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ABBREVIATIONS AND CONVERSION FACTORS 

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

Multi~ly 

inch (in.) 
inch per year (in/yr) 
foot (ft) 
mile (mi) 
foot per day (ft/d) 
foot per mile (ft/mi) 
foot per year (ft/yr) 
foot squared per day (ft2/d) 
square mils (miz) 
cubic foot (ft') 
cubic foot per day (ft3/d) 
square foot per pound 
(ftZ/lb) 

gallon (gal) 
gallon per minute 
(gal/min) 

gallon per day (gal/d) 
gallon par minute 
(gal/min) 

million gallons per day 
(Mgal/d) 

pound per square inch 
(lb/in2) 

pound per square foot 
(Zb/ftZ) 

pound per cubic foot 
(1b/ftS) 

foot per foot (ft/ft) 
foot per day per foot 

[ (ft/d)/ftl 

To obtain 

millimeter (mm) 
millimetar per year (mm/yr) 
meter (m) 
kilometer (h) 
meter per day (m/d) 
meter per kilometer (m/h) 
meter per year (m/yr) 
meter squared per day (m2/d) 
squars kilometer (h2) 
cubic mecer (ma) 
cubic meter per day (mvd) 
square meter per Newton - 
(m2/N) 

liter (L) 
cubic meter per day (m3/d) 

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

cubic meter per second 
(ma/=) 

kilopascal (kPa) 

kilopascal (=a) 

gram par cubic centimeter 
(g/cm') 

Pstcr par meter (m/m) 
meter per day per meter 

I(n/d)/rnI 

Sea leveli In thia report. "sea level" refers to the National Geodetic 
Vertical Datum of 1929 (NCM of 1929)--a geodetic datum derived from a general 
adjustment of the first-order level nets of both the United States and Canada, 
formerly callad "Sea Lave1 Datum of 1929." 

ADDITIONAL ABBREVIATIONS 

ROMP - Bagional Observation and Wonitor Well Program 
QUIP - Quality of Water Improvement Program 
mg/L - milligrams per liter 
pCi/L - pieocuries per liter 
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ASSESSMWT OF HYDROGEOLOGIC CONDITIONS WITH MPHASIS ON 
WATER QUALITY AND WASTEWATER INJECTION, SOUTHWEST SARASOTA 

AND WEST CHARLOTTE COUNTIES. FLORIDA 

By C.B. Hutchinson 

ABSTRACT 

The 250-square mile area of southwest Sarasota and west Charlotte 
Counties is underlain by a complex hydrogeologic system having diverse ground- 
water quality. The surficial and intarmediata 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 clastic surficial aquifer system is potable and is tappedby 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 ia used primarily for reverse-osmosis 
desalintzation feed water and irrigation. Within the Upper Floridan aquifer, 
limestone and dolomite bf the Suwannee permeable zone are tapped by irrigation 
and reverse-osmosis supply walls. The underlying, less permeable limestone of 
the Swannee-Ocala semiconfining unit generally encompasses the transition 
zone hatween freshwater and very saline water. Intarbedded limestone and 
dolomite of the Oeala-Avon Park moderately permeable zone and Avon Park highly 
permeable zone comprise the deep, very saline injection zone. 

Potential ground-water contamination problems include flooding by storm 
tides, upward movement of saline water toward pumping centers by natural and 
induced leakage or through improperly constructed and abandoned wells, 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 chat have interaquifer flow rates as 
high as 350 gallons per minute have been located and scheduled for plugging by 
the Southwest Florida Water Kanagemant District in an attempt to improve 
ground-water quality of the shallow aquifers. Because each aquifer or perme- 
able zone has unique head and uatar-quality characteristics, construction of 
single-zone wells would eliminate cross-contamination end 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. 

Ihe study arms encompasses seven wastewater injection rites that have a 
projected capacity for injecting 29 million gallons per day into the zone 
1,100 to 2,050 feat below land surface. There are six additional rites within 
20 miles. The first well began injecting reverse-osmaais wastewater in 1984, 
and since then, other walls have been drilled and permitted far injection of 
treated sewage. A numerical modal wan used to evaluate injeetion-well design 
and potential for movement of injected wastewater within the hydrogeologic 
framework. 

The numerical model was used to simulate injection through a representa- 
tive well at a rats of 1 nillion gallons per day for 10 yearn. In this 
simulation, a eanvection cell developed arqund the injection well with the 
bouyant fresh injectant rising to form a lens within the injection zone below 
the lower Suwannee-Ocala remiconfining unit. Around an ideal, fully 
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penetrating well cased 50 faet into the injection zone and open from a depth 
of 1,150 feet to 2,050 feat, simulations show that the injectant moves upward 
to a depth of 940 feet, forms a lens about 600 feet thick, and spreads 
radially outward to a distance of about 2,300 faet after 10 years. Comparison 
simulations of injection through wells with open depth intervals of 1,150 to 
1,400 feet and 1,450 to 2,050 feet demonstrate that such changes in well 
construction have little effect 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 well field, where watar levels above the 
semiconfining unit are lowered 20 feat by pumping, would move upward after 10 
years to a depth of 860 feet, or about 80 feet higher than at a pita with no 
pumping stresses. Areal extrapolation of various pumping scenarios indicates 
that about 7 percent of the study area would be underlain by injected 
wastewater after 10 years of injection at the maximum projected capacity. 
Observation walls are needed in the upper part of the injection zone and 
within 2.000 faet of the injection well if the movement of the injectant 
within the first 10 years of operation is to be monitored. 

INTRODUCTION 

Coaatal Sarasota and Charlotta Countiea are being urbanized. The 
increased demends for potable water has produced a need for suitable methods 
of dispaaal of large volvnsn 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 the ground voter are undesirably high. In 1967, the 
city of Sarasota alleviated its water-quality problems by trnsporting water 
from a well field 15 mi (miles) east of the city. Problems of obtaining water 
supplier of acceptable quality persist in aouthwsrt Sarasota and west 
Charlotte Counties. This study focuses on that 250-mi' (square miles) area 
(fig. 1). 

Throughout this report inferences are made concerning the chemical 
quality of water. The terminology used to describe watar quality is modified 
slightly from a classification system used by Robingrove and others (1958, 
p. 3), a5 follows: 

Dissolved 
solids 

G I s 2  -hLLL  

Freshwater 0 to 500 
Slightly saline 500 to 3,000 
Modoratsly salina 3.000 to 10.000 
Very saline 10,000 to 36.000 
Briny Nore than 36,000 

The classification system considers frsshve.tar to be that which meets the 
dissolved-solids ooncentration limit for potable water rseommended by the 
Florida Department of Environmental Regulation (FDW). Slightly saline water 
ia nonpotable, hut it may be ruitnble for irrigation. Moderately saline water 
is suitable for desalinization. Very saline water in considered unusable, and 
che FDER allows injection of waatewatsr into some zones where vary saline 
water is confined. Briny water does noc occur in the study area, but it is 
classad as having a salinity greater than that of seawater. 
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EXPLANATION 

STUDY AREA 

IOYILES 

Figure 1.--Location of the study araa in west-central Florida. 
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The study area contains a complex hydrogeologic system. Water quality 
varies laterally and is stratified. Six water-bearing aquifera or permeable 
zones are recognized. Only the upper three aquifers contain potable watar, 
although they too are contaminated by saline water in some areas. Contanina- 
tion is cawed primarily by inundation by stom tides and upward leakage of 
chloride- and sulfate-rich rater from deep zones through semiconfining units 
or through -cased or improperly constructed walls 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 ft (feet) deep, that have an average yield of 
less than 40 gal/min. Yields of mast supply systems are inadequate to meet 
projected demands. Consequently, same communities have built reverse-osmosis 
water-treatment facilities to upgrade slightly saline ground watar from deep 
aquifers to potable quality. Thia water supplements and is usually blended 
with fresh ground watar from shallow aquifers. 

Several communities h m  been issued psmits by the FDER for tasting the 
feasibility of injecting wastewater, including reverse-osmosis wastewater and 
treated sewage, into zones below those containing potable water. Suitable 
injection zones are poorly defined and tha effects of injection are not well 
understood. A potential exists for degrading the water quality in zones above 
the injection zone as a result of wastewater injection. 

