b) rules for underground injection control states:

"At least one confining zone above the Injection zone is
required. The applicant must demonstrate that the confining zone
has sufficient areal extent, thickness, lithologic and hydraulic
characteristics to prevent injected fluid mevement and that it
insures protection of underground sources of drinking water.”

In the study area, the lower Suwammee-Qcala semiconfining unit is the
principal hydrogeologic unit that satlsfies the FDER requirement. The unit is
a fine-grained, soft te partially indurated, mieritic limestone cemtaining
abundant miliolid remains and scattered large foraminifera. In the 1980's,
the unit was identified over a wide area of southwest Florida through drilling
and testing at injection-well sites. Prior to injection-site testimg, the
unit was congidered to have permeability comparsble to the rest of the Upper
Floridan aquifer, although it was tapped by eonly a few Irrigation wells aver
800 fr qeep.

The Suwannea-Ocala semiconfining unit was delineated by interpreting
gamma-ray logs. The unit exhibits low gamma radiation and is characteristic
of pure limestone. It occurs lmmediately below the dolomitic limestone marker
bed., The top of the Suwarmee-Ocala semiconfining unit occurs above thas base
of the Suwannee Limestone in several geologle logs of test wells in the study
area. The bottom of the unit is highly irregular and corresponds to the top
of the injection zone within the Ocala Limestons at gitea 25, 45, and 74 and
was estimated to coincide with the top of the Avon Park Formation at other
teat wells for which hydrogeclogic data are available (table 3).

Hydraulic properties of the semiconfining unit were estimsted from an
aquifer test at ROMP TRS-2 and measured core permeabilities and packer tests
at the Iinjection gites. As part of this study, a radial flow model was used
to gimulate drawdown in a lower Suwannee-Ocala semiconfining unit observation
well in response to pumping from the overlylng Suwannee permeable zone
{Hutchinson and Trosmer, in press), Vertical hydraulic conductivity estimated
through computer simulation is 0.1 ft/d (feet per day), which falls within a
range of 0.1 to 0.25 ft/d for vertical and horizontal conductivities measurad
in cores and packear tests (table 7). Hydraullc conductivity of the unit is
low compared to that of the overlying Suwannee permeable zone (63 ft/d) and
the underlying Injection zone (100 ft/d).

Injection Zone

The injection zons comprises about 1,000 ft of permeable rocks of the
Upper Floridan aquifer below the lower Suwannee-Ocala semiconfining unit and
above the middle confining unit of the Florldan aquifer system (table 4). Two
permeable units within the zone have been identified through drilling and
testing at injection-well sites (fig. 5). The upper unit, herein named the
Ocsla-Avon Park moderately permeable zone, conslsts of about 300 ft of
interbedded, porous limestone and dolomite. The lower unit, the Avon Park
highly permeable zone, consists of up to 700 ft of massive, hard, dark-brown
dolomite that contains large solution chamnels that have developed along
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Tahle 7.--Porosity and hydraulle conductivity ¢f the lower Suwannee-Ocala

semiconfining unit

[Et/d, feet per day; --, no datal
Hydraulie
. __conductivity
Index Depth Porosity Verti-  Hori- Method Source
number (feet) cal zontal
(ft/d) (ft/d)
25 922 0,37 0.01 0.03 Lab CH2M Hill, Ine.
926 .40 .0t .03 Lab (1986)
9231 W43 .09 .11 Lab
916-926 -- -- .25 Packer
45 8562 .37 .57 .57 Lab CH2ZM Hill, Inec.
%13 .37 2.27 1.13 Lab (1988)
916 .37 .28 .57 Lab
. 947 .31 .09 P 7/ Lab
1,020 .24 .06 .09 Lab
1,029 .22 .06 .06 Lab
1,072 .22 .03 .06 Lab
1,074 .22 .02 .02 Lab
1,105 .27 .01 .01 Lab
1,020-1,032 - -- -- .19 Packer
1,054-1,066 -- .- .52 Packer
T4 842 .09 .- - Lab Post, Buckley,
854 .43 -- -- Lab Schuh, and
913 .03 .- .23 Lab Jernigan, Inc,
(1982b)
76 1,217 .28 -- -- Lab Geraghty and
1,262 .24 -- .- Lab Miller, Imc.
1,328 .28 -- -- Lab {1985)
110 750-1,100 -- .1 1 Model Hutehinson and
Trommer (in press)
115 1,053 .22 .01 .08 Lab Law
1,152 .25 .005 007 Lab Environmental,
1,043-1,068 -- .- 2,2-7.3 Packer Inc. (1989)

1Index numbers correspond to these in table 3 and figure 6.
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fractures (Wolansky and others, 1980). This highly fractured lower unit is
recognized by cycle skipping on sonic logs and high resistivity on induction
logs. Test-injection wells commonly are cased to the uppermest permeabls unit
within the injection zone. This depth s highly variable, as demonstrated by
1,040 ft and 1,702 ft of casing in the Englawood and Gasparilla Island test-
injection wells, respectively (index numbers 25 and 1 in fig. 6).

Transmissivity of the injection zone was estimated mostly from single-
well tests that are required by the FDER as part of the injection site
permitting process (table 6). The tests were usually conducted on partially
penetrating wells and are summarized in the following test to provide insight
as to the variability cof this important regiocnal unit,

1. Gasparilla Island.--A transmissivity of approximately 64,000 ft?/d was
estimated in an unspecified procedure by using data from a 560-gal/min,
8-hour injection tast (Geraghty and Miller, Inc., 1986). The well has a
224-ft open-hole interval from 1,702 to 1,906 ft below land surface in
the upper part of the Avon Park highly permeable zone. Interpretations
of geophysical logs, lithologic logs, and packer tests were used to
conclude that the Ocala-Avon Park moderately permeable zone had an
insignificant injection capacity; therefore, it was cased off.

2. Englewood.--A transmissivity of approximately 80,000 ft2/d was estimated
from a log-log time-drawdown plot for a 1,000-gal/win, 480-minute
withdrawal test (CH2M Hill, Inc., 1986). The well has a 760-ft open-
hole interval from 1,040 to 1,800 ft below land surface in the upper
part of the injection zone. A previocus test, with a 1,150-faot open-
hole interval from 450 to 1,600 feet deep and just into the top of the
Avon Park highly permeabls zone, ylelded a transmissivity of 48,000
fr?/d, estimated by the above procedure, for a 962-gal/min, 395-minute
test,

3. North Port,--A transmissivity between 140,000 and 370,000 £t?/d was esti-
mated using various analytical techniques for & 2,200-gal/min, 24-hour
test (CH2M Hill, Inc., 1988). The well is 3,200 ft deep and has a
2,100-ft open-hole interval that Fully penetrates the 910-ft-thick
injection zone and taps underlying units. The lower transmissivity
value was based on snalysis of data from the pumped well. The higher
valus was derived from analysis of data from a partially penetrating
satellite monitor well 4,000 ft north of the pumped well. A fault may
lis between the two wells, thereby complicating analysis of the test.
Earlier tests, conducted as the well was being drilled, produced trans-
missivity estimates of 8,900 and 72,000 ft3/d for open-hole intervals of
560 to 1,100 fr and 560 to 1,600 ft, respectively., By subtraction,
transmissivity is approximately 63,000 ft2/d for the interval from 1,100
to 1,600 ft that taps the Ocala-Avon Park moderately permeable zone and
the upper 100 ft of the Avon Park highly permeable zone. A subsequent
analysis of a 200-minute test of the interval from 1,100 to 2,000 ft
produced a transmissivity estimate of 150,000 ft2/d for the total
thickness of the injection zonme. Comparison of test results indicates
that the lower 400 ft of the injection zone i{s more permeable than the
upper 500 ft, and permeability is low in formations below 2,000 ft.
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4, Plantation.--A transmissivity of approximately 67,000 £t2/d was estimated
using various procedures to analyze plots of drawdown and recovery for a
650-gal/min, S5-day injection test (Post, Buckley, Schuh, and Jernigan,
Inc., 1984), The well was reported to have a 503-ft open-hole depth
interval from 1,102 to 1,605 ft at the top of the Ilnjection zone, but
when logged, the bottom 256 ft of hole had filled in. If only the upper
247 ft were tested, it could be considered a representative test of the
Ocala-Aven Park moderately permeable zone, and results are similar to
the 80,000-ft2/d value estimated from the North Port injection site.

5. Venice Gardens.--A transmissivity of approximately 24,000 ft?/d was calcu-
lated from a 37-minute recovery period following a 1,400-gal/min, 24-
hour injection test (Garaghty and Miller, Inc., 1985). The well has a
317-ft open-hole interval from dapths of 1,388 to 1,705 ft in the upper
part of the Avon Park highly permeable zZone. Geophysical log
interpretations were used to conclude that the Qcala-Avon Park moderate-
1y permeable zone would not accept significant quantities of injectant;
therefore, this zona was cased off in the completed iInjection well.

6. Knight Trall Park.--A transmissivity of approximately 300,000 ft?/d was
estimated using semilogarithmic plots of drawdewn and recovery for a
747-gal/min, 3-hour test (Law Envirommental, Ime., 1989, p. 3-38). The
well has a 272-ft open-hole interval that taps the lowar part of the
Avon Park highly permeable zone. The first significant hydraulic con-
ductivity was encountered at a depth of about 1,600 ft, which is about
150 ft below the top of the dark-brown dolomite that comprises the Avon
Park highly permeable zone. Although the 150-ft interval appears to
have a low hydraulic conductivity, it may be just coincidental that no
fractures were encountered by the borehole. The dolomitic injection
zZone correlates stratigraphically with that In St. Petershurg as des-
cribed by Hickey (1982, p. 13) who reported it es having varlable
hydraulic conductivity in the upper part, He originally hypothesized
that a confining unit existed batwean the producing intervals in the
upper and lower parts of the zons (much llke what i{s observed at Knight
Trail Park). Subsequent data from injection tests at S5t. Petersburg
proved that the permeable intarvals are interconnected. This intercon-
nection was attributed by Hickey to fractures at some distance from the
well that were not encountered by the borehole. It is likely that the
Knight Trail Park injection-monitor well was not open to fractures in
the upper part of the injection zone; therafore, it was cased off.

7. Atlantic Utilities.--A transmissivity of approximacely 5,000 f£t2?/d was
astimated using a logarithmie plot of drawdown for a 1,3%0-gal/min, 24-
hour test (Post, Bucklay, Schuh, and Jermigan, Inc., 1982, p. 8-13).
The well has a 422-ft open-hole Ilnterval in the Avon Park highly
permeable zone. Although the site is about 10 mi north of the study
area (fig. 5), test data may be extrapolated to the boundary. The low
transmissivity may be attributed to an anomalous relatively lmpermeable
gypsiferous dolomite section above the injection zone that correlates
with the upper part of the Avon Park highly permeable zone at other
injection sites,
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Although there was little uniformity In how the aquifer tests ware con-
ducted and analyzed, it is apparent from test results that the transmissivity,
and hence the hydraulic conductivity, of the upper part of the injection zone
is quite variable, whereas the lower part has fairly uniform transmissivity.
Of the seven test-injection sites, three had significant injection capacity in
the upper part {Ocala-Avon Park moderately permeable zone), as well as in the
underlying Aven Park highly permeable zome.

The Avon Park highly permeable zone 1s the primary zone targeted for
injection because of its ability to receive large volumes of wastewater with
relatively low injection pressure, Wolansky and others (1980) produced a
regional map of west-central Florida showing the configuration of the top of
the zone based on hydrogecloglic data from two test wells within southwest
Sarasota and west Charlotte Counties. The estimated top of this zome has now
been revised (fig. 16) by using additional data from desp injection and ROMP
test holes., The surface slopes uniformly under a gradient of 15 ft/mi from
north to south from about 1,400 £t below sea level at Venice to 1,700 ft below
sea level at Gasparilla Island, The revised map may be useful for estimating
depths of proposed injection wells. : ‘ B

The potentiometric surface of the Injection zone was mapped using water
levels measured in two observatlion wells and six injection wells prier to
injection of wastewater (fig. 17). The zone contains very saline water of
constant density with dissolved-solids concentrations varying between about
25,000 and 35,000 mg/L. Some water-level measurements were several years
apart and do not represent a "snapshot™ of the potantiometrie surface. The
map depicts the potential for ground-water movement to the coast with an
envirormental head gradient of about 1 ft/mi between the North Port and
Englewood injection wells where water-level measurements are accurate. MHead
measurements at the Plantation and Gasparilla Island injection wells were
estimated from historical records of pumping tests. These two wells were
drilled using a closed-cireulation method, which precluded accurate measure-
ments of head in the injection zone.