P W O S E  AND SCOPE 

This report presents the results of a study to assess the hydrogeologic 
conditions and alternative water resources management measures that might be 
w e d  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. Deacribe ground-water quality and assess the problem of uncontrolled 

flowing-artesian wells, and 
3. Demonstrate the ruefulness of a solute-transport model as a tool for 

understanding the sffscts of wastewater injection on the hydrologic 

The study was coacted from October 1983 through September 1988 in 
cooperation with the Southwest Florida Water Management District. The study 
area encompasses a strip 8 mi by 30 m i  along the &f cout of Sarasota and 
Charlotte Counties. including the t o m  of Venice and Englewood (fig. 1). 
Data were obtained from published and uupublished reports and from files of 
the U.S. Geological Survey (USGS). The Southwest Florida Water Management 
District provided data through its Regional Observation and Monitor Wall 
Program (ROMP) and Quality of Water Inprovamcnt Program (QWIP). .!&era data 
werm lacking or incomplete, field tests ware made to determine aquifer 
characteristics and water quality. 

Aquifer hydraulic properties and water-quality ware estimated by wing 
existing information. These data ware suppl..entsd with data From tests at 
thrae ROMP a1t.s t b t  were constructed durlnn the rtudv veriod. Flow-meter 
tests and logs on 15 -11s open ;o mvltipli kater-bearing zones 
were interpreted to assess the effects of borehole interflow. 

h 



A conceptual model was developed to provide an understanding of under- 
ground injection and solute transport. The heat and solute-transport (HST3D) 
model was used to simulate a typical injection-well system described in the 
conceptual model. The node1 proved to be a helpful tool for understanding the 
radial and vertical movement of injected sewage and reverse-osmosis wastewater 
around a single injsctian well that is repraaentative of conditions in the 
study area. Predictive = M a t i o n s  provided inaight for developing approaches 
to ground-water monitoring. 

PREVIOUS INVESTIGATIONS 

The first comprehensive studies of water resources in Sarasota County 
were perfomad by Stringfield (1933a; 1933h). Thasa early reparcs 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 detailed 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) l q e d  these zones into 
three aquifer uuits and mapped the head and water quality in each unit. 
Sutcliffe and Thompson (1983) tabulated water use for the Venice-Englewood 
area. Reports on test-injection walls described hydrogeologic conditions in 
central Sarasota County (Port, Buckley. Schuh, and Jsrnigan, Inc., 1984; 1989; 
Geraghty and Miller, Inc.. 1985; Law Enviro-ntal, Inc., 1989). Englawood and 
North Port (CH2M Hill, Inc.. 1986: 1988), and Gruparilla Island (Geraghty and 
Miller. Inc.. 1986). 

Other studies that aided this investigation include an evaluation of high 
transmisaivity zones for liquid storage (Puri and Winston, 1974). a tabulation 
of uncontrolled flowing artesian wells in Florida (Healy, 1978), maps of zones 
widely used for subsurface injection (Hiller, 1979; Wolanslry and others, 
1980). and aquifer properties that control movement of injected wastewater 
derived from atudiea in Pinallas County, 60 mi north of the study area 
(Hickey, 1982; CeoTrans, Inc.. 1985). Supplementary data from the Southwest 
Florida Water Kanagemnt District's ROMP and QWIP programs were provided 
through coordinator Kim Preadom. 

DESCRIPTION OF THE STUDY AREA 

Southwest Sarasota and west Charlotte Counties lie in the mid-Florida 
physiographic zone that inclubs 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 erosional rmnnants of coastal prominences between 
estuaries. The lowlands are characterized by broad flatlands that have many 
sloughs, swampy areas. and creeks. Huch of the ares has been draimd by 
canals and is platted for future development. 

The atudy area is a nearly flat paninnula of land between the Myakka 
River and the Gulf of Mexico. The m n x k  tidal range d f e c t a d  by storms is 
about 3 ft at Venice on the gulf coast. 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 bean mapped as flood prone on USGS 
1:24,000 aeale Flood Prone Area quadrangle maps. Figure 2 ahma major areas 
that are statistically prone to inundation one time in 100 years. The 
drainage canal system and excavation of the Intracoastal Waterway at Venice 
have increased the potential for saltwater intrusion (Clark. 1964). The 
potential for intmsion is greatest during hurricanes when tides may rise as 
high as 6 ft above normal, as shown by the hydrograph of the Hyakka Biver at 
El Jobean, Fla., during Hurricane Elena in 1985 (fig. 2). Evidence of past 
inundation 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. 

Water Bu- 

A water budget is a quantitative accounting of the water entering or 
leaving a hydrologic system for a specific time period. A generalized water 
budget for the Venice-Englswood area includes the following inputs and 
outputs: 

LzwGa QaQss 

Rainfall (R) Evapotranspiration (R) 
Ground-water i d o w  (GI) Ground-water outflow (GO) 
Stream inflow (SI) Strain outflow (SO) 
Sewage inflow (SEW) Pump%e (P) 

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

Rmpage, ground-water inflov, and ground-water outflow, and sewage inflow 
are relatively small parts of the total water budget. Evapotranspiration and 
streamflow are major outflows of freshvater that are difficult to harness for 
man's use. Capture of soma of the water taken up by evapotranspiration may be 
possible h e r e  the water tabla in the surficial aquifer is lowered by pvmping 
from a netmrk of many low-yielding wells. The flat landscape of the study 
area is not suitable for impormdment of atreams or diversion of surface water. 

HISTORY OF WATER-BESOVRCES DEVEIOPNENT 

Hundreds of wells have bean drilled in the study area for a variety of 
purposes. During the period from 1900 to the early 1950'r, many naturally 
flowing wells were drilled to obtain artesian (flowing) water for irrigation 
and stock watering. Stringfield (1933a, p. 148) reported that, in 1931. 
Venice Farms, a 6-miz truck faam j u t  east of Venice, had about 45 wells that 
were from 300 to 475 ft deep. Walls rere usually eased to a depth of about 60 
ft. Other majar irrigation centers that had similarly constructed wells were 
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p(‘x ' $ff MYAUKA Lzi"q RIVER AT EL JOBEAN 

Figure 2.--Flood-prone areas. 



I Cylene McPeeks - U.S. Geological Rpt. 90-709.t1f 
- - 

Page 16 

on the east ride of the Charlotte County peninsula near the mouth of the 
Myakka River. As urbanization replaced agriculture, many irrigation wells 
were simply abandoned rather than plugged. 

Well-drilling regulations adopted by Saraaota County in the 1970's 
control the use of water and determine the aquifer from which vater is to be 
withdrawn. The regulations require that (1) all wells that penetrate consoli- 
dated deposits must be cased with pipe having a minimum diameter of 3 in., and 
(2) all irrigation or industrial wells that yield more than 50 gal/min 
(gallons per dnuta) or haw pumps greater than 1.5 horsepower must be cased 
to at least 300 ft belm land surface. Such regulations help prevent 
contamination of the best quality vater, which is within 200 ft of land 
surface, for domestic use and public water supply. 

Eltv of Venice 

In 1931, the vater supply of Venice vas furnished by three shallow wells. 
a11 135 ft deep, and the vater 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 vas marginal in that the avsr- 
age dissolved-solids concentration was 770 mgfi (milligrams per liter) 
(Smally, Wellford, and Nalven, Inc., 1963. p. 52). To stay abreast of the 
rapidly increasing population, the city increased the number of wells to about 
65 by 1975 and provided additional elevated storage of treated vater 
(Sutcliffa and Thompson, 1983, p. 32). Increased pumping fron closely spaced 
vells lad to degradation of the quality of water, and supplies had to be 
augmented by low-pressure reverse-osmosis treatment of slightly saline ground 
water from a deeper source. By 1985. about 2 Mgal/d (million gallons per day) 
of raw vater from five deep wells was being desalinated, and 1 Mgal/d of 
product vater vas being blended with 2.5 Mgal/d of shallow well water (James 
Hogan, City of Venice, oral commun., 1985). Specific capacities in 
approximately 30 shallov production vells declined during a short, relatively 
dry period in 1985; subsequently, the city drilled a sixth reverse-osmosis 
supply vell. 