WATER QUALITY
Native Cround Watey

The quality of ground water is controlled by contact time with and
composition of rocks and soil through which it moves. Thus, the chemical
quality of water from an aquifer depends upon lithology of the aquifer.

Quartz sand, the principal mineral of the surficial aquifer system, is rela-
tively insoluble. The sandy and clayey limesctone and dolomite of the inter-
mediate aquifer system are mors soluble than the quartz sand, but because thay
contain silicate minerals, they are probably less soluble than the relatively
pure carbonates of the Upper Floridan aquifer. In additfon to the dissolution
of the rock matrix, solute is added in deep zones where ancient seawater is
slowly being flushed from the system and in shallow zones where intrusion is
oceurring. The above conceptual system should result in water that has
increasing salinity with depth and proximity to the gulf coast.
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The principal chemical constituents in ground water within the study area
that affect potability are chloride, sulfate, dissolved solids, fluoride, and
radium. Iron and color often affect the potability of water for esthetic
rather than health reasons. Recommended or permitted maximum concentrations
for these constituents in publie water supplies are as follows:

Standard for public

Constituent drinking water gystems!
Chloride (mg/L) 250
Color (Pt-Co units) 15
Dissolved solids (mg/L) 500
Fluoride (mg/L) 1.62
Iron (mg/L) 0.3
Radium 226 + 228 (pCi/L) 5
Sulfate (mg/L) 250

'Florida Department of Envirommental Regulation, 1982a.
?Based on mean alr tamparature of study area, 73 °F.

Dissolved-solids concentration Is the major concern for ground-water
management in the study area. Critical concentrations for variocus uses of an
aquifer are as follows:

Dissclved-solids ranga-

(mg/L) Use of aquifer
<500 . Potable water source.
500-8,000 Source of water for irrigation
(approximate) supplies and low-pressure
reverse-osmosis treatment
process.
>10,000 Potential receiving zona for

treated sewage or source for
high-pressure reverse-osmosis
Creatment process.

The study area is in a coastal pensinsular setting wheras a shallow, potabla
water lens grades downward and coastwird to seawater. Transition zones from
freshwater to very saline water do not conform to hydrogeologic boundaries;
however, permeability may control the position of the interface.

Figure 6 shows the locations of wells and springs for which chemical
analyses are ligted in table 8. Figures 18 through 21 illustrate the areal
distributions of dissolved-solids concentrations within four important water-
bearing zones: shallow Tamiami-upper Hawthorn aquifer, composite intermediate
aquifer system, Suwannee permeabls zome, and the desp injection zome. Super-
imposed on the maps are Stiff diagrams that show relative concentrations of
major constituants that comprise the dissolved solids. Conclusions drawn from
table 8 and the maps ars:
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Raw ground water generally does not meet drinking-water standards.--Only
thirteen wells produced water that had a dissolved-solids concentration
of less than the 500-mg/L limit for potable supply. Two of these wells
ara 30 ft deep or less and tap the surficlal aquifer, nine are between
65 and 180 ft deep and tap the Tamiami-upper Hawthorn aquifer, and two
are more than 250 ft deep, MNineteen other wells between 53 and 185 ft
deep that cap the Tamfanmi-upper Hawthorn aquifer produced water that
contained art least 500 mg/L of dissolved solids (17 wells diagrammed in
fig. 18 and wells 52 and 87 in table 8).

Salinity of ground water generally increases with depth. Median
dissolved-solids concentrations for the sampled zones area as follows:

Median
Number  dissolved
Hydrogeolagic af salids
——upit sagples _(mg/L) Class
Surficial aquifer system ‘ 2 <500 Fresh
Tamiami-upper Hawthorn 25 660 8lightly saline
aquifer (fig. 18) )
Composite intermediate 23 2,170 Slightly saline
aquifer system (fig. 19) ‘
Suwannes permeabla zone 12 3,210 Hoderately saline
(£ig. 20)
Injection zone (fig. 21) 9 32,800 Vary =saline

Coastal areas do not conform to this general water-quality model, as
indicated by analyses in table 8 from isolated depth intervals at ROMP

gites TR3-1 and TR3-3 and from the Cattledock Point well as it was being

drilled, At each site, water with a high chloride concentratioen was

cbserved at depths of less than 200 ft. Salinity decreases considerably

between about 200 and 600 ft, but eventually the water becomes very
saline with depth, Very saline water near the surface can probably be
attributed to past tidal inundation because the sites ara low-lying and
near the coast. )

Salinity changes from north to south.--In the upper three hydrogeclogic
units, water is less salfine in the north than in the south. Water type

grades from calcium sulfate in the north to sodium chloride in the south

where there is probably residual seawater in the system. Water in the

injection zone is very saline and is similar in composition to seawatar.

Little Salt and Warm Mineral Springs derive water from deep sources.--

Little Salt (site 79) and Warm Mineral Springs (aite 62) may be fed from

multiple zones hetween land surface and the injection zone. Stiff dia-
grsms of spring-water quality are included in figures 18 through 21 to
facilitate comparison with water quality from discrete permeable zones
that posszibly contributs to spring flow. Little Salt Spring discharges
water with a dissolved-solids concentration of 3,000 mg/L, which is
similar in composition to water from wells that tap the Suwannee perme-
able zone {median dissolved solids of 3,210 mg/L). Water from Warm
Mineral Springs, with a dissolved-solids concentration range between
18,000 and 21,000 mg/L, is very saline and resembles water collected
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from an interval between 68 and 1,407 ft in the Cattledock Polnt well
{dissolved-salids concentration of 18,000 mg/L). This implies that the
spring taps the injection zone and, therefore, may provide a conduit for
upward movement of injected wastewater. The dissolved-solids concentra-
tion, temperature, and individual ionic comstituents indicate that the
spring flow sampled at a depth of 230 ft contains about 60 percent
seawater, Likely avenues for the spring’s discharge are upward along
unmapped faults similar to the fault discovered 2 to 4 miles to the
south.

Figure 22 shows hydrogeclogic section A-A’ (line of seetion is shown in
fig. 6) with superimposed dissolved-solids concentrations derived from packer-
test and well-water analyses. The 10,000-mg/L line of dissolved solids, which
is the minjmum concentration acceptable for injection, is about 1,200 ft deep
at the Atlantic Utilities injection site (136) in the north about 3 mi inland
and less than 300 ft deep at the Gasparilla Island site (1, 2), which is
actually off the Florida peninsula. In the northern part of the study area,
the lower Suwarmee-Ocala semiconfining unit contains or is underlain by
moderately saline water that is unacceptable for injection, as exemplified acv
the Atlantic Utilitles and Plantation sites (136 and 71-74). In the southern
part, the thick semiconfining unit separates usable water from injected
wastewater.

The altituds of the 10,000-mg/L dissolved-solids intarface was mapped by
using water-quality information from injectiom sites (fig. 23). The highest
intarface altitude is about 500 ft below sea lavel along the gulf coast. The
interfaca dips inland to the north and northeast under a gradient of 50 ft/mi.
Comparisen with figure 22 indicates that the 10,000-mg/L interface is below
the top of the potential injection zone in the northern third of the study
area., At the Atlantic Utilities injection site (site 13, figs. 5 and 23), 20
mi north of the study area, the interface lies 1,200 ft below sea level. This
altitude is 200 fr below the top of the Ocala-Avon Park moderately permeable
zone, which coincides with the top of the injection zone defined within the
study area.

Injected Wagtewater

Two classes of wastewater are Injected through deep wells In the study
area: treated sewage and reverse-osmosis wastewater. The sewage is largely
residential and commercial in nature and does not contain hazardous or indus-
trial wastes. The Iinjectant is characteriatically aerated, filtered, and
chlorinated secondary effluent with about 5 mg/L of suspended solids, a ph of
about 8.0, and a dissolved-solids concentration of less than 500 mg/L. The
reverse-osmosis wastewater ls a concentrated solution that containsg about
twice the dissolved-solids concentration as in the feed water pumped from
wells. Reverse-osmosis processes in use in ths study area include spiral-
wound membrane and hollow-fiber low-pressure systems, which operate at approx-
imately 200 1b/in? (pounds per square inch). Englewood uses a high-pressure
system, which operates at approximately 600 1b/in?, The dissolved-solids
concentration of the wastewater is about 5,000 mg/L &t Venice, 7,000 mg/L at
Plantation, and 15,000 mg/L at Englewocd. The reason for injection as opposed
to discharge to bays and estuaries is that the waters have dissclved radium-
226 concentrations above 5 pCi/L (picocurles per licer),
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UNCONTROLLED FLOWING ARTESIAN WELLS

Sarasota and Charlotte Counties 1lis within the prineipal problem area
identi{fiad by Healy (1978) in an appraisal of uncontrolled flowing artesian
waells, Healy dafined such wells as:

", ..artesian well(s) either without a mechanism for controlling
discharge or a well that is allowed to flow continuously at the
land surface as well as those wells that only flow internally below
land surface through corroded or leaky casings or from improperly
cased or otherwise poorly constructed wells."

Figure 24 is a schematic diagram that compares a properly constructed
well in 2 single artesian aquifer with two uncontrolled flowing arteslan
wells. The uncontrolled wells have corroded or shallow casings and cross
connect permeable zones, thereby allowing upward flow of more saline water
from the deep zone into less saline shallow zones, The typlcal uncontrolled
flowing well 1s a 300- to 500-ft-deep irrigation well with 50 ft of corxoded
and leaky casing that was drilled in the 1950’s. As housing developments
replaced farmland, many wells were capped and forgotten. Figure 25 shows
locations of approximately 100 uncontrelled flowing wells identified in the

study area (Preadom, 1984), By 1986, about half of the wells had been plugged

by the Southwest Florida Water Management Distriet and public utilities
agencias,

A well-plugging program conducted by Venice Gardens Utilities has proved
successful at the Venice Gardeus well-field area (fig. 4). Thirteen walls
within 1 mi of well-field number 2 were plugged under the program (Pater

Palmer, Geraghty and Miller, Inc., written commun., 1%86). Figure 26 dramati-

cally illustrates a 50-percent reduction in dissolved solids in water from a
supply well after plugging of a nearby uncontrolled flowing artesian waell.
The dissolved-solids concentration of blended raw water from 38 wells in the
field was reduced from about 750 to 600 mg/L after plugging the 13 wells.

Berehole geophysical surveys were conducted to assess the problem of
internal flow in deep wells that ars open to multiple permeable zones. Pro-
cedures consisted of rumning caliper and flowmeter logs whila each well was
shut in (no flow at land surface). Internal flow was quantifiesd on the basis
of relations between cross-sectional arsa and msasured boreholas velocity.
Figure 27 illustrates an example survey in a 190-ft deep well (index no.

91, table 3) whers internal flow was measured at 73 gal/min. Most of the flow

enters the borehola between 100 and 120 ft, as evidenced by the flowmeter and
fluid-conductance logs. The logger operator explained that the "kick" in the
fluld conductance log is not csused by a changs in water quality but by rapid
flow over the sensitive logging tool. All flow resnters the formation at the
bottom of the 60-ft well casing. The caliper log indlcates an obstructiom in
the well at a depth of 37 ft.