Tha average dissolved-solids concentration of the composite inflow of 
well vater to the reverse-osmoais plant increased fron about 2,100 to 2,700 
mg/L between 1984 and 1989. as shorn in figurn 3. During the same period. the 
average concentration of composite watar from the shallow supply vells 
increased from about 800 to 950 @. The increasing salinity apparently is 
due to upconing of moderately saline water beneath the city's vell fields. 

Endevood 

Englevaad chronically haa lacked a reliable supply of water of acceptable 
quality. Contamination is earnon, and historically, supplies have bean drawn 
fron very shallov vells that are vulnerable to pollution and seasonal vater- 
level fluctuntionr. The first 20 supply vslls. 40 to 80 ft deep, supplied a 
demand of 0.3 Mgal/d in 1964. By 1975, forty-three production wells, 
clustered 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 Thompson, 1983). A third vell field, 3 mi north of the city, 
began pumping about 1980. Shortly thereafter, concerns vsre raised over the 
potential for contamination of the new well field by water from nine 



- 1 Cylene McPeeks - U.S. Geological Rpt. 90-709.tif page 17 1 

~ ~~ . 

(A) VENICE 

Figure 3.--Trends in water quality at Venice (A) and Englewood ( 8 ) .  

*ooo 

d 

(6) ENGLEWOOD 
10.000 

ewom WATER FROM o w  FZWSE--OZHOS WPRI WEU 
LE*ST-~PUARES m n a N  ~morvm r n u m c 2 s c m E c z 1 e e  - 

D ewom WATER FROM SULUIW SUM WEU 

d 

0 R m - O N O S I S  WASTEWATER IUUUITO INTD WELL lW-1 
W-SWAES a w ~ n o ~ ;  o m o m  S O U O U ~ ~ M C + ~ . ~  00 -. *ATE5 FROM 0- RNERSE-OSMOSIS WWY WELL RO--1 0.9-B- 
W - S Q U A R E S  EQUATION; DISSOLVE0 SOUOF1DInME+5.+53 

> 

LE*ST-SQUARLs ECUATIOH; OISSOLMD Y I U O S = O ~ E + ( L W  . * . - . ". ...'. 
8 %1 

. . ---* *----- ------ ---------b*i . *.*.----------- . ,... *".. '. -..-* --., c;------ . . *. . w 
VI Vl I !-",--,------ * .  . . 

.-o--- 
1 ,000  - 0 WAER FROM IUUUSnON MONITOR WELL MY-I 0 O0..---- 

W - S Q U A R E S  mu~7X)N: O m w m  SOMS=&,7W -. 0 

pw-; .-- 
0 0 0 

B.000 - 
- 

~ M L  IN DAn 

' 3 8 .  # 5 

,,,a,- 

0 

I 

.. . 
0 0 --- ---v--- 9& ---- o ? P ~ w ~ ~ ? ~ ~ ~ ~ o o ~ ~ ~ ! ! P . Q o _ " ~ ~ ~ ~ ~ ~ ~ ~ o ~ D ~ o ~  oooooooooooo 0-: 

1100 ooO 000 
0 0 ~ o o 0 o  a - , ,985 s 7986 m n  1908  me^ 

4 W O  
me-+ m~ mas 

366 731 1.096 1.161 1 , a  Am 
llME IN DAYS 

0 3e4 73, 1.0- 1,161 1 . m  2.192 



I Cylene McPeeks - U S. Geological Rpt. 90-709.t1f - , ,  

page 181 

abandoned flawing wells an adjoining property. The abandoned wells ars 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-ft-deep 
injection well for disposal of reverse-osmosis wastewater -re constnrcted. 
The wastewater is a very saline concentrate that has approximately double the 
dissolved-solids concentration of the influent well watar. The reverse- 
osmosis plant has a design capacity of 3.6 Kgel/d of freshwater production. 
The injection well was installed to meet the F D W  requirements for safe 
disposal of reverae-osmosis wastewater that contains high levels of radium. 

Figure 3 illustrates trends in watar quality ac the Englswood injection 
rite, which began operation in 1987. There has bean a gsneral rise in the 
dissolved-solids eoncentration of the reverse-asnoair wastewater from about 
14,000 mg/L in 1987 to 18,000 mg/L in 1989. This indicates that there has 
also been an increase in the concentration of reverse-oamosir feed water 
pumped from the nine supply wells. This increase has been attributed to wells 
having progressively higher dissolved solids concentrations coming online as 
demand for water increased (Nichaal tlicheau. CHW Hill. Inc., oral cormnun., 
1989). Concentrations in reverse-oamosis supply well RO-1 and the monitor 
well MJ-1 above the injaetion zone have not changed significantly. 

P.rix&te V a t e r - S w d z S W m s  

In addition to the cities of Venica and Englewood, there are about 20 
small developments that had private wstar-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 walls. 

W I Inlection W d l a  

Eight class I injection wells for disposal of wastewater were in 
operation in 1989 in Sarasota, Charlotte, m d  Lae Counties, in and adjacent to 
the study area, and five more are proposed or under construction (fig. 5 and 
table 2). Clans 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 treaonent, the preferred alternative is deep-wall 
injection, whereby secondary traated (aerated, filtered. and chlorinated) 
sawage and untreated radium-rich reverse-ornosis wastewater arc injected into 
highly permeable saltwater-bearing zones deep in the Floridan aquifer system. 
B e c m s  the F D W  strictly monitors and controls injaction-well systems, some 
site-specific 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 &velopment. Since then, wells at Venice Gardens, 
Englewood, and North Port became operational (fig. 5 ) .  Other propoasd wells 
Fn the study area, or in adjacent Lee County that have potential for affecting 
the area. are listed in table 2. me estimated total capacity of the seven 
existing and propoaed injection-well mystens in the study area is about 29 
tlgal/d. Six other proposed sitas north, west, and south of the study area are 
close emugh that injection at these sites may affect the study area. 
Injection ratas are sxpaeted to increase nubstantially as growth continues 
along the gulf coast. 
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Tabla 1.--Water-supply sysccms & souchvsrc Sarasoca and west Char lo t te  
Councies 

[ga l /d ,  ga l lon  par  day; mgfi, milligrams per  l i t e r ;  80, reverse  osmosis; 
--- ,  no daca avai lab le]  

Number Range i n  
Syncem of Range dissolved 

Name capaciry supply casing/depch s o l i d s  
( p l / d )  wells  ( fee t )  (me/r) 

Gaspa r i l l a  I s land  - - - - - - - - - - -  130,400 32 24/27-25/32 400:650 
Bay Lake Es ta tes  - - - - - - - - - - - -  40.000 3RO 44/70-44/263 1.470-2,516 
Circlewoods - - - - - - - - - - - - - - - - -  240,000 4 57/130-77/130 406-639 
GULf Viav Escaces - - - - - - - - - - -  500 1 82/115 320 
Fairwinds CondomJnium - - - - - - -  144,000 280 - - -  1,470-1.792 

Flor idn  Pines - - - - - - - - - - - - - - -  2,000 1 46/133 595 
JapanareGardans------------  72,000 3 50/110-50/234 584-750 
Kings Gate Club - - - - - - - - - - - - -  30,000 280 40/208-40/215 1.718-2.040 
ae villag. ----------.----- 75,000 280 90/93-93/96 1.672 
Lyons Cove Condominium - - - - - -  6,000 180 - - - 2.820 

Nyakka T r a i l e r  Park - - - - - - - - -  17.000 1 .-- 456 
PaLm and Pines T ra i l e r  Park - 13,500 280 60/98- 2,122 
P l an t a t i on  - - - - - - - - - - - - - - - - - -  1,152,000 280 380-380 - - - 
S o r r a m o S h o r a s - - - - - - - - - - - - -  300,000 480 - - -  ..- 
Southbay U t i l i t y  - - - - - - - - - - - -  205,000 4RO 103-450 2.149 

Spanish lakes - - - - - - - - - - - - - - -  200,000 380 65/95-70/160 636 
'rerra cove - - - - - - - - - - - - - - - - - -  50,000 lg0 48/70- 1.605 
Venice Banch --------------;- 17,280 280 60/80-60/90 476-1.680 
Venice . . . . . . . . . . . . . . . . . . . . . .  2.500.000 29 36/46-88/150 900 

5,500,000 680 230-450 2,500 

Venice Gardens - - - - - - - - - - - - - -  1.238.000 93 41/169-67.5/209 310-720 
2,500.000 380 240/380-240/500 1,140-1,260 
(50 Dercenc 

Of the  water punpad f o r  r n r a a - o m a s i s  p l r n t  faed  wa te r ,  55 p a r c e n c  i s  
d e s a l i n a c s d  and p q 3 . d  fn to  tba d i r a i b u r i o n  ryrtam; 45 parcmne has inereasad 
salinity a d  is punped t o  rut.. 
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Figure 4.--Cormunity water systems. 
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Figure 5.--Class I injection-well s i t e s  i n  Sarasota, Charlotte, and Lea 
Counties. 
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Table 2.--CIass I in j ec t i on  w e l l s  in Sararoca, Char lo t te ,  and Lae c o u n c ~ e r  

[ i n . ,  inch; Mgal/d, mi l l ion  gal lons par  day: RO, reverse osmosis] 

Casinlr Cnpacicy 
Name D i a m -  V.11 (Iraal/d) I n j ec t an t  

.car Depch depth Cur- Pro- 
( in . )  ( f a e t )  ( f a s t )  r en t z  i s c t ed  

1 For t  Uyers Beach1 
(proposed) 9 Sewage 

2 North Fort  Myers' 12 2,340 2.600 4 4 Sewaga 
3 Caapar i l l r  Island' 6 1.702 1,926 . 3  .8 Sewapa 
4 West Port (proposed) 14 Sewage 
5 Englewoad 10.75 1,040 1.800 .5  1.6 ROrejaoc  

6 Easr Part' 16 
7 North Par t  14 
8 P lan ta t ion  8 
9 Vanica Cardens 8 

10 Kniaht T ra i l  Park 

11 Sorr.nto U t i l i t i e s  
(proposed) 

12  Central  Co-cy 
Ut i l ic ie i '  (proposad) 

1 3  Atlancic Ucil i r ies '  
(under construct ion) 12 

Total 

1,575 2.424 1 20.5 Sewage 
1,100 3,200 3.5 5 sewage 
1,102 1,605 .8 .8 RO r e j e c t  
1.388 1,705 1.8 1.8 RO r e j e c t  

3 Sewage 

8 Sewage 

Tota l  i n  scudy a r e a  6.6 28.8 

'Wap numbers are keyed t o  wel l  loaaciona in f i gu re  5. 
'1987. 
aOutr id .  smdy =.a. a s  &fined i n  f igurer  1 and 5 .  
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The observation-well network used in this study contains 135 wells (fig. 
6 and table 3 ) .  Data from two springs were used to aupent the well network 
data. Data from the netvork were used to prepare vatcr-level maps, define the 
hydrogaologic framework. evaluate ground-water quality, and eatimate hydraulis 
properties of the aquifer systams. Several sites contain well clusters of 
discrete-zone observation wells that provide information on the vertical dis- 
tribution of head and water quality. 

The first systematic drilling end testing program was undertaken by the 
USGS in 1962 (Sutcliffe and Joyner. 1968). Four test wells were drilled 
within the study area to collece hydrogeologic data, including: 

1. Xydrsulic head of each aquifer penetrated, 
2 .  Chemical quality of water from each aquifer, 
3. Elnterialr penetrated during drilling, 
4. Yield of each aquifer penetrated, and 
5. Geophysical logs for each well at completed depths 

In the early 1980's. several test wells were drilled within the Englevood 
wall field, and nultizone observation wells were installad at four ROMP sitas 
by the Southwest Florida Water Management District. The USGS measures water 
levels in 33 wells within the study area. Figure 7 shows the observation 
wells at ROlIP T85-2. Towers ware constructed about 25 ft above land surface 
that would allow the recording of the contained artesian head using 
cormentiol~al equipment. Complementing this network is at least one 
observation well that is open to an interval above the injection zone at each 
wastevater-injection site. 

Water-bearing formations in vest-central Florida consist of Tertiary 
limestone and dolomite and puatarnary marine and nonmarine claatics. The 
hydrogeologic framework depicted in table 4 comprises the surficial, intsr- 
mediate, and Floridan aquifer system. Each syatem contains one or more 
permeable zones separated by low-permeability semiconfining units. Upper 
zones are utilized for production of freshwater for mmicipal supply and 
irrigation. Lower zones contain very saline water and are a repository for 
injected wastewaters, including treated savage and reverse-osmosia wastewater. 

Data from teat wells and published reports (table 5 and fig. 8) were used 
to delineate hydrogaologte units in a wedge of deposits that total about 1.700 
it thick at the Atlantic Utilities injection test site in the northern part of 
the study area and 2,400 it thick at the Gasparilla Island well in the 
southern part. Hydrogsalogic units were identified by using geophysical end 
lithologic logs as follows: 

1. Top of the surficinl aquifar system is land surface. 

2. Top of the intermediate aquifer system is based on the firat observance of 
nreally continuous clay or the shallowest large "kick" on a gamma-ray 
log. 
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Figure 6.--Locations of observation wells, springs, and hydrogeologic section 
lines A-A' and 8-B'. 
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Table 3. --Well records 

[Data type: WL, water l eve l :  QW, qua l i t y  of water: HG, hydrogeologic: AT, 
aqui fe r  t e s t ;  FS, flovmeter survey] 

Index Lati tude-  Casing/&pth 
number lonnituda' ( f e e t )  Data m e  S i t e  name 

1 264525082153501 1.702/1.926 WL,HG,QW,AT Caapari l la  I s l and  i n j e c t i o n  
well  I W 1  ~~ - - 

2 264525082153502 340/360 WL.QU Gaspari l la  I s l and  i n j ec t i on  
mollftor v e l l  

3 265017082153701 346/413 WL,HG,QW Placida wel l  
4 2651580821100 12,685 HC Vanderbilt  o i l  t e s t  
5 2653200821435 <3 2 F , A T  Gaspari l la  I s l and  we l l  

f i e l d  

6 26553108219L801 1.600/1.652 WL.HC,QU ROW tR3-3 Avon Park well  
7 265531082194802 1,080/1.120 UL.QW.ES ROW IP.3-3 Ocala vmll 
8 265531082194803 680/900 m.QU ROW LPR.3-3 Suvnnnes well 
9 265531082194804 370/41O WL.QW ROW L P - 3  Lover Hnvtharn 

well 
WL.QW BOW TR3-3 Upper Hawthorn 

w e l l  

UL ROW IR3-3 s u r f i c i a l  well 
Q'J USGS 19 San Cassa 
HG . QW Catcladock Point  wa l l  
WL ROW IP.3-1 Tlmiami wal l  
WL.QU ROW IP.3-1 Upper Hawthorn 

well  

WL ROHP IP.3-1 middle Hawthorn 
wall  

WL.QU ROW TR3-1 lower Hawthorn 
well  

18 265638082130706 600/620 WL.HG.QU ROW TX3-1 Swannee -11 
19 265652082185801 101  VL.W Englewood -11 150 
20 265653082190301 175/320 WL.pW Englowod reverse-osmosis 

t e s t  1 ,  RO-1  

21 265710082205101 ~ 2 / 3 1 0  n . ~  Englewood reverse-osmosis 
tase 2 P0.7 -- - - - . .. - - 

22 265712082205701 51/110 n . ~  Englewood well  8 -2  
23 265712082205702 7/17 WL Englwood UP s h a l l o r  w l l  
24 265714082203801 260/&25 AT Englavood production well  1 
25 265716082205101 1.040/1.800 WL.HC.QU.AT Englevood Lnjss t ion  well  

IV- 1 

'The 1at iM.- longi tude  w e l l  d m r  2641125082153501 reprasen ts  r -11 i n  
the 1-racond qurdrmgla  bounded by l a t i o r d a  26'45'25' o. the south and langi -  