Figure 28 shows results of spinner flowmeter surveys in 14 wells through-

out the study area. The wells range in depth from 183 to 1,066 ft. Internal
flow rates, measured between 0 and 350 gal/min, with a median rate of 10

gal/min, are relatively high in the Venice area and highest at ROMP site TRS-2

(site 108, fig. 28). There, a 480-ft deep well had been constructed with 60

ft of casing and was open for about 1 yr prior tec conversion to a cluster well
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Figure 24.--A properly constructed well tapping a single aquifer compared to
improperly comstructed or corroded wells that may allow cross
contamination of aquifers with saline water.
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containing two small-diameter wells. Flow in that well entersd the borehole
at 350 ft and left the borehole at 330 ft. Seven other wells with open depth
intervals approximately between 300 and 400 ft did not have nearly as much
internal flow as that measurad in the ROMP TR5-2 well.

Water-level and water-quality investigations have shown that each aquifer
or permsable zone has unigque head and chemical characteristics. Construction
of single-zone wells would safeguard ground-water resocurces by preventing
eross-contamination and borehole interflow.

MODEL SIMULATION OF WASTEWATER INJECTION

The hydrogeclegic system in southwest Sarasota and west Charlotte
Counties {s conceptualized as containing wmultiple permeable zones separated by
leaky semiconfining units. Ground-water salinity increases with depth and
proximity to the gulf coast, and there iz upwelling of ground water in this
coastal zone of natural discharge. Superimposed on this simplified 2,000-ft-
thick system is a projected 29 Mgal/d of treated sewage and reverse-osmosis
wastewater Iinjected into the bottom 1,000 ft. An assegsment of the likely
fate of the injected fluids using a model as a numerical simulation teol is an
objective of this study. Questions to be answered are:

1. How will the wastaewater spread radially from a representative well?

2. What is the rate of vertical movement of wastewater from the injection
zone through the overlying semiconfining unit?

3. Does well construction control the distribution of wastewater in the
injection zona?

4, Does pumping from a reverse-osmosis supply well field above the injection
zone speed c¢irculation of the injected wastewater upward into the supply
zone? . }

5. What is the long-term arsal impact of injecting at projected rates?

A model of ground-water flow and solute transport was used te lmprove the
understanding of the hydrologic system and answer questions concerning the
effects of Injecting reverse-osmosis wastewater and treated sewags. The modal
uses & numerical solution that involves integrated finite-difference methods
to so0lve partial-differential equations of ground-water flow and soluts trans-
pert. The model, HST3D (Heat and Solute Transport in Three Dimensions; Kipp,
1986a), can simulate varfable-density ground-water flow and liquid-waste dis-
posal into deep saline aquifers. It represents the latest generation of a
program developed by INTERCOMP Rescurce Development and Engineering, Ine.
(1976, and revised by INTERA Envirormental Consultants, Inc. {1979). The
parent code, known as the Subsurface Waste Injéction Program (SWIP), has been
completely rewritten with many modifications, improvements, and corrsctions.
The readar is raeferred to Kipp’'s (1986a) report for a complete discussion of
the model code and numerical methods. The model 1z usaed as a tool in this
s;:udy t; analyze the maechanics of wastewater injection through a representa-
tive well. T
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Ideally, a three-dimensional model that Incorporates all layers and
variations in hydraulic properties and injection rates is desirable. Consid-
ering the lack of a detailed regional hydrogeologic framework and the
limitations of medern computer facilities, Injection iz simulated using an
alternative two-dimensional model of flow and transpert radially around a
single prototype well rapresentative of those constructed in the study area.
Conclusions drawn from simulation of the single-well injection case are used
to assess reglonal impacts.

Modaling procedures and thelr application to the study are dlagramed in
figure 29. The hydrogeologic region representative of the study area was
formulated around a hypothetical ideal well cased through tha lower Suwannee-
Ocala semiconfining unit and fully penetrating the Ocala-Avon Park injection
zone. The region was subdivided into discretes areas defined by cylindrical
coordinatas, boundary conditions were established, and hydraulic and tramsport
propertiss ware estimated for each element in the point-distributed grid.
Model-input values of selectesd physical paramsters, including viscosity,
temperature, and density, were held constant in all model simulations. Other
input parameters and time and space subdivisions were adjustsd by trfal and
error within limits to establish a "best estimate” model of injection through
an ideal, fully penetrating well.

Three gimulation phases were employed in modeling injectiom and solute
transport. In the first phase, finite-differencing options available in the
model were tssted to evaluate numerical dispersion and stability, and a
comparison chack was made with results of the saturated-unsaturated transport
(SUTRA) finite-elemant model. The second phase included testing the sensitiv-
ity of the "best-estimate model" by varying input parameters over plausible
ranges of values. In the third phase, the model was used to simulate
the probable response of the hydrologic system to various injection scenarios.

Subdivigion in_Space and Time

The continuous aquifer region was subdivided spatially by using a
eylindrical-coordinacte system with a grid mesh (fig. 30). The primary
subdivision is the c¢ell, which is the volume over which flow and sclute
balances are made to give the nodal finite-difference aquatioms. The second
subdivizion is the element, bounded by four corner nodes, which is the minimum
volume with uniform porous-medium properties. A third subdivision is the
aubdomain, which is the common volume of an slemant with a cell. A call may
have as many as four subdomains If it Ls an interior cell, or as few as one
subdomain if it {s a corner cell. The finite-difference equations are
assembled by adding the contributiona of sach subdomain in turn to the
equation for a given cell. Because wells are usually open over the more
parmeable zones of the formation, the open-hole intervals are specified by
sets of elements rather than by cells. The upper and lower parts of the open-
hole interval are one-half the cell thickness in length, unless the cell in
queation forms an upper or lower boundary, in which case, the cell is already
& half eell. In & well bors ssgment that terminates at a half cell, flow (and
solute) is spread over the whole cell at half the whole cell rate, To help
overcome this limitationm, Injection casing was set one node below the top of
the injection zone (1,1§Q £ft) rather than at the top.

CEa
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APPLICATION TO SQUTHWEST SARASOTA
MODELING PROCEDURES AND WEST CHARLOTTE COUNTIES
_ . L Design model grid J Cylindrical grid with 98 variably spaced
columns and 27 eventy spaced rows
Constant pressure at top of semiconfining
l Boundary conditions | unt, aquifer influsnce boundary at radius
of 3,000 feet
parameters: . Motecular diffusivity, density, viscosity, and
g Iupr'}ll'l-'-‘d P"OP:'?H compressibility of fimid. Porosity, cont:y;;ress-
5 Porous media properties ibility, hydraulic conductivity, ivity of
g Well information porous medium. Well and casing depth and
% injection rate
z |
E Centered-in-space and -time,
itedi 3 backward-{n-s and -ime,
] . Test finite-differencing methods for pace s
oumerical diffusio centered-in-space and
g cal diffusion and stability backward-in-time finlte
§ differencing methods
Compare HST3D" HST3D' simulatign
with SUTRA' matches SUTRA'
NO ~ — Centered-in-space and
Lls numerical error minimized? I backward-in-time method
minimizes numerical dispersion
4 l
E
S Sensitivity tests of:
I Vertical/horizontal anisotropy
and tramsverse di ivity
Test sensitivity of best-estimate model to }Il‘;-&gtu“l‘ilch:lundm ity of immmm
changes {n key input parameters Porous medinm compressibility
Boundary radius
Grid-block size
Effects of regional upflow
Inject 1 million gallons per day for 10 years through
an ideal fully penetrating well, shallow partially
Tr— . Py penctrating well, deeply cased well, and beneath a
E fe anticipated injection cases | revemse-osmosis suppiy feld. Tnject? miflion
gallons per day for 10 years and 1 miilion gallons
*Heat and Solate Traasport ia Three Dismemsions (Klpg, 1986). per day for 20 years
*Sanuratod- Unsaturaied TR Assport (Voss, 1984),

Figure 29.--Modeling procedures.
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Figure 30.--Finite-difference grid for a cylindrical-coordinate system.
(Modified from Kipp, 1986a.)
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The nodal grid of 27 evenly spaced horizontal rows and 98 variably spaced
vertical columns extends radially outward 3,000 ft from the injection well
(fig. 31). Vertical 50-ft spacing was assigned within the depth interval 750
to 2,050 ft, which encompasses the lower Suwarmee-Ocala semiconfining unit,
Ocala-Avon Park moderately permeable zone, and Avon Park highly permeable
zone. Radial spacing expands logarithmically from the well, where spacing
between columms 1 and 2 is 0.14 ft, out to 350 ft (column 45), where spacing
then becomes a uniform 50 £t to the perimeter at 3,000 fe. Spatial
subdivision empirical guidelines for stabllity In central-in-space finite-
difference equations (Voss, 1984, p. 232) suggest that the largest radial
dimension should not exceed 4 times the longitudial dispersivity (which was
set at 20 ft), and the largest vertical dimension should be less than 10 times
the transverse dispersivity (which was set at 5 ft). Tests of the
effectiveness of the grid spacing are evaluated in the "Sensitivity Analysis"
section,

.Time increments used to step through the model computations are expanded
automatically by the model. As the simulation progresses, an empirical
algorithm tends to increase the time step asuch that the maximum specified
change in pressure or solute scaled concentration is achieved. Simulations
that were made to observe effeacts of spatial and temporal subdivision using
various finite-diffarence weighting are described in the "Numerical Dispersion
and Stability* section.

RBoyndary Conditions

The major criterion used to define hypothetical boundaries for the model
was to determlne the area that might be affected by a fully penetrating well
that Injects 1 Mgal/d for 10 yr. The model encompasses the injection zone
from 1,100 to 2,050 ft deep and the overlying lower Suwannee-Ocala semicon-
fining unit from 750 to 1,100 ft deep. The bottom coincides with the
imparmeable middle confining unit of the Floridan aquifer system (Miller,
1986) and is considered a no-flow boundary. The top iz a constant-pressure
boundary equivalent to a 750-ft column of freshwater, presumed to exist in
overlying formations. The injection well forms the left boundary and is cased
from 750 to 1,150 fr and has an open interval from 1,150 to 2,050 ft. The
right boundary is defined by a transient flow, aquifer-influance funection,
which utilizes the Carter-Tracy approximation as adapted by Kipp (1986b) to
compute flow rates between the inner gridded aquifer region and an infinite
outar region where aquifer properties are known only in a general sense. Use
of the Carter-Tracy approximation eliminates the need for spatial subdividing
the outer region, which f{s beyond the zons of transport. The primary bemefit
of using the aquifer-influence function boundary condition is the reduection in
size of the simulation region, resulting in less computer storage requirements
and a savings in execution time. The radii of the inner region was set at
3,000 ft, The outer ragion 1s modeled as an infinite cylinder with z height
of 1,300 ft. Tests conducted to evaluate the aquifer-influence boundary
condition are described in the "Sensitivity Analysis® section.
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Figure 31.--Model grid of 27 rows and 98 columns showing locations of six
observation wells within grid.
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Input Parsmeters

Model-input parameters were derived from aquifer tests, laboratery tests
of rock cores, and published standards as follows:

1, Fluid properties.--Density, viscosity, and compressibility of the injec-
tant and native waters were either measurad or estimated. Measured
values at 25 degrees Celsius are:

Specific
conductance,

Density Viscosity, uS8/cm at 25°

Water sample gfem®  1b/fg® centipoise Celsius
Englewood reversa- 1..00%5 63.01 0.9289 23,000

osmosis wastewater
Gasparilla Island .9992 62.37 .9039 3,500
treated sewage

ROMP TR3-3 (1,050- 1.0232 63,87 .9500 41,000

1,700 ft deep)

The physical propertiss of these three waters were represented in the
mode), as raverse-osmosis injactant, treated sewage injectant, and
native formation water, with the exception that native water density
wag get at 64.0 lb/ft?. The order-of-magnitude range in specific
conductance is an indicator of the contrast in water quality between
the injectant and native formation water. In addition to these
propertiess, comprassibility of water was held constant at 3, 3xl0°®

fe?/1b (4.4x10°1° m?/n)} (Freaze and Cherry, 1979, p. 52), and molecular
diffusivity of the solute In the porous media was set at 8. 75%10°7
ft2/d (9x10°* w2/d) (Kimbler and others, 1975},

2. Porous media properties.--Three porous zones were modeled that correspond
with hydrogeologic units: (1) lower Suwannee-Ocala semiconfining unit,
(2) Ocala-Avon Fark moderately permeable zone, and (3) Aven Park highly
permeable zone. Values assigned to these zones include:

Zone
(1 (2 [&))]
Hydraulie econduetivity (ft/d) 0.1 25 100
Porosity 25 o 15 g .15
Matrix compressibility (ft2/1b) 1.5x10 6.2x10 5. 5x10
Longitudinal dispersivity (ft) 20 20 20
Transverse dispersivity (ft) 5 5 5

Modeled hydraulic conductivity and compressibility values were basad on
aquifer tests described in this report, packer tests, laboratory meas-
uremants (table 7), and values darived from a separate model analysis of
an aquifer test described by Hutchinson and Trommer (in press).
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Estimates of the porosity of the lower Suwannee-Ocala semiconfining unit
was based on laboratoxy measurements of limestone cores from test-
injection wells (table 7). Except for the values at North Port, it is
unclear whether the porosities reported by the laboratory ars "total” or
"affectiva,” Effective porosity, which accounts for Interconnected poxe
space, was measured at North Port (CH2M Hill, Inc., 1988). Porosity was
sat at 0.25 in the semiconfining unit and 0.15 in the injection zone
where fracture porosity is presumed predeminant in the dolomites.
Hickey (1989) derived a fracture porosity of 0.10 for the dolomitic
injectlon zone In Pinellas County and successfully simulated injectiom
and scolute transport under the assumption of diffuse flow through a
porous medium,

Longitudinal and transverse dispersivities of the system wers set at 20 ft
and 5 £t, respectively. These values mest gridding stability criteria
recommended in Voss (1984, p. 232), where longitudinal and transverse
digpersivities are greatar than one-fourth and one-tenth of the radial
and vertical grid spacings, respectively., The validity of the porous
media properties were evaluated by means of sensitivity tests,

3. Well characteristics.--The Injection-well surface cccurs at the first
column of nodes. A depth interval of 1,150 to 2,050 ft is specified as
the length of well bore that communicates with the injection zone, The
model allocates injection flow of 1 Mgal/d (694 gal/min) over rows 1
through 12 by mobility factors that are based on cell position, relative
hydraulic conduetivity, and an element completion factor. An slement
completion factor of zaro means the well is cased off from the aquifer
in that element. A reduced permeability around the well bore can be
approximately represented by specifying a completion factor less than
one. Injection rate was lowest in the half cell at the bottom of the
casing (6 gal/min) and highest through wholae cells within the Avon Park
highly permeable zome (49 gal/min).

In addition to the Injection well, six observation wells that have 50-ft
completion intervals weras included (fig. 31). Graphs of scaled solute
concentration and hydraulic pressure in the observation wells werse used
to test the stability of the model simulation.

Mumericel Dispersion and Stabllicy

An inherent problem in mathematical models is the difficulty in applying
finite-difference methods to problems of convective transport. It is waell
known that the type of finite-difference method used can introduce mmerical
dispersion caused by truncation error that is virtually indistinguishable from
physical dispersion (Lantz, 1970; INTERCOMP Resource Development and
Engineering, Inc., 1976; and Kipp, 1986a). Compounding this problem are
spatial and temporal instabilities, represented by oscillations in the flow
and concentration fields, which may persist without growth or decay.

Numerical dispersion and stability can be controlled through judicious
selection of finite-difference approximation methods and adherence to sparial
and temporal subdivision eriteria. Under selected methods, the magnituda of
the truncation error is a function of the Darclan velocity, size of time step,
and element size. Stabllity is a function of the pore velocity, size of time
step, element slze, and dispersivity. Stability in the radial injection model
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requires small elsments near the well and small time steps early in the
simulation to adequately portray rapidly changing pressures and concentra-
tions. As the simulation progresses, a constant-velocity flow field is estab-
lished and the solute front is distributed over a much larger cylindrical

. face. Velocity and concentration changes reduce as the simulation progresses;
-hence, the time step may be increased as the simulation progresses, and
element size may be snlarged in proportion to the radial distance from the
injection well,

Guidelines for selecting various combinations of finite-difference
approximation methods are summarized by INTERCOMP Resource Development and
Engineering, Inc. (1976, p. 5.5). The centered-in-space (CIS) and centered-
in-tima (CIT) combination is desirable in that there is no truncation errecr
and, therefore, no numerical dispersion. Stability problems in the solution
may arise if the ratio of time step to element size becomes too large at a
specific pore velocity. The backward-in-space (BIS) and backward-in-time
(BIT) combination always produces a stabla solution; however, numerical dis-
persion may produce severe srrors due to truncation of the time and space
derivatives. Use of a CIS-BIT combination removes spatial but not temporal
truncation error and can be unstable if spatial discretization dispersivity
guidelines are not met. Using thes BIS-CIT combination remcves temporal (but
not spatial) truncation error and can be unstable if the ratio of time step to
block size is too large,.

Model runs were made to test how different combinations of finite-
difference approximation methods would control numerical dispersion and sta-
bility of the model solution. Initially, a CIS-CIT coubination was employed
under the assumption that mumerical dispersion would be eliminated and a
stable sclution would be obtained. Aftar many tuns, it was determined that,
regardiess of the time and spatial subdivisions used, a stable soclution could
not be achieved. When time steps were too large, divergent oscillations in
the pressure and sclute-concentration fields were apparent, and the model
would exceed the specifisd maximum iteraticns allowed for a cycle at a given
time plane. When time steps were very small (0.000001 to 0.0001 day),
oscillations did not expand; however, the model computations would take
several days of computar time to simulate sevaral hours of injection.
Apparently, the small elements near the well bore limit the time step.
Resgults of simulations that demonstrate these instabilities are shown in
figures 32 and 33,

When CIS-CIT, CIS-BIT, and BIS-BIT simulation results in figure 32 are
compared, significant differences are evident. BIS-BIT (diagram C} produces &
smooth, nonoscillatory flow field with a maximum radius of intrusion of about
2,300 fr, but the severity of trumcation error, which affects the distriburion
of soluts, is unknown. CIS-CIT (diagram A) produces a mildly oscillating flow
field with & maximum radius of intrusion of about 2,700 ft. Instability
denoted by the flow field is severe In both permeable units of the injection
Zone between radii of 200 and 700 ft whera grid spacing ranges from 29 to 50
ft. The instability under CIT apparently produces more dispersion of the
solute distribution than doss trumcation error under BIT. CIS-BIT (diagram B)
produces a thinner lens of injectant when compared to BIS-BIT, which indicates
that some improvement is achieved by eliminating spatial truncation error.
INTERCOMP Resource Development and Engineering, Inc. (1976, p. 4.43), suggests
that the density Influence may be so dominant that truncation error is
overshadowed by convection.
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EXPLANATION

——0.0— UNE OF EQUAL SCALED SOLUTE CONCEN- -
TRATION--Shows scaled salute conemntration
repraenting me fraction of wastewalsr ols.
tributea radisly around & well injesting 10
million gakons per day tor 10 years. Nlervak
9.1, or 10 percent

erraeerene FLOW FIELD--Shows dhrection of ground-water
Tow .

Figure 32.--Radial sections showing the flow field and scaled solute
concentration using various finite-difference methods.
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SCALED-SOLUTE CONCENTRATION, IN PERCENT
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Figure 33.--Simulated scaled solute concentrations in six observation wells--

a comparison of finite-differsnce methods.
locations of wells within modal grid.)
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Figure 33 shows how concentrations vary with time at six points (simulat-
ed wells) within flow flelds simulated using CIS-BIT and CIS-CIT combinations
of finite-difference approximation methods. The curves all show first occur-
rences of solute, rapid rises in concentration to some breakthrough regiom,
and maximm scaled solute concentrations. First occurrence times under the
GI5-CIT method are sightly mora thah half those simulated under the CIS-BIT
method. The largast difference in the first occurrence time ls 253 days at
well 7. The arrival time is &34 days when the CIS-CIT method (diagram B) is
used, compared to 687 days for the CIS-BIT method (diagram A). Breakthrough

curves also appear to be influenced by the CIS-CIT osclllating flow field in

that breaks in slope are not as sharp as in the CIS-BIT uniform flow field.
Breakthrough occurs earlier under the CIS-BIT method close to the Injectiom
wall and earlier under the CIS-CIT method baeyond about 350 £t, which indicates
that the zone of severesst oscillation retards breakthrough near the wall and
accelerates breakthrough in distant regiens. Maximum concentrations for wells
2, 5, 6, and 7 are within 10 percent under each finite-differsnce method, and
at well 4, the CIS-CIT and CIS-BIT concentrations peak after about 50 to 75

days at 57 and 84 percent, respectively. During early time, concentratlions at

well 2 Increase steadily and then peak as bouyancy operates to truncate the
rise and eventually dilute the initial slug of injectant. Although it camnot
be seen on the graphs in figure 33, the CIS-BIT plots (diagram 4) are smooth
curves through 333 points, whereas the CIS-CIT plots (diagram B) are
sawtoothed (oscillatory) curves through 14,135 points. The numbers of points
represent time steps required for the simulation. The scale of escillations
is on the order of one-hundredth of 1 percent. The instability percentage is
small, but when it is multiplied through thousands of time steps, the additive
smearing of the solute distribution may be large.

The distributions of scalad solute concentrations simulated under the
various finite-difference approximation methods do not vary graatly, indicat-
ing that each combination of methods produces an accepteble gelution. The
time that it takes to complete a 10-yr, 1l-Mgal/d injaction simulation,
however, is an important medeling consideration. Following is a comparison of
the number of time steps and central processing time of the varlous finite-
difference approximation methods operated on a PRIME 9955 computer systenm.

Number of Cantral
Finite-difference Rangs of time steps procassing
approximation time steps required for unit time
method === _(dayg =~ _solution = (minukes)
CIS-CIT 0.00001-1 14,135 5,500
BIS-BIT .0001-20 327 130
CIS-BIT .0001-36 244 83
BIS-CIT .0001-.01  about 3,000 (abort) 927

For the specified finite-difference grid, the CIS-BIT method minimized
numerical dispersion and oscillation and requirad fewer time steps and, thus,
less computer time than other methods., The BIS-CIT method always produced a
divergent sclution, which rasulted in abnormal termination of model runs
before one-half day of simulation had been completed.

A separate model run was made by using SUTRA to sse if HST3D produced

unreasonably severs error caused by oscillatory instabilities using CIS-CIT or
numerical dispersion using CIS-BIT. SUTRA employs a hybrid finite-element and
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integrated finite-difference approximation method that utilizes "upstream
weighting,” or backward-in-space differencing (Voss, 1984). If through the
use of different numerical methods the two modals produce similar results,
then numerical errors are probably smzll. and confidencs would be gained in
the HSTID simulation. 7This emperical relation was devised in light of
difficulties perceived with the rigorous mathematical analysis of numerical
error. The distributions of scaled solute concentrations simulated in the
CIS-BIT and SUTRA runms are similar (fig. 32, diagrams B and D). The main
differsnce is that the SUTRA aimulation produced a sharper front (delineated
by closer-spaced contours) than that simulated by waing CIS-B3IT. Under SUTRA
and CI1S-BIT simulations, the zone of dispersion between the 0.1 and 0.9 scaled
solute concentrations at the top of the injection zone ranged over radial
distances of 1,400 and 1,800 ft, respactively. The similarity of results
produced by the separate models supports the credibility of the HST3D
slmilations. Sensitivity analyses and predictive simulations in the fellowing
sections of the report are based on CIS-BIT methods because processing time 1s
minimized.

Sensitivity Anaslvsis

Tests were made of the model’s sensitivity to changes of physical and
hydraulic propertiea by varying one input parameter at a time over a reasom-
able range and then simulating 10 yr of injecting 1 Mgal/d. A sensitivitcy
tast of the model, therefora, is used as a tool for demonstrating which prop-
erties or characteristics have the most effect on tha moveament of injectants.
Properties that greatly affect the simulated distribution of solute should be
measured as accurately as possible in data-collection programs.

Results of sensitivity tests are shown in figure 34 as scaled solute-
concentration distributions. The 0.1 and 0.9 linas of equal scaled solute
concentration, derived from the previously described beat-estimate model, are
superimposed for comparison. The sensitivity test results are summarized in
table 9, which lists simulated lateral and upward distances of injectant
movement.

1. Porosity.--Porosity of the injection zone was sat at 0.075 and 0.3 to
bracket the best estimate of 0,15, The ratio of permeability to poros-
ity controls velocity of injectant flow and, hence, the rate of asolute
transport. High porosity produces a low velocity because it increases
the cross-sectionsl arsa through which flow occurs. Correspondingly, it
simply takes a longer time to raplace the large volume of nativa water
in a given volume of aquifer. Low porosity has the opposite effect.
Figure 34 (diagramws 4 and B) and table % indicate that lateral movement
of injectant is very sensitive to porosity. The range in lateral move-
ment betwean 1,700 and 3,000 ft was produced over a range in porosity
from 0.3 te 0.075,

2. Dispersivity,--Dispersivity is a scale-dependent propsrty of the porous
medium that controls dispersion of the Injected fluid. Transverse dis-
persivity was increased from 5 £t in the best-estimate modal to 50 ft,
and longitudinal dispersivity was varied between 5 and 50 ft with
respect to 20 ft in the best-estimats model. & fourth tast was made
with zero dispersivicty. The resulting scaled solute-concentration
distributions (fig. 34, diagrams ¢, D, E, and F; and table 9) show
thicker and wider (mors dispersed) spreads of injectant when transverse
and longitudinal dispersivities are increased, respectively, When

73



[Ciiene MoPseks - U, Gelogical Rk 90-708 17 B ]

dispersivities are lowerad, there 1s less dispersion, which results in a
narrowing of the transition zone between the injectant and native
formation water. Under zero dispersivity, the modal would be expected
to simulate a sharp interface, Simulation of a transition zone several
cells wide in diagram [ may provide a clues as to the degree of temporal-
truncation error inherent in the centered-in-space and backward-in-time
finite-differance approximation. Although the low-dispersivity
conditions violate rules-of-thumb, which guarantee spatial stabilicy,
the model seems to have achieved valid solutions. Vertical and lateral
movement of the Iinjectant front does not appear to be very sensitive to
the narrow range of dispersivity tested; however, dispersivity is a
major control on the distribution of sclute within the injectant lens.

3. Spatial subdivision.--The model grid was made finer to see if this change
would affect the distribution of scaled solute concentration. First,
the grid was increased to 127 columns in the radial direction to halve
grid spacing in the zons between 100 and 700 £t. This includes the area
where oscillations in the flow field were seen (fig. 32), The modal was
run under CIS-CIT differencing and the resulting flow field and scaled
solute plots were similar to those shown In figure 32, Next, the grid
was increased to 53 rows (maintaining 127 columns) to check the model’'s
sensitivity to vertical discretization. The model was run under CIS-BIT
diffsrencing and the reasulting plot of scaled solute concentration was
similar to that of thes best-astimate model (fig. 34, diagram G.

CPU time increased from 83 mimutes to 2,126 minutes and time steps
increased from 244 to 856. It was concluded that the 27 by 98 grid is
adequate and the model is not significantly improved by finer
subdiviasion,

4. Vertical flow conditions.--The modal doss not account for natural upward
flow in the hydrologic system, although the potantial for such flow is
evident from the many deep flowing wells and very saline springs in and
near the study area. A test of the model’'s sensitivity to those condi-
tions was made by increasing ths model-computed pressure at the bottom
of the model from 912.4 to 916.8 1b/in?. This is equivalent to imposing
a head difference of sbout 10 £t between the bottom and top of the
model. Compared to the best-estimate nonartesian model (fig. 34,
diagram [] and table %), the injectant would move about 40 ft highar (200
ft compared to 160 £t) and S0 ft less laterally (2,250 ft compared to
2,300 ft) under conditions of matural upward flow after 10 yr.

5. Rydraulic conductivity of the semiconfining unit.--The lower Suwannea-
Ocala semiconfining unit caps the injsction zona, thereby restricting
upward movement of injected wastewater, Sensitivity tests included
varying the vertical and horizontal hydraulic conductivities between
0.01 and 1 ft/d to bracket the best-estimate model value of 0.1 ft/d.
The rate of upward movement of injectant through the semiconfining unit
(fig. 34, diagrams ] and J; &nd table 9) is sensitive to changes in
hydraulic conductivity within the plausible range. Injectant would
move upward only about 100 £t under tightly confined conditions and

completely through the 350-ft thick unit if hydraulic conductivity was 1
fr/d.
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Table 9.--Results of sepnsitivicy tests

[ft/d, feet per day; lb/in3, pound per square inch)
Injectant
Diagram movement?
in Parameter! Lateral® Upward?®
flgure 34 (feet) {feat}
-- Best-estimate model -------ccmsmmmmmmmciuaatan 2,300 160
A Injection zone porosity —~ 0.075 (0.15) ----.--- 3,000 160
B Injection zone porosity « 0.3 (0.15) --------- 1,700 1690
4 Transverss dispersivity = 50 feet (5 feet) --- 2,100 200
D Longitudinal dispersivity = 50 feet
(20 feet) ------=ccemmmcer-n- LR LR 2,400 200
E Longitudinal dispersivity = 5 feet (20 feet) - 2,200, 150
F Dispersivity = 0.0 --vr--a-vamcenoanan Semmvaou
G Modal grid 53x127 (27%x98) -------ccccecu veonnn 2,400 170
H Incraase pressure at bottom of model to
916.8 1b/in? (912.4 1b/in?) -c-ccmmmnoaonnoo 2,250 200
I Hydraulic conductivity of semiconfining unit
- 0.01 ft/d (0,1 f£/d) ------c-wevmcncnacnann 2,300 100
J Hydraulic conductivity of semiconfining unit
=1 ft/d (0.1 ££/d) ~----meememmmmm—aiaen L 2,100 >350
K Hydraulic conduectivity of injection zone =
[ B et R L EEE L L 2,000 170
L Hydraulic conduetivity of injection zone -
‘ 2X ------emescse-or-sdsssssmem e — e —aen—aa. 2,700 160
M Vertical:horizontal anisotropy = 1.5 (1:1) --- 2,200 150
N Porous-medium compressibility = 10x ------v--- 2,100 150
-- Forous-medium compressibility — 0.1x --------- 2,300 180
-- Boundary of inner aquifer region = 4,000 feat
(3,000 feat) --=s==ss-mmmme-memcaneaioaaaaas 2,300 150
- Thickness of outer aquifer region = 2,000 feet
(1,300 faet) ---ecvev-cvccmvceocercnneaanans 2,300 160

lparameter in parentheses is value used in the best-estimate model.

2Freshwater injected into vary salinea between dapths of 1,150 feet and

2,050 feet &t a rate of 1 Mgal/d for 10 yr.

3Represents maximum distance of the 0.1 scaled solute concentration line

I

outward from the injection well. The modal iz sensitive to parameter changes
that produce lateral movement less than 2,050 feet or mors than 2,550 feet,

'‘Represents maximum distance of the 0.1 scaled solute
‘upwdrd above the top of the injection zone at 1,100 fest.

79

concentration line

The model is
sensitive to parameter changes that produce upward movenment above 190 feet.



-709. if

_ Page 88|

6. Hydraulic conductivity of the injection zone.--Sensitivity tests included
halving and doubling vertical and horlzontal hydraulie conductivities of
the Ocala-Avon Park moderately permeable zone and the Avon Park highly
permeabla zone (fig. 34, diagrams K and L; and table 9). These changes
produced approximately the same results as the porosity sensitivity
tests. Although approximatsly the same volumes of aquifer are contami-
nated with the injectant, compared to the best-estimate model, the
distribution of the soluta has changed, Reducing hydraulic conductivity
results in a thick snub-nosed concentration front, which apparently is
caused by ratardatfon of bouyancy. Inereasing hydraulic conductivity
produces a thin lsns at the top of the injection reservolr due to
enhanced bouyancy. Because hydraulic conductivity may vary over an
order of magnitude, it is potentially a more Iimportant parametar than is
porosity, which probably lies within a falrly narrow range.

7. Vertical-horizontal anisotropy.--Anisotropy can influence hydraulic prop-
-ertias of sedimentary aquifer systems. Hickey (1939) introduced
vertical-horizontal anisotropy as & 1:3 ratio in an injection study of a

- carbonate system in Pinellas County. A test was made of the sensitivity
of the model to anisotropy by setting vertical hydraulle conductivity of
all zones at one-fifth the horizontal hydraulie conductivity. The
resulting scaled solute-concentration distribution (fig. 34, diagram M;
and table 9) varies slightly from the isotropic best-estimate model in
that upward movement of Injectant is reduced from 160 to 150 ft. The
gensitivity analysis demonstrates that anisotropy inhibits upward
movement of bouyant wastewaters, but the model is relatively insensitive
to changes in the ratio.

8. Porous medium compressibility.--Vertical compressibility is a model input
parameter that controls the degree to which stress varles storage within
the hydrogeologic system. Injection increases hydraulic head, lowers
affective stress borme by the granular skeleton of thse porous medium,
and causes expansion of pores and an associated increase in porosicy.
Therefore, it may bs anticipated that increasing the matrix compressi-
bility will actenuate the injectant plume and reducing compressibility
will expand it, Results of such smensitivity tests (fig, 34, diagram N;
and table 9) demcnatrate that a tenfold reduction and increass in com-
pressibility produces little change in the distribution of the scaled
solute concentration. The model is not sensitive to large changes in
compreasibility, probably because of the relatively small maximum pres-
sure changs of 5 1b/in? imposed on the system at the wall bore.
Although the percent change In pore volume is very small, it will be
mumerically large over a large regiom.

9. Radial boundary conditions.--Tests were made to assess the sensitivity of
the model to changes in dimensions of the outer and inner aquifer
region. The first test consiated of changing the thickness of the outer
aquifer region frem 1,300 to 2,000 ft. A second tast was then conducted
by changing the radius ¢f the immer aquifer region from 3,000 to 4,000
£t and increasing the radfal grid from 98 to 113 columns, Neither taest
produced a noticeable change in the distribution of the scaled solute
concentration, as indicated in table 9. Because the model is
insensitive to changes in radial boundary conditions, those of the best-
astimate model were deemed to be adequate,
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Limdtations of the Model Application

A conceptual approach to solute-transport modeling was usad in the
application of this model. The hydrogeologic system was conceptualized, its
properties identified and estimated, and it was transformed into the mathemat-
jcal analog. The mathematical model approximates the physical processes that
control the concaptual model, but it 1s only an approximate representation of
the prototype hydrogeologic system.

The hydrogeology has been simplified to the extent that zn operational
mathematical model could be constructed, Hydrogeclogic data from several
gources within and near the study reglon were used to comstruct a model that
simulates injection through a representative well. Resulta should not be
construed as valid for a specific injection site. Also, because the model was
not calibrated against cbssrved distributions of solute and pressure, a sensi-
tivicy approach was reljied upon to test the reliability of a best-estimate
model. :

_Two limitations are recognized that could considerably reduce confidence
in gimulated results. The first 1s that the aimulated hydrogeologlc system is
represented as a porous medium rather than a bleck and fracture systam with
dual porosity. Hickey (1989) used the parent INTERCOMP model to simulate
observed preasures and concentrations in the highly fractured aystem in
Pinellas County. He concluded that the system responded to injection stresses
a3 an equivalent porous medium. Injection in the study area is into the zame
zone of crystalline dolomite, although it is less transmissive and appears in
borehole video surveys to be less fractured than in Pinellas County.

A second important limitation is the assumption that ragional horizomtal
flow is negligibla. The magnitude of the regional lateral flow may be esti-
mated using Darcy’s equation:

v = (K I)/n, (L
where average linear velocity, i{n ft per day;
horfzontal hydraulic conductivity, in ft per day;
hydraulic gradient, In ft per f£t; and

v
K
I
u = porosity.