' tude  82'15'35' on th. ..st. The suff ix 0 1  ind ica tes  Chrt the wel l  is tha 
. f i r s t  we l l  inventor iad  i n  t he  quadrangle. A missing s u f f i x  i nd l ca t s s  cha t  tAe 

l o ca t i on  of che wel l  war approximated from tovnrhip-range-section in fomat ion .  
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Table 3.--We11 records--Continued 

Index Latitude- Cering/bpth 
number lonqituds' (feat) Daca type Site -a 

26 265716082205102 500/550 UL,QU Englewood injection monitor 
well Mi-1 

27 2657220822103 25/40 AT Englswood production 
v-ll 17 
-"A- -, 

28 265735082205701 49/55 AT Englewocd production well 9 
29 265809082194001 45/65 WL Englewoad wall IH 6 
30 265834082202401 43.5/55 n,QW Englswood well 14 

31 265834082202402 10/20 ' UL-Qw Englewood well 14A 
32 2659100821830 /930 HG Venetin 19 
33 265927082195201 56/110 W Englamod test well C-8 
34 265944082175401 28/101 QW USGS 20 Plaoza 
35 2700050821730 /996 HG Venecia 9 

36 2700150822113 31/75 AT Englevood production test 
w.11 2 

37 270018082201301 47/120 QV Englevood test well C-7 
38 2700300821900 /840 HG.QW Vanetia 3A 
39 270032082205801 52/253 QW,FS Venetia (Berry 8) 
40 2700330822142 35/70 V.AI Englsmod production tart 

wall 4 

41 270036082213401 41.5/70 WL,QW,AT Englevood esrc well C-10 
42 2700380822113 35/70 9v.m Englemod production csst 

well 5 ~-. - 

43 270047082230501 42/719 HG Dolphin Bath & Racquet Club 
44 270057082210501 48/185 QU.FS V.netia (Berry 7) 
45 270058082152501 1,100/3.200 WL.HG.QV,AT Aarch Port &ap injection 

well DIU 

WL.W N o r a  Port omice monitor 
well 

=.W Nora Port onrice monftor 
we11 

0W.m Enslavood uroduction teat . . 
Gall3 - 

WL.W Englamod deep zone well 3 
W.AT Englerood production test 

-11 1 

W Englwood terc we11 C-9 
W L , w  Englnrood production well 8 
UL Eng1.m.d water-cable 

well 8A 
VL.w Englewood production well 5 
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Table 3.--Well records--Continuad 

Index fat i rude-  Caring/depch 
rmmbar longitude' ( f e e t )  Data m e  S i t e  name 

56 2701250822055 830 HC Venacia 15 
57 270137082235301 263/305 WL.0.W Hanasota deep w e l l  1 4  
58 270138082152401 1.100/1.150 UL.HC.QW North Por t  s a c e l l i t s  . . .  ~ . .  

monitor well  S M i  
59 2701450822300 760 HC Venacia 1% 
60 270153082212601 224/620 FS Venecia 3 (Barq 9)  

61 270203082210101 212/315 QU,FS Vtnet ia  (Bsrrg 3)  
62 270203082213701 207/608 0.W.FS Ven.cia 2 (Barry 4 )  
63 270205082204001 290/472 FS Vsnetia (Barry 5) 
64 270219082185801 110/270 WL.0.W.AT Hanaces Jr. College - 

rouch well  
65 270223082185701 41/158 UL.W Hanacee Jr. College 

middle wall  . 

66 2702350821400 916 liC F r i z e l l  1 
67 270240082235701 460/475 , VL,HC.QW ROW TR4-2 
68 2703220822347 61/160 AT Venice Gardens LlWVC-1 
69 270333082154000 n.qw Warm Mineral Springs 
70 2704020822206 60/200 AT Plan ta t ion  wall  

71 270603082220001 66/180 WL.QU P'.antacion monitor w e l l  1 
72 270404082215801 52/65 uL.0.U Plantation monitor v.11 2 
73 2704060822U901 630/650 VL.qU Plantacioo zone 4 noni to r  

~ ~ 

wel l  
P lan ta t ion  deep i n j e c t i o n  

t e s t  wel l  DITW 
P lan ta t ion  reverse-asmosis 

t e s t  wel l  2 

Venice Cardens d a ~ p  i n j e c -  
t i o n  well  DIW 

Venica Gardens injection 
monitor wal l  800 

Venice G=&N i n j e c t i o n  
ooni to r  we11 400 

L i c t l e  S a l t  Spring 
Venica Gardena TP-49 

V.nic8 w a l l  35 
Venice wel l  36 
Venice -3.1 3 1  
Venice h c h  l'eafl-r Park 

( E l l i s )  
Everglades E s t a r a s  1 
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Table 3.--Well records--Continued 

Index Latirude- Castng/depch 
number lonqi  tuda' ( fee t )  Data type S i t e  -a 

91  270659082233901 50/190 FS Fox Lea F-s 
92 270705082222201 60/358 FS Everglades Eseaces 2 
93 270714082155201 282/351 n ,QW Tare 18 Blackbum Ranch 
94 270728082232801 229/1,046 HC,QW Wheelwright 1 
95 270807082152701 500/550 UL HacArehur Trac t  14FS 

96 270807082152702 275/300 UL HacArehug Trac t  14GS 
97 270808082270502 
98 27080808: 

- - - ~  ~- 

r a c t  3E 

101  270822082231101 40/286 UL,W Henry Bnnch 1 
102 270840082225101 /78 ~ , Q W  Henry R-h 3 
103 270902082193108 699/1.000 UL IIHR Cluster 21 F lor idan  

w.11 
104 270902082193109 /240 UL IUIR Cluster  21 Hawthorn 

w.11 
105 270919082234201 8/13 UL R0.W T85-2 s u r f i e i a l  well  

106 270919082234202 100/120 VL,QU.AT ROW TP.5-2 upper Hawthorn 
well 

107 270919082234203 245/265 UL,QW ROW TBli-2 lower Hawthorn 
-11 

111 270931082252901 66/256 UL.QW.FS Ewfng Ranch (Holland) 
112 270932082283501 308/669 FS Sorrenco Shorss we l l  
113 270933082154901 500/550 UL MaeMehur Trac t  14FN 
114 270934082252801 100 UL.W HyaWu Btvsr Nursery 
115 2709360822409 1.643/1.915 UL.HC,AT,QU W g h ~  T r a i l  Park 

exploraeory/rnonitor well  

116 270959082203001 410/425 WL.HG BCPIP 19 mAn 
117 270959082203002 87/205 WL BCPIP 19 UUAK 
118 270959082203003 32/67 m .v  BCPIP 19 US 
119 271015082122901 500/629 WL -&ur Trac t  20F 
120 271015082122902 101/253.5 WL nachzhur Trac t  2OC 

121 271021082151601 410/619 n . ~  BOW 19 EUI( 
122 271021082151602 80/121 a BOW 19 KUU 
123 271021082151603 14.5/34.5 WL BDELP 19 ES 
124 271035082285901 710 ~ . Q U  Souehbay D t i l i e i e s  deep 

-11 
125 271059082173901 550/551 WL nachzhur Trace 6 1  
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Table 3.--Us11 raeords--Continued 

Index Latitude- Caring/depth 
number lonpitude' (feat) Data type Sits name 

126 271059082173902 60/240 WL iiachrthur Tract 6E 
127 271118082082401 62/301 IJL Habcy Carlton 16 
128 271118082285301 157/255 %.QW Oaprey well 9 
129 271134082092201 78/100 liL Big Slough deep well 
130 271134082092202 19/25 n Big Slough shallow well 

131 271222082295201 41/220 liL.QW Sararroca County Hiscorisal 

'360 n Old Palmer wall -. 

- 136 27185308228090< 1.480/1.902 UL.HG.QW,AT Atlantic Utilities test/ 
injection well 

137 271853082280902 1.130/1.240 QW Atlantic Utilitias deep 
monitor we11 
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Figure 7.--Observation wells with casings as high aa 23 ft shove land 
surface to retain artesian head. (Photograph by L.D. Windom.) 
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3 .  Top of the Upper Floridan aquifer occurs where thick, relatively pure 
limestone is encountered and g-a-ray activity subsides. 