For the Ocala-Avon Park moderately permeable zone, where the injectant accumu-
lates, horizontal velocity is about 0.06 ft/d, based on K of 25 ft/d, n of
0.15, and I of 0.0004 ft/ft (2 ft/ml). After 10 yr, the injectant fromt woulad
move about 200 ft farther downgradient and 200 £t less upgradient, thereby
shifting an otherwise radially symmaetrical lens of injectant downgradient.
The shift is small compared to tha 2,300-ft simulated radial spread.
Injection near a discharge point, such as Warm Mineral Springs where the
hydraulic gradient is steep, may considerably altar the configuratien of the
injectant lems. For much of the area, the gradient is uniform and relatively
low; therefora, regional flow will not greatly affect the shape and positien
of the injectant lens.
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Potential Impacts of Injection

The solute-transport model was used to simulate the hydrologic system's
response to wastewater injection. Objectives of this predictive modeling
phase were to assess the potentlal for upward movement of injectant to potable
aquifers and lateral movement outward from finjection wells. A single-well
modea) wes used to represent local flow and transport given a range of
estimated or measured input values. Results were used to assess potential
regional movement of injected wastewater from existing and proposed wells in
the study area. The modal-input file 1s listed in Appendix A.

Combinations of assumed hydrologic conditions and injection-well designs
and operations that were simulated include: '

1. Injecting through an ldeal well that fully penetrates the injection zone
to assess system response to a highly efficient injection system.

2. Injecting through single wells with various cased and open-hole sections
to test a variety of well designs.

3. Injecting through a single well beneath a well fleld where pumping for
reverse-osmosis product water increases the potential for upward leakage
of injectant. '

4. TInjecting through an array of 10 wasta-disposal wells proposed for the
study area and nearby communities to estimate the potential areal spread
of injected wastewater.

Interpretation of modal results includss assessment of the direction of flow
and the concentration of injectant. The injactant front is considered to
occur where the scaled solute concentration in the formation fg 0.1, or 10
percent of injected watexr. Results are used to provide guidelines for
injection and monitor-well construction and calculation of travel times.

Injection Through an Ideal Well

The ideal injection well Ls defined as cased from land surface through
the lower Suwannee-Ocala semiconfining unit, with the open-hole section fully
penetrating the injection zone. The well would have a 1-ft radius, about
1,150 ft of casing, and be about 2,050 ft deep. The model simulated injection
through an ideal well to define the developmant and expansion of a lens of
relatively fresh wastewater. Figure 35 illustrates the scaled solute
concentration in the ground-water flow fileld after ) (diagram A) and 10
(diagram B) yr of injection at a rate of 1 Mgal/d and then 10 yr after ceasing
injection (diagram E). Also shown are scaled solute concentratlon diagrams
that represent injection of 2 Mgal/d for 10 yr (diagram D) and 1 Mgal/d for 20
yxr (diagram g).

Couvection caused by the density contrast between the Injected freshwater
and native saltwater 1s readily evident from the direction of movement in the
flow field in figure 35 (diagrams A and B). After 1 year, a convection cell
in the flow fleld is well defined, with buoyant wastewater pooled about the
base of the lower Suwannee-Ocala semiconfining unit and denser formation water
moving toward the bottom of the well (fig. 35, diagram 4). The injectant
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moved about 75 ft above the top of the injection zone to a depth of 1,025 ft.
After 10 yr, the lens has extended outward to a radius of 2,300 ft and moved
upward about 160 £t Into the semiconfining unit te a depth of 940 £t (fig. 35,
diagram B). Pressurs build-up was a maximum of 5 1b/in? at the bottom of the
casing. At a radius of 500 fr, the maximue build-up was 4 lb/in? at the top
of the injection zome. During the periods of 1 - 20 and 10 - 20 yr, the
simulated injectant front moved upward from 1,025 to 850 ft and 940 to 850 ft,
respectively (compare diagrams A and C, B and G, fig. 35). The computed
steady-state rate of upward movement 1Is 0.025 ft/d, or 9 ft/yr. Because
vertical movement through the semiconfining unit is a function of hydraulic
conductivity, the rate of upward movement could likely vary over an order-of-
magnitude range as indicated by the range in hydraulle conductivities listed
in table 7.

Model simulations indicate that the injectant moves 75 ft upward in the
first year, and afterwards the steady rate of upward movement is 9 ft/yr. At
this rate it would take about 31 yr for the injectant to move through the 350-
ft-thick semiconfining unit to the Suwannee permesable zome. ‘A 31l-year
simulation indicated that indeed the injectant had moved to the top of the
semiconfining unit, Injecting at a rate of 2 Mgal/d for 10 yr produces a lens -
with a radius of about 2,900 ft (fig. 35, diagram D)., Compared to the
1.Mgal/d- for-10-yr injesction scenario, the simulated 2-Mgal/d lens moves
upward about 30 additional ft, and the radial area of spread incresases from
about 0.6 te 1 mi? (compare diagrams B and D, fig. 35).

]

Vertical and horizontal movement proceeds even after injection stops.
The simulated front moves up from 940 to 900 £t and outward from 2,300 to
2,900 £t in the 10-year interval following injection (fig. 35, diagram E).
The steady-state rate of upward movement under buoyant flow conditions with no
injection is 0.011 ft/d, or 4 ft/yr. Model results indicate that, if
injection were stopped after 10 yr, injectant could travel from 940 to 730 ft
to reach the Suwannee permeable zone about 48 yr after injection ceasged.

Significance of Injection Well Design

The cost of a 1,500-ft deep, 12-in. diameter injection well and monitor-
well system is sbout $1 million (R.L. Westly, Law Environmental, Inc., oral
commun., 1988). Regulations require that the injaction tubing be doubly cased
through zones that contain water with less than 10,000 mg/L of dissolved
solids and that the well be tested for mechanical integrity. The cost given
abova includes the cost of designing and testing the injection wells. A
review of initial designs for 12 of the 13 injection wells in figure 5
indicated that thege designs generally propese injection through a partially
penscrating well that is cased through the lower Suwannee-Ocala semiconfining
unit to the first permeabls zome containing water with greatar than 10,000
mg/L dissolved solids. In the study area, this zone often cccurs in the lower
part of the Ocala Limestone. The Florida Department of Envirormental Regula-
tion (FDER) Technical Advisory Committee for underground injection control
that reviews the designs often recommends that wells fully penetrate or be
cased to the Avon Park highly permeable dolomite, which substantially
increases construction costs.
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Figure 36 shows a comparison of model-simulated transport of relatively
fresh wastewater injected in the study area at a rate of 1 Mgal/d for 10 yr
under two well designa: (1) 1,400 £t deep with 1,150 ft of casing and open to
the Ocala-Avon Park moderately psrmeable zone (diagram 4), and (2) 2,050 ft
deep with 1,450 fr of casing and open to the Avon Park highly permeable zone
(diagram B). Results of each simulation also are compared to the ideal, fully
penetrating well medel defined previously. The figure shows that the
telatively bucyant injectant forms a cireular lens around the injection well.
Approximate dimensions of each lens and position of its top within the lower
Suwannee-Ocala semiconfining unit after.10 yr of injection are compared as
follows:

Open-hole interval of injsction well

—mmeed EE below land surface)
©1,150-1.400 1,150-2 050 1,450-2,050

Maximum radius of lens (ft} -------- 2,280 2,300 2,320
Thickness of lens at 1,000-ft

radiug (ft) -eeeareemccacccrareoaaa 525 570 570
Depth to top of lens (££) ---v------ 290 940 950

Upward movemsnt through
semiconfining unit (f£) -----c---- 210 180 150

Pregsure bulld-up at bottom of
casing (1b/in?) -------vcemeccaanaan- 9.1 3.1 2.7

Presgsure build-up at 500-ft radius
and depth of 1,150 ft (Ib/in?) - 4.1 4.1 4.0

Conclusions drawn from the model simulations are that the configuration
and position of the lens are not greatly affaected by well constructionm.
Although the deeply cased well (1,450-2,050 ft) injects into the lower part of
the injection zone, convective forces dus to density contrascs buoy the
injectant above the bottom of the casing to the lower Suwarmee-Ocala semicon-
fining unit, which partially comstrains end flattens the lens. The short-
cased well (1,150-1,400 ft) injects a lens that i1s configured similarly to
both the deeply cased well and the fdeal well. The main differences are that
the top of the injectant lens is about 60 ft higher and the injectant is more
concentrated around the short-cased well than arcund the deeply cased well.
Injection pressures would be highest in the short-cased well because the
injection interval is less transmissive than the other two well configura-
tions. Preassure bulld-up in the injection zons is not affacted by well
design, as indicated by the equivalent pressure bulld up of 4 1b/in? at the
top of the zone at a radius of 500 ft under each well design.
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Figure 36.--Radial sections showing the simulated concentration of injected
wastewater as influenced by wall construction.
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Travel time of the injectant front from the injection zone through the
lower Suwannee-Ocala semiconfining unit to the potable water-bearing Suwannee
permeable zone varies slightly with casing depth. Under the previously da-
scribed ideal well conditlons, the steady-state upward rate of movement was 9
ft/yr, and estimated travel time was about 31 yr. Analogous travel times for
shallow-cased and deep-cased wells are estimated to be 26 and 32 yr,
ragpectively,

Injecting Beneath a Reverse-Osmosis Supply Fisld

The study area encompasses four sites where reverse-osmosls wastewater is
injected directly bslow a well field, which draws feed water from the Suwannee
permeable zone. Pumping for supply lowers head (pressure) at the bottom of
the Suwannee parmeable zone, which coincidas with the top of the injection
model, There is potential for a significant increase in upward movement of
injectant from the Injection zome through the lower Suwannee-Ocala semiconfin-
ing unit to the Suwanmnee permeable zZonma. A model simulation was made to
assess this potential effect.

. Tha model was originally set up to simulata injecting 1 Mgal/d as treated
sewage with physical properties similar to freshwater. To simulate pumping
from a wall field, the constant pressure at the top of the model was reduced
from 333 to 325 1b/in? to represent a drawdown of 20 ft at the top of the
semiconfining unit. Other differences are that density of the Injectant was
increased from 62.4 (frashwater) to 63.0 1b/ft® (moderately saline reverss-
osmosls wastewater) and increasing viscosity from 0.9039 to 0.9289 cantipoise
to approximate the physical characteristics of the rsject water, which had a
dissolved-solids concentration of about 14,000 mg/L. These changes were
raquired because the best-estimate wodel was based on physlcal characterigtics
of relatively frash treated sewage.

Flgure 37 shows the radial distribution of injected reverse-osmosis
wastewatar simulated by the model after injecting 1 Mgal/d for 10 yr. The 0.1
and 0.9 scaled solute concentrations simulated previcusly for the ideal
Injection well are superimposed for comparative purposes, Results indicate
that, even though the injectant Is moderately saline, it ls relatively buoyant
in the very saline injection zone. A 20-ft reduction in head that may bs
caused by pumping for reverse-osmosis supply would induce upward movement
through the lower Suwannee-Ocala semiconfining unit. The simulation results
indicate that the front would move upward into the semiconfining unit to =&
depth of 860 ft, or about 80 ft higher during the same period than at a site
where lass dense treated sewage was Iinjected with no pumping from above the
injection zona,

Areal Effect of Proposed Injaction

Seven active and proposed fnjection sites within the study area were
shown to have a combined projscted injection capacity of 28.8 Mgal/d (tahle
2). Injection capacities range from a low of 0.8 Mgal/d at Plantatjon to a
high of 14 Mgal/d at the proposed West Port site (table 2}, An objective of
this study was to estimate what the areal spread of injected wastawater might
be with all sites fully operatiomal. To achieve this goal, the ideal single-
well radial medel was usad to draw inferences about the fate of injacted Fluid
at the seven injection sites withir the study area injecting 28.8 Mgal/d and
three sites fust to the north and south of the study area Iinjescting 10 Mgal/d.
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Figure 37.--Radial saction showing the simulated conceutration of reverse-
osmosis wastewater injected beneath a supply field where pumping
strese Iincreases upward movement of the injectant.
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it was shown earlier that, after 10 yr of injecting 1 Mgal/d, fluild would
rise to the top of the injection zone and form a lens sbout 6§00 ft thick and
have a radius of about 2,300 ft. The areal spread of such a lens is a
approximately 0.6 mi?. Assuming there is direct proportiocnality between
injection rate and area of spread, the l4-Mgal/d site should be underlain by a
lens 600 ft thick and spread over an area of about 8.4 mi?., The method of
linear sxtrapolation was used to roughly approximate the potential spread of
injectant around the 10 injection sites within and near the study aresa, as
depicted in figure 38. The figure gives some Insight as to what the lateral
extent of injectant in the system would be if all wells began Injecting at the
game time and operated at projacted maximum capacities for 10 yr. Approxi-
mately 17 mi?, or 7 percent, of the 250-mi? study area would be underlain by
injected wastewater., Areas would be doubled for a 20-year projection.
Although the spread of Injectant 1s delineated by clrcles on the figure, it
should bs noted that regional lateral flow in the injecticn zone would tend te
distort them. Reglonal lateral flow, estimated previously to be 0.06 ft/d,
would tend to offset and distort the eircles about 200 ft to the west, or
downgradlent as indicated by figure 17. Injected sewage at North Port has the
potential for meving northward to Warm Mineral Springs, but should be detected
years beforehand in the satellite monitor well (index no. 58 in fig. 6 and
table 3) between the injection well and the spring.

GROUND-WATER QUALITY PROBLEMS AND SOME MANAGEMENT CONSIDERATICNS

A diveraity of potential water-quality problems arises due te both
natural phenomena and human activity. Shallow freshwater that is used primar-
ily for public supplies and irrigation is subject to contamination by upconing
of saline water beneath pumping centers and through sbandoned or improperly
constructed artesian wells. Contamination also may cccur naturally, as much
of the land is low lying and subject to tidal flooding. Slightly to moderate-
ly saline ground water, tapped by irrigation and reverse-osmosis supply wells,
is subject to contamination by upconing of very saline water induced by pump-
ing, especilally where the underlying water 1s unconfined. Model results imply
that upconing may be accelerated by injecting wastewater through deep wells,
thereby forcing very saline water upward in areas of pressure buildup. Deep,
very saline water, although it is an unused resource, may be contaminated by
the injection of nutrient-rich treated sewage and radium-rich reverse-osmosis
wastawater. :

Local and State agencies manage the hydrologic system through a system of
regulation, permitting, and conformance monitoring. Regular observations of
water quality and water levels commonly are required and actions are taken to
corract or mitigate imminent problems. Water-use permits are issued by the
Southwest Florida Water Management District on the basis of projected draw-
down, or the effect that pumping might have on encroachment of very saline
water, When water levels decline below those specifiad in the permit, or
water-quality constraints are exceeded, pumping restrictions may be imposed.
Sarasota County further requires that frrigation wells be deaply cased to
presaerve the freshest water for public supply and that municipalities that own
public-supply well fields maintain water level and water-quality observationm-
well networks. The Southwest Florida Water Managemsnt District additionally
has established the previously described ROMP network of permanent observation
wells and is plugging uncontrolled flowing artesian wells as part of its QWIP.
Reverse-osmosis source water is contimually sampled and analyzed out of
concern that high comcentrations of dissolved solids will require the
conversion of low pressure systems to more expensive high pressure systems.

89



| Cylene McPeeks - U.S. Geological Rpt, 90-700.1if

C gr32 30 S 2 - —=
T7%g Tt/ J ' I
~2.500
* SARASOTA o~
]
5 R é‘} 1 |
&) | MANATEE COUNTY
$ SARASCTA COUNTY
10 0 (/) |
10/2.8
3,700
Sperings
oS i
9/LaOOa/n.a 9§ /\O\,
IWe . 200 1 Jo NORTH PORT
Y EOONTY
3 R e T s e Y T oA
\ Viiy

=<0 -
EXPALANATION
INJECTION SITE--Upper numbgers
8/0. repressat map numoers and mHUNeR\\ >
Ty gallens par day Injestica rate i (
2,100 tadle 2, Lowes sumber s radius of

O » girele deiinsating entent of ihe
injestant isne in feet, a5 sinuinted
Dy the Wmoded

sof-
[+] 5 MILES
eyl
0 "S5 VRLOMETERS
26%5 L 1

i

Figure 38,--Estimated areal spread of wastewater after 10 years of injection

at projected rates.

90

. Page 98]



[Cylene McPeeks - U.S. Geological Rpt. 90-709.4if e, Page 9D

Injectlion of wastewater is managed by the Florida Department of Environmental
Regulation, which requires that: (1) permittees demonstrate that the well
will not be damaged by a multiple of the anticipated injection pressure, (2)
there is an altarnate method of disposal if the injection well fails, (3) the
injection zone contains water having 10,000 mg/L or greater dissolved-solids
concentration and is adequately confined so that upward movement will be
prevanted, and (4) water levels and water quality in the permeable zone above
the injection zone be monitorsd periodically to provide advance warning of
injectant movement toward formations that contain potable water.

This report provides information that may be useful for management of
ground-water resources, especlally with respect to wastawater injection. Maps
of the hydrogeoclogic framework and water quality of the injection zone may aid
in siting injection wells and estimating casing depths. Model simulations
indicate that construction of a shallow, partially penetrating injsction well
dees not greatly alter the distribution of Injected fluid or rate of upward
movement compared to the more expensive, fully penetrating or deeply cased
well. Injecting baneath a reverse-osmosis supply well field would accelerate
upward movement of wastewater. Modeling can provide insight in selacting
locations of obgervation wells and for designing sampling programs. Simula-
tions show that the best place to monitor movement is in the upper part of the
injection zone becauss the injectant is relatively bouyant and tends to form a
lens that is partly constrained by the lower Suwamee-Ocala semiconfining unit
from rising further. Model-simulated movement of the lems of injsctant shows
that it probably will take mors than 20 yr for the Injectant to travel 4,000
fc from a 1-Mgal/d injection well. This would suggest that an observation
well located at a distance less than 2,000 ft from the injection well would be
required to monitor movement within the first 10 yr of operation. However, it
should be noted that the rate of upward movement at a representative injection
site is about 9 ft/yr in the lowar Suwannee-Ocala semiconfining unit, as
simulated by the model, Therafore, the lower Suwannee-Ocala semiconfining
unit slows but does not prevent injected fluid movement into the overlying
frashwater aquifers,

SUMMARY AND CONCLUSIONS

The 250-mi? area of southwest Sarasota and west Charlotte Counties is
underlain by a complex hydrogeologic system that contains water with a wide
variation in quality. <Conditions or actions that could alter ground-watasr
quality include flooding by storm tidas, upward movement of poor quality water
toward pumping centers from deep zones by leakage or by short cireult through
uncasad or lmpropsrly constructed and abandoned artesian wells, and lateral
and vertical movemsnt of treated sewage and reverse-osmosis desalinization
wastewater injected into desp zones, This study has been specifically
directed toward (1) defining the hydrogeologic framework in the area, (2) des-
cribing the ground-water quality and the effacts of uncontrolled flowing
artesian wells or the quality, and (3) demoustrating the usefulness of a
solute-transport model as a tool for understanding the effects of wastewater
injection on the aquifer system. The findings of this study are briefly
summarjzed as they pertain to thesa objectives in the following paragraphs.

The Hydrogeologic Framework.--The study area is underlain by the surfi-
cial, intermediate, and Floridan aquifer systams, which contain six separate
aquifers or parmeable zones. The 50-ft thick surficial aquifer system has a
transmissivity of about 1,500 ft?/d and contains potable water in areas where
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tidal flooding does not occur. The intermediate aquifer system consiats of
permeable guartz and phosphatic sands and carbonatae deposits interlayered with
discontinuous clay confining units that separate the system Into the Tamiami-
upper Hawthorn aquifer and the lower Hawthorm-upper Tampa aquifer. The 450-
to 600-ft-thick intermediate aquifer system has a transmissivity generally
less than 10,000 ft3/d and exhibits storage characteristics of a confined
aquifer., Water in the upper part of the intermediate system is fresh. 1In the
lower part, slightly to moderately saline water is used for reverse-ocsmosis
feed water and irrigation. The Upper Floridan aquifer has a maximum thickness
of 1,600 ft within the Floridan aquifer system, and comprises four
hydrogeologic units: (1) the 250-ft-thick Suwannee permeable zome, (2) the
350-ft- thick lower Suwannee-Ocala semiconfining unit, (3) the 300-ft-thick
Ocala-Avon Park moderately permeasble zone, and (4) the 700-ft-thick Avon Park
highly permeable zene. The Suwanmee permeable zone has an approximate
transmissivity of 14,000 ft2?/d and is tapped by irrigation and reverse-ocamosis
supply wells. A 100-ft offset in a dolomitic marker bed within the zone was
mapped to portray the trace of an east-west fault through the study area. The
underlying lower Suwannee-Ocala semiconfining unit has a vertical hydraulic
conductivity of about 0.1 ft/d and generally encompasses the transition zone
batween freshwater and very saline water and may be breached by the faulr,

The lower two hydrogeologic units have hydraulic conductivitles of 25 and 100
ft/d and comprise the injection zone, which contains very saline water.

Ground-Watar Quality,.--The study area is in a coastal peninsular setting
whera a shallow freshwater lens in upper aquifars grades dcwnward and coast-
ward to very saline water. Hedian dissclved-solids concentrations were
identified as follows: (1) surficial aquifer system, less than 500 mg/L; (2)
Tamiami-upper Hawthorn aquifer, 660 mg/L; (3) composite of both aquifers of
the intermediate aquifer system, 2,170 mg/L; (4} Suwarmee permeable zone,
3,210 mg/L;: and (5) injection zone, 32,800 mg/L. Water generally grades from
a calcium sulfate type in the north to a sodium chloride typs in the south,
with chloride increasing from about 30 to 19,000 mg/L whera therea is probably
residual seawater in the system. Little Salt and Warm Mineral Springs, just
east of the study area, discharge waters similar in quality to those fn the
Suwannee permeable zone and the injection zone, respectively. Approximately
~ 100 deep uncontrolled flowing artesiasn wells that discharge continuously at

land surface or leak internally from one equifer to another have been identi-
fied in the study area. As of 1986, about half the wells that allowed upward
flow of saline water from deep zones into shallow aquifers have been plugged
as part of the Southwest Florida Water Management District’s Quality of Water
Improvement Program. Flowmeter surveys in 14 wells measured internal flow
rates in the well bore between 0 and 350 gal/min; the median flow rate was
about 10 gal/min. The higheat rates of intermal flow wers measured in the
Venice area and were not limited to a specific depth interval.

The Usefulness of a Solute-Transport Model.--The study area encompasses
seven wastewater injection sites having & projected capacity for injecting
28.8 Mgal/d of treated sewage and reverse.osmosls wastewater into the zone
1,100 vo 2,050 ft below land surface. A mumerical model of ground-water flow
and solute transport (HST3D) was used to avaluate {njection-well design and
potential for movement of injected wastewater within the hydrogeologic
framework. Various well design scenarios wera simulated with the model for a
hypothetical prototype well fnjecting 1 Mgal/d of treated sewage for 10 yr.
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The model simulated development of a convection cell around the injection
well with the relatively bouyant fresh Injectant rising to form a lens within
the injection zone below the lower Suwannee-Ocala semiconfining unit. Around
an ideal, fully penetrating well cased 50 ft into the injection zone and open
from a depth of 1,150 to 2,050 fr, simulations show that the injectant
moves upward to a depth of 940 ft, forms a lena abour 600 £t thick, and
spreads radially outward to a distance of 2,300 ft after 10 yr. The rate of
upward movement through the overlying lower Suwannee-Ocala semiconfining unit
was estimatad to be 9 ft/yr and has the potentlal to vary over an order of
magnltude range in the study area. Comparilson simulations of injection
through wells with open-depth intervals of 1,150 to 1,400 £t and 1,450 to
2,050 ft demonstrated that well construction has little effect on the areal
spread of the injectant lens or the rate and extent of upward movement, prob-
ably becauses the injection zone is very permeable. Simulations also indicated
that wastewatar injected beneath tha lower Suwannee-Ocala semiconfining unit
at a raverse-osmosis supply well field, where water levels above the semicon-
fining unit ars lowered 20 ft by pumpage, would move upward into the
semiconfining unit to a depth of 860 ft, or about 80 ft higher over the same
time period than at a site with no withdrawals above the injectlon zone.
Aresdl extrapolation of various injection rates indicated that about 7 percent
of the study area would be underlain by injected wastewater after 10 yr of
injection at the maximum projected capacity. Observation wells in the injec-
tion zone would need to be open to the upper part of the zone and located
within 2,000 ft of the injection well if movement of the injectant within the
first 10 yr of operation is to be monitored. Conclusions drawn from the
modeling are that, in general, the lower Suwannee-Ocala semiconfining unit
retards but does not prevent the upward movement of injected fluid into the
overlying freshwater aquifers.