4. Top of the Suwannee-Ocala semiconfining unit occurs below the bass of a 
dolomitic limestone that is distinguished by high activity on g-a-ray 
logs. 

5 .  Top of the Ocala-Avon Park moderataly permeable zone is based an the 
presence of transmissivs intervals identified in test injection wella 

6. Top of the Avon Park highly permeable zone is the occurrence of a 
vertically persiscent~doioiice section thar commonly is fractured and 
provibs gsophyslcal signatures of high rcdistivity on the dual- 
induorion log and cycle skipping (cyclic high-amplitude velociry 
measurements) on the sonic log. 

7 .  Top of the middle confining unit of the Floridan aquifer system is marked 
by the occurrence of dolomite that contain$ inclusions of anhydrite and 
gypsum. This stratum is considered to be tmparmeable. 

Many aquifer tests have been conducted in the study area, including five 
during this study. Table 6 lists the findings of each test, which ara keyed 
by index number to the location map in figure 6. Tha following sections 
present detailed analyses of testa of the injection zone. 

The aurficial aquifer system consists primarily of Pliocsns to Holocene 
age intermixed sand, clay, shell, and phosphate gravel having stringers of 
limastone and marl. The 50-ft-thick aquifer system is unconfined; however. 
lenses of sand. marl, and limestons contain water under confined conditions in 
some areas. It is tapped for public supply where more permeable; underlying 
aquifers contain saline water. The Garparilla Island vell field (fig. 4) is 
typical of development of the surficial aquifer system with 32 supply wells 
that are 27 to 32 feet deep and that are finished with 3 to 7 ft of well 
screen (table 1). Yield is rastrictad to about 20 gal/min for each well to 
prevent upconing of aalina water. 

Depth to the water cable is generally leas than 5 ft. In areas of low 
topographic ralief and near tha coast and M y a h  River, the water tabla is 
virtually at land surface. Fluctuations of the water table vary in response 
to rainfall and range over ahaut 5 ft. Figure 9 shows several hydrographs 
including that of the water level Ln a 25-ft-deep observation vell within one 
of Englevood's well fialds. Water levels betveen 1980 and 1988 ranged from 
about -5 to 14 feet, with respect to sea level. The water tahle is affected 
by seasonal variation. in rainfall and by pumping from nearby production wells 
that tap the underlying intermediate aquifer. 
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Tabla 4.--HydrogeologLc framework 
- -- 

reverse- 

Ocala Lime- 
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FEET 

100 
LEVEL 

I OPEN ISTSRVAL--Open I FAULT--Arrows show 
hole or screened 4 ralative direction 
internal in observation movement 
m d  injection wells 

* FILLED ZONE--Open- z : hole section of 
borehols filled w i t h  
rubble or cement 

l 
GAMMA-RAY LOG--Shows 
crace of geophysical 

! log used to correlate 
hydrogeologic units. 
Gama acitivity in- 
creases to the right. 

Figure 8.--Hydrogeologic section A-A' showing wall completion details and 
g-a-ray geophysical logs. (Location of section is shown in 
fig. 6.) 
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Recharge to the surficial aquifer system occurs as rainfall, upward 
leakage through semiconfining beds where the altitude of the potantiometric 
surface of the incermediat. aquifer system is higher than the water cable, 
infiltration of irrigation water, and upward flow from deep aquifers through 
improperly cased wells or abandoned flowing ~011s. Discharge from the 
surficial aquifer system is by evapotranspiration. upward seepage into streams 
and along the coast. pumpage from wells, and damward leakage where che water 
table is higher than the potantiometric surface of $he intermediate aquifer 
system. 

Hydraulic properties of the surficial aquifer system vary over short 
distances, primarily due to hetarogeneicy of lithologic unicr. Clark (1964, 
p. 32) reported a transmissivity of 1,100 ft2/d (square feet per day) for tho 
"first artesian aquifer" at Venice, bared on 6 pumping tear of s well cased to 
42 ft and open to 59 ft bela land surface. This test war categorized by 
Wolansky (1983. p. 17) and Dverr and Wolansky (1986, p. 10) as a test of the 
surficial aquifer systembecause tha deposits comprise the Bone Valley 
Formation and upper part of the Taminmi Formation. Sutcliffe (1975, p. 3L) 
reported cransmissivity of the surficial aquifer system to range from 1,340 ta 
1,870 fta/d at the Gasparilla Island well field in Charlotte County. 

Wells at the Venice, Englewood, RoCund., and Gasparilla Island well 
fields tap the surficial aquifer system. Elsewhere, hundreds of small- 
diameter wells tap the aquifsr for domestic supply, l a m  irrigation, and 
watering livestock. Through 1986, the Englewood Water District, which 
ruppliaa Englewood and nearby communities, received 726 shallow-well permit 
applications. In 1986, there were 77 applications for small-diameter, private 
wells. 

The intermediate aquifer system includes all rocks that lie between and 
collectively retard the exchange of water between the overlying surficial 
aquifer system and the underlying Floridnn aquifer system. The system con- 
sists of Miocene and younger fine-grained clucic deposits that are 
interlayerad with carbonat. rocks. Discontinuow confining units, consisting 
of sandy clay, clay, and marl at the top, middle. and bottom of the systan, 
separate it into hro aquifer unio hovn  as the Tamiami-upper Havthorn aquifer 
and the lover Hawthorn-upper Tampa aquifsr. 

The intermediata aquifer system thicluna from north to south from less 
than 400 ft north and east of Vanice to more than 600 ft at Casparilla Island 
(fig. 10). Fine-grainad sediments separate the Tamid-upper Hawthorn and 
lower Hawthorn-upper Tampa aquifers within the system and arc not clearly 
delineated by gamma-ray logs due to naturally occurring high ganma activity of 
the phosphorite in the carbonate rocks. Lithologic and flovmater logs 
indicate mltiple zones of high and low permeability that appear to be 
discontinuous. Trmmisaivity is generally less than 10,000 ftz/d, and the 
system exhibits storage characteristics of a confined aquifer (table 6). 



Figure 9.--Daily m a n i .  water levels in salected observation wells. (Site 
numbers in parentheses are indexed to table 3 and fig. 6 . )  

29 



/ Cylene McPeeks - U.S. Geological Rpt. 90-709 t ~ f  
- ,  , 

Page 38 1 

Figure 10.--Altitude of the top and thickness of the intermediate aquifer 
system. 
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Water-level hydrographs in figure 9 show that head increases with depth 
throughaut the study area. Levels rise in the rainy s-er in response to 
reductions in pumpage and upgradient recharge east of the study area, and they 
fall in the dry spring when ground-water outflow and pumpage sxceed recharge. 
Relatively large head differences (10 - 25 ft) haween shallow and deap zones 
within the intsmediats aquifer system indicate appreciable hydraulic 
separation of aquifar units; however, watar-level trends are parallel. 
implying that the aquifers are interconnected or affected by the same 
stresses. Interconnection of aquifar systems through uncaaed, fully 
penetrating wells is a problem in the atudy araa that will be addressed 
separately. 

The USGS measures water levels in the intermediate and Floridan aquifer 
systems each Hay and September to portray annual low and high conditions, 
respectively. Figures 11 and 12 show the Hay 1987 potentiometric surface of 
the Taninmi-upper Hawthorn aquifer and the composite or average potentiometric 
surface of all water-hearing units within the intermediate aquifer system. 
Flow in both units is from cart to west and heads are shove aaa lava1 at the 
coast, which indicates that recharge occurs somewhere east of the Myakka River 
and discharge is upward to the surficial aquifer and west and south to the 
Gulf of Mexico and Charlotte Harbor. Depressions in the potentiometric 
surfacer occur at well fields bewean Venice and Bnglewood and east of the 
Myakka River at Warm Mineral Springs and Little Salt Springs. At Warn Mineral 
Springs, divers reached a depth of 230 ft (Royal, 1978, p. 216), which 
corresponds to the middle of the intermediate aquifer system. 

The Floridan aquifer system consists of a thick sequenca of carbonate 
rocks that generally have been referred to in the p u t  as the Floridan 
aquifer. The Floridan aquifer system, as defined by Miller (1986). comprises: 

"a vertically continuous sequence of clrbonote rocks of generally 
high permeability that are mostly of middle and late Tertiary . age, that are hydraulically connected in varying degrees. and 
whose permeability is, in general, an order to several orders of 
aagnituda greater than that of those roclu that bound the system 
above and below. 

"* * * (in west-central Florida), less-permeable carbonate 
units of subregional extent separate the system into two 
aquifers, * * called the Upper and Lower Floridan aquifer." 
In tha study araa, the permeable part of the Floridan aquifer system is 

the Upper Floridan equifar. Deep teat holes at Sarasota (Smcliffe,.l979) and 
at the North Port injection site (CEW Hill. Inc.. 1988) have demonstrated 
that, once intargranular 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 in southwant Sarasota and 
west Charlotte Counties. 
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Figure 11.--Potentlometric surface of the Ianiami-upper Hawthorn 
aquifer. Hay 1987. (Modified from Levelling. 1987a.) 
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Figure 12.--Composite potantiometric surface of water-bearing -its within 
the intermediate aquifer system. Hay 1987. (Hodified from 
Lawelling. 1987a.) 
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Within the study area, the Upper Floridan aquifer has not been videly 
exploited for water supplies because of its generally poor water quality. 
Until recently, it was tapped only by a fev deep irrigation wella with shallow 
~asings (less than 100 ft) for high yield of relatively poor quality water. 
With the devalopmsnt of reverse-osmosis and large sewage-treatment plants, the 
aquifer has become an important source of slightly saline to moderately saline 
water as well as a receptacle for injected vastewater. 

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

Suvannee Permeable Zone 

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 wella listed in table 5. The 300-ft-thick rone is 
confined above by clayey carbonate rocks within the intermediate aquifer 
system and helm by lov-permeability limestones at the base of the Suwannee or 
uppmr part of tha Ocala Limestone. Tba top of the zone lies between 500 and 
750 ft balow land surface and slopes from 485 ft below sea level at ROMP T85-2 
southward to 732 ft below sea level at Gasparflla Island (index numbers 110 
and 1, respectively, in fig. 6 and table 5). The zone is characterized by 
moderate transmi~sivity as datermined in tests at R W  TR5-2 (13,000 ftz/d, 
index number 109, table 6) and North Port (8,900 ft2/d, index number 45, tabla 
6). 

The lithology of tho Swannee pameable zone is characterized by porous 
limestone in the upper 200 ft and interbedded limestone and dolomite in the 
lover 100 ft. The zone yields water from several discrete intervals (CH2H 
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 (760-810 ft) within the Suwannes permeable zone does not appear to 
yield significant quantities of water. 

A fault was discovered through geophysical log correlation of the 
dolomitic limestone interval near the bass of the Sw-e permeable zone. 
The dolomitie limestone interval is identified by a gamma-ray correlation 
marker of increased radiation activity. A 100-ft offset of the interval is 
interpreted from g-a-ray logs of wells 4,000 ft apart at the North Port 
injection sire. T b  marker on logs of the satellite monitor and injection 
wells occurs at 800 to 900 ft m d  700 to 800 ft. respectively (fig. 13). 
Displaoament appears to occur above the gamma-ray correlation marker and 
possibly below the marker between the lmer part of the interradiate aquifer 
system and extending below tha base of the Ocala-Awn Parkmoderately 
permeable =on*. The fault vru traced areally 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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Figure 13.--Hydrogeologic section 1-1' ahowing fault based on interpretations 
of gamma-ray logs. (Location of section is shown in figs. 6 
and 14. ) 
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Figure 14.--Configuration of the top of the dolomite layer af the 
Swannee permeable zone within the Upper Floridnn aquifer. 
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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 is stratigraphically controlled, a reversal of the north- 
south regional dip of formations would have had to occur, which is not 
likely in a marine deppositional environment. 

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

3 .  The fault aligns with a 100-ft offset in the Suwamee Limestone approxi- 
mately 20 mi east of the North Port injection site, as delineated in a 
geologic section 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 others (1972). which indicates response to the same 
tsctonism at both sites. 

5. Warm Mineral and Little Salt Springs are from 2 to 3 mi north of the 
fault. As their names suggsst, warn saline water f lows from the 
springs, indicating a deep source such as upwelling along a fault or 
fault zone. 

6 .  Although the top of the Oeala Limestone is an erosional surface, evidence 
for the offset does not support an erosional feature, such as a river 
channel. Tho g m - r a y  conelation marker slopes constantly through 
walls 13, 58, and 74, which implies that the marker at well 45 is high 
ralative to the regional slope (fig. 13). The Suwannee permeable zone 
is slightly thicker in wall 45 than it is in well 58. This is the 
opposits of what would ha axpected if Suwannee sediments had been 
deposited over an irregular Ocala surface. 

A section of the Hay 1987 potentiometric-surface map that encompasses the 
southwest Sarasota and weat Charlotte Counties study area is shown in figure 
15 (Lewalling, 1987b). The lup represents water levels in the freshwatsr- 
bearing part of the Upper Floridan aquifer, which correspond to the heads in 
the Suwarmee permeable zone. Artasian heads are above land surface and the 
gradient is from east to vest from 30 ft above sea level at the Myakka River 
to about 20 ft above sea level at the gulf coast. Depressions were dram 
around Warn tiinera1 and Little Salt Springs because the chemical and physical 
properties of the discharge suggest a deep source, possibly the Upper Floridan 
aquifer. h u a l  fluctuations of the surface between Hay low and September 
high levels are about 5 ft at ROMP sites TR5-1 and TR5-2 and about 2 ft at 
P.am m - 1  (fig. 9). 
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Figure 15.--Pocentiomstric surface of the Upper Floridan aquifer, nay 1987. 
(Modified from Lewelling. 1987b.) 
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Lower Suwannee-Ocsla 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 abovs the injection zone is 
required. The applicant muat demonstrate that the confining zone 
has sufficient areal extent, thickness, lithologic and hydraulic 
characteristics to prevent injected fluid movement and that it 
insures protection of underground sources of drinking water: 

In the study area, the lower Suwannaa-Ocala riamiconfining unit is the 
principal hydrogeologic unit that satisfies the FDES requirsment. The unit is 
a fine-grained, soft to partially indurated, micritic limestone containing 
abundant miliolid remains and scattered large foraminifera. In the 1980's. 
the unit war identified over a wide area of southwest Florida through drilling 
and testing at injection-well sites. Prior to injsction-site testing. the 
unit was co~idared to have permeability comparable to the rest of the Uppar 
Floridan aquifer, although it was tappad by only a few irrigation wells over 
800 ft deep. 

The Suwannee-Ocala semiconfining unit was delineated by interpreting 
gamna-ray logs. The unit exhibits lox gamma radiation and is fharecterirtic 
of pure limestone. It occurs inmediately below the dolomitic limestone marker 
bed. The top of the Suwannaa-Ocala semiconfining unit occurs above the base 
of the Swannee Limestone in several geologic 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 Limestone at sites 25, 45, and 74 and 
w a r  estimated to coincide with the top of the Avon Park Formation at other 
test wall. for which hydrogeologic data are available (table 5). 

Hydraulic properties of the sdconfinLng unit were estimated from an 
aquifer test at R O W  TR5-2 and measured core permaabilities and packer teats 
at the injection sites. As part of this study, a radial flow model wan used 
to simulate drawdown in a lover S w m s - O c a l a  semiconfining unit observation 
well in rssponse to pumping from the overlying Suwannee pameable zone 
(Hutchinson and Tromer, in press). Vertical hydraulic conductivity estimated 
through computer airnulation is 0.1 ft/d (feet per day), vhich falls within a 
range of 0.1 to 0.25 ft/d for vartical and horizontal conductivities measured 
in cores and packer tests (table 7). Hydraulic conductivity of chs unit is 
low compared to that of chs overlying Suv-ae permeable zone (65 ft/d) and 
the underlying injection zone (100 ft/d). 