The model analysis has demonstratad how, by using numerfical methods,
various hydrologic conditions can affect movement of wastewatar injectad into
a deep saline aquifer. Modeling is also a useful tool for design of Injection
and monitor well systems. To obtain these results through operaticonal tests
would have been coatly. The validity of computer modeling results is somewhat
lass certaln then site-specific testing, but becausa results are general, they
are transferable, Despite this reservation, the study i{s a practical example
of the application of a transport model in ground-water inveatigations.
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APPENDIX A: LISTING OF MODEL-INPUT FILE

A sample Input-data listing is provided for the predictive run whers 10
Mgal/d of treated sewage 1s injected for 10 yr. The listing contains 351
lines, of which 245 lines are comments that aid construction of the data fila.
Critical comments are keyed to input record descriptions of Kipp (1986a,

p. 189). The following order generally is observed for data inmput: (1} fund-
amental and dimensioning information, (2) spatial geometry and mesh informa-
tion, (3) fluid properties, (4) porous medium properties, (5) source informa-
tion, (6) boundary condition information, (7) initial condition information,
(8) calculation parameters, and (9) output specifications.
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SAMPLE INPUT FILE: INJECT 1 MGAL/DAY FUR 10 YEARS
THROUGH AM IDEAL, FULLY PENETRATING WELL

C.....DIMENSIONING DAIA - READL
c.1 LINE 1

17 tITE

INIECT 1 MOAL/D SENAE TNTO OCALA-ATON TARK

€.1.2 .. TITLE LINE 2

FOR 10 YEARS

€.1.3.. RESTATCE/F), TOAST

€.1.4 .. EPATSOLUTE, EXUNIY,CTLIND, SCAL; ALL (T/F)
T1’r

g.&.i?.& NX XY ,NZ, NHCN

C.1.8 .. NPTCBC,NFEC,MAIFC,NLBC,NECEG, RHEL

98028007

R

€.1.8 .. SLMETA(I) LCROSD(T/F)

€.1.9 .. IBC BY I,J.K RANGE (0.1-0.3} ,WITE O TMOD PARMMETIR, FOR EXCLUDED CELLS

o'/

€.1.10 .. mEcRO(H/P)

¢

C.....STATIC DATA - READZ
INFORMATT

INATES
.1 .. UNIGRX, UNIGRY UNIGRZ; ALL (T/F); () - NOT CYLIND [1.4]
24", %(1),%c#x; (0) ~ UMIGRX [2.2A.1]

28 .. X(I);(0) - NOT UNIGRX [2. A1

A L. Y(1),Y(NY);(0) - ONIGRY (2.3A.11

B .. Y{J}:(O) - NOT UNIGRY (1.1A.1]

A .. Z(1),Z(HZ);(0) - UMIGRL (2,2A.1]

B .., I(X);{Q) - HOT UNTGRZ {2.2a.1)
HDRICAL COORODINATES

INA’
;A .. R({1),R(HR),ARGRID(T/F);{0) ~ CYLIND [1.4)

1B .. R(I);{Q) - NOT ARGRID [2,2A.1A]; (0) = CYLIND [1.4]
1.1 1,30 1.49 L.70 1,94 2,22 2.53 180 1M
A1 A.92  3.82 8,42 7.33 B.38  9.57 10.93 12.48
18.28 18.59 21.23 Z4.24 27.89 31.52 36.12 41.23 47.11
33,80 B81.44 70.17 90.14 $1.52 104.33 119.38 136,34 135.71 177.83
203.0% 231.04 284.90 302,53 350, 400. 450, 300. 550, 600,
830, 700, 730, mO0, B30, 900, 950, 1000. 1033, 1100, .
1150 1200 1250 1300 1350 1400 1430 1500 1330 1600 1530 1704 1730 1400
1850 1900 1850 2000 2030 2100 2150 2200 2250 2300 2350 100 2430 2500
2550 2600 2650 2700 2750 2800 2830 1900 2030 3000
g .2.20.2 .. UNIGRI(T/F);(Q) ~ CYLIND (1.4]

c:%ﬂ ?A .. E(L},E(HZ);(0) ~ UNIGRZ {2.2B.3A],CYLIND [1.4]

C.2.28.38 .. I(K};{Q) = lﬂ'l.' UNIGRZ [2.2B5.3A]1,CYLIND {1.a] .

€.2.3.1 .. TILT(1/F};(0) - BOT CTLIND (1.4) '
c.2 z..m.mmz-:o:-m: [2.3.1] AND BOT CYLIND (1.4}

c.. UID PROPERTY INFCORMATION

c.z 1 .. AP

3.4

c.z .. FQ,T0,Wo, DENFO

ar 4,0

c.: . . W1, DENF1;(0) - SOLUTE [1.4]

c.2 .. HOTVG,IVPO{I),VISTFOCI), I=1 TO BOTV0;{0) ~ NEAT [1.4] OR HEAT [1.%] AND SCLDTE (1.4] CR .ROT HEAT
CAND .NOT.SOLUTE [1.4

C.2.5.2 .. WOTV1, TVIL(1), VIaTPI{I), I=1 TO NOIV1;{0) - SOLUTE !1.5] AND HEAT [1.4)

c.2 3 .. HOCV,IRVIS, cr:su) v:scma) Isl TD m.(c) = SOLUTE [1.4]

7 L9500 1 .son

C.. REFERERCE COHDITION INFORMATION

c.2 .« PAATM .

Q

c.2 .. POE, TOX

a7

C.. 1) 1]

c.2 . CP¥F.KTHF,BT;:(0) - HEAT [1.4])

c,. OLUTE INFORMA

ta:? i.um.nm.m:tm - BOLUTE [1.4]) y
c., POROUS MEDIA ZONE INFORMATIC!

Ei a . 1 {H‘IZ JLZ(IENE, Izzumz) J1Z(IPMZ), J2Z(IPMZ)  KIZ(IPMZ) K2Z{IPMZ) -
2158111420

319811 2027
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‘e ] .
- . .POROUS MEDIA FROPERIY INFORMATT
0.1 .. OO({IPMZ) KYY(IFMZ) IEZZ(IR‘!Z) IMMZ~1 TO NEMZ [1.7]
im,,: . 55-10

nu!nunnnnn

Pk T

18.2 3 POROS{IPMZ), TEeZ=) TO NPMZ (1.7]

3 nmum: IPMZ=1 TO NPMZ [1.7]
8.2E-8 1.5E

I'EDIA mm:, FROFFRTY INFORMATION

1 .. RCPPM(IPMI) IPMZ=1 TO MPME [1.7]:(0) ~ HEAT [1.4

.2 . KIXPM(IPMZ), IT.YEH(IRE) XTZRY(IFMZ), IEMZ=1 TO RPHZ [1.7):¢0) = BEAT [1.4]
.POROUS MEDIA SOLUTE AND THERMAL DISPERSION INFORMATION

12 .. ALPHL{TPMZ) ALPET(IPMZ),IPMZ~) IO HEMZ [1.7]1;(0} - SOLUTE [1.4] OR BEAT [1.4]

Qun:

panaaa

404

+ +POROUS MEDIA SOLUTE FROFERTY INFORMATION
é! .. DEKD(IPMZ),IPME=L TO MPMZ {1.7];(0} - SOLUTE [1,4]

1

tt

HK WELL INFORMATION
.- RDWDEF{T/¥);(Q) - NWEL [1.5] > o
nmumr) {Q) = NWEL [1.8] > 0 AND MOT CYLIND (1.4)
IHEL , LCIOFH, HBOD , iKMEIRILY ; (0) -~ RIWODEF [2.14.1],
):L-z:ouz(musm:n ALBENT

111111111

;

*B

He s

ST

OROMEMD ¢
o

Gococcocoal

1]
QD O N

OO OO 00O
ao0coan ocoar

ca
-3 ]
Dor0pB0QGCDO00
600000000 O0C
20
L]
q

-
[ ]
)

¢Go0d0000O01

a a & a o g

gscoo0oo0n0GCO1l

o
-
-
o
SeoHaro
@

00o0oodo0010

] ) AND WRCALC(WQMETH [2.14.3] >30)
L] m:mnmmxmmt.\mum ) - AovoEr [2.14.1} wncu.cmmtz 14.3) >30) AND HEAT [1.4)
LUSE AS MANY'2.1a, T! LIKES AS NECESSARY

AT L. WITE 0

4.8 .. MXTTOM{14]},TOLDPW{8.E~3}, TOLFPH{.001) , TOLGW(.001} , DAMHRC( Z, } , DZMIN{ . 01) , EPSWR( . 001};¢0) - RDWOEF (2,14.1)
. ANT) WRCALC (WOMETH( 2, 14, 31 >30)

C.....BOUNDARY CONDITION INFORMATION

Conean SPFECIFIED VALUE A.C

Egslg i-2§n§7“ I,J,K RANGE I'.II 1-0.3} WITE HO IMOD PARAMETZR, ;{(0) - FPICRC (1.8] > o

NUSGA0 - O 00w oW
-]
2

a%é
SLE8
7
:5
i
:

ANOGANSONOACUIFrOWONKONANHOOWNN

: N'N.

1011
o/
C..... SFECIFIED FLUX B.C.
€.2'i& ., 3¢ BY I3,k RANGE (0.1-0.3} WITH 30 M0 PARAMETER, ;(0) - MFEC (1.81 > 0
Gl AQUITER' AND RIVER LEAKAGE 3.C.
€.2.17.1 .. IBC BY I,J,K BANGE (0.1-0.3) WITE W0 DMUD FARAMETEL:(0) - HLEC [1.01 > 0
€.3.17.2 .. KLIC,BALAC, ZELAC BY L,J,K RANGE (0.1-0.3);(0) - NLBC {1.8) »
Covree RIVER LEAKAGE 3.C.
€.2.17.3 .. I1,13,71,J3,XREC,BBREC, ZERRC; (0) - MLEC [1.8] > ©
C.2.17.% . TND WITH 0

AGUIFER INFLUENCE FUECTIONS

j2,30.1 .. IBC 3T I,J,X RAMGE {4.1-0.3) WITH 80 IMOD PARAMETEN;(O) - MALFC [1.6] >0
00400

11712

-18.3 ., IAIF;{0) - RAIFC [1.8) > 0
THRANSIENT, CARTER-TRACY A.I.7.

.2.18.4 ., EQAR,ABGAR VISOAR, , BOAR, RIOAR , ANGOAR; (0) - IAIF [2.13.3] = 2

-3E-10 5.5K-7 .9300 .15 1300 3000 360

teena BEAT COMDUCTION B.C,

.2.19.1 .. IBC BY 1,J, X RANT {0. 1-0 3} ,WITH ¥O IMOD PARMNMETER ,FUR BCBC WOOKS; (0) - EEAT {1.4] AND NBCBEC 1.8 »¢
.2.18.2 .. INCBC(E);(0) ~ EEAT {1.4] AN NOCBC [1.0] > 0

»Z2.19.3 ., UDTERC BY I,J,K RANGE 0 1-0.3} FOR BCBC MODES;(Q) - HEAT [1.4] AND NECRC (1.5] > 0

.2,19.4 .. UXHCBC BY r..r.:m 0.1-0.3} FOR BCBC NOOES;(Q) - EEAT [1.4] AND NBCBC (1.5] »0

«.-».FREE SURFACT B.C,

g ¢ .. FRESURCI/F) PRICQU(I/T) '
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