Injection Zone 

The injection zone comprisaa about 1.000 ft of permeable rocks of the 
Upper Floridan aquifer below the lower Suwannea-Ocala semiconfining unit and 
above the middle confining unit of the Floridan aquifer system (table 4). Two 
permeable units vithin the zone have been identified through drilling and 
testing at injeetion-well sites (fig. 5). The uppar unit. herain named the 
Ocala-Avon Park moderately permeable zone, consists of about 300 ft of 
interbedded, porous limestone and dolomite. The lower unit, the Avon Park 
highly permeable zone, eonaiats of up to 700 ft of massive, hard, dark-brow 
dolomite that contains large solution channels that have developed along 



Table 7:-Poroslt~ and hydraulic conductivity of the lowar Suvmee-Ocala 
semlconfinin~ unit 

[ft/d, feat per day; --, no data1 

Hydraulic 
conductivit~ 

Index Depth Porosity Vsrti- Hori- Kethod Source 
number (feet) cal zantal 

(£t/d) (£t/d) 

Lab CHZM Hill, I c .  
Lab (1986) 
Lab 
Packer 

Lab CX2H Hill. Inc. 
Lab (1988) 
Lab 
Lab 
Lab 
Lab 
Lab 
Lab 
Lab 
Packer 
Packer 

Lab Post, Buckley, 
Lab Schuh, and 
Lab Jsrnigan. Inc. 

(1982b) 

76 1,217 .28 -- - - Lpb Gomghty and 
1,262 .24 - - - - Lab Hiller. Inc. 
1,328 .28 - - - - Lab (1985) 

110 750-1.100 - - .1 .1 Model Hutchinaon 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 P a r  Inc. (1989) 

'Index numbers correspond to thoas in tabla 3 and figure 6. 
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fractures (Wolanslry 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 cowonly are cased to the uppermost permeable unit 
vithin the injection zone. This depth is highly variable, as demonstrated by 
1,040 ft and 1.702 ft of casing in the Englevoad and Gasparilla Island test- 
injection vellr, respectively (index numbers 25 and 1 in fig. 6). 

Transmissivity of the injection zone was estimated mostly from single- 
well testa that are required by the FDER as part of the injection sits 
permitting procsss (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 of this important regional unit. 

1. Gasparilla Island.--A tr-missivity of approximately 64.000 ftz/d was 
estimated in an unspecified procedure by using data from a 560-gal/min, 
8-hour injection test (Gsraghty and Miller, Inc.. 1986). The well has a 
224-ft open-hole interval fron 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 loga, and packer tests were used to 
conclude that the Ocala-Awn Park moderately permeable rone had an 
insignificant injection capacity: therefore, it vas cased off. 

2. Eng1avood.--A transmi3sivity of approximately 80.000 ft2/d vas estimated 
from a log-log time-dravdovn plot for a 1,000-gal/min. 480-minute 
withdrawal tent (CH2M Hill, Inc., 1986). The wall has a 760-ft opan- 
hole interval from 1,040 to 1.800 ft belov lend surface in the upper 
part of the injection rone. A previous test, vith a 1,150-foot open- 
hole interval fron 450 to 1.600 feet deep and just into the top of the 
A w n  Park highly permeable zone, yielded a transmissivity of 48,000 
fta/d. estimated by the above procedure, for a 962-gal/min, 395-minute 
test. 

3. North Port.--A tranrmissivity betvesn 140,000 and 370,000 ftz/d was esti- 
mated using various analytical techniques for a 2.200-gal/min, 24-hour 
test (CHZU Hill, Inc.. 1988). The well is 3.200 ft deep and has a 
2,100-ft opan-hole interval that fully penecrataa the 910-ft-thick 
injection zone and taps underlying units. The lover transmissivity 
value vaa baaed on analysis of data from the pumped well. The higher 
value was derived from analysis of data fron a partially penetrating 
satellite monitor vell 4,000 ft north of the pumped wall. A fault may 
lie batmen the two wells, thereby complicating analysis of the test. 
Earlier tests, conducted as the well was baing drilled, produced trans- 
rnissivity estimates of 8,900 and 72.000 ftl/d for open-hole intervals of 
560 to 1,100 ft and 560 to 1.600 ft, respectively. By subtraction. 
tranamirsivity is approximately 63.000 ft'/d for the interval fron 1,100 
to 1,600 ft that taps the Ocala-Avon Park moderately permeable zone and 
the upper 100 ft of the A w n  Park highly permeable zone. A subsequent 
analysis of a 200-minute test of the interval from 1,100 to 2.000 ft 
produced a truurmissivity estimate of 150.000 ft2/d for the total 
thickness of the injection zone. Comparison of test results indicates 
that the lower 400 ft of the injection zone is more pernaahle than the 
upper 500 ft, and permeability is low in formations below 2,000 ft. 



/~cpeeks - U.S. Geological Rpt 90-709.t1f 
- - - 

u 4  - Page 50 

4. Plantation.--A transmisrivity of approximately 67,000 fta/d was estimated 
ruing various procedures to analyze plots of drawdorm and resovery for a 
650-gal/min, 5-day injection test (Post, Buckley, Schuh, and Jcrnigan, 
Inc., 1984). The well vas reported to have a 503-ft open-bole depth 
interval from 1,102 to 1,605 ft at the top of the injection zone, but 
when logged, the bottom 256 ft of hole had filled in. If only the upper 
247 ft were tested, it could he considered a representative test of the 
Ocala-Avon Park moderately permeable zone, and results are similar to 
the 80,000-Et2/d value estimated from the North Port injection site. 

5. Venice Gardens. - -A tra-issivity of approximately 24,000 fta/d vas calcu- 
lated from a 37-minuts recovery period following a 1.400-gal/min, 24- 
hour injection test (Gsraghty and Miller. Inc.. 1985). The well has a 
317-ft open-hole interval from depths of 1.388 to 1,705 ft in the upper 
part of the Avon Park highly permeable zone. Geophysical log 
interpretations were w e d  to conclude that the Ocala-Avon Park moderate- 
ly permeable zone would not accept significant quantities of injectant; 
therefore, this zone war cased off in the completed injection well. 

6. Knight Trail Park.--A transmissivity of approximately 300.000 ft2/d was 
estimated using semilogarithmic plots of drawdorm and recovery for a 
747-gal/min. 3-hour test (Lav Environmental, Inc.. 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 vaa ancountered at a depth of about 1.600 ft. which ia about 
150 ft below the top of the dark-brown dolomite that comprises the Avon 
Park highly permeable rona. 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 
zone corralater stratigraphically vith that in St. Petarsburg as des- 
cribed by Hickey (1982, p. 15) who reported it as having variable 
hydraulic conductivity in the upper part. He originally hypothesized 
that a confining unit existed between the producing intervals in the 
upper and lower parts of the zone (nuch like what is observed at Knight 
Trail Park). Subsequent data from injection tests at St. Pstersburg 
proved that the permeable intervals are interconnected. This intereon- 
nection vas attributed by Hickey to fractures at some distance from the 
well that were not encounterad by the borehols. It is likely that the 
Knight Trail Park injection-monitor well vas not open to fractures in 
tbs upper part of the injection zone; therefore, it vas eased off. 

7. Atlantic Utilities.--A transmissivity of approximately 5,000 ft2/d was 
esthted using a logarithmic plot of drawdown for a 1.390-gal/min. 24- 
hour test (Past. Buckley, Schuh. and Jernigan, Inc., 1989. p. 8-15). 
The well has a 422-ft opan-hole interval in tba 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 impermeable 
gypaifcroua dolomite section above the injection zone that correlates 
vith the upper part of the Avon Park highly permaable rone at other 
injection sites. 
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Although there was little uniformity in how the aquifer tests were 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 uppar part (Ocala-Avon Park moderataly permeable zone), as well as in the 
underlying Avon Park highly permcabla zone. 

The AvDn Park highly permeable zone is the primary zons 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 wert-central Florida showing the conffguration of the top of 
the zone based on hydrogeologic data from two test wells within southwest 
Sarasota and west Charlotte Counties. The estimated top of this zone has now 
been revised (fig. 16) by using additional data from deep injection and ROMP 
test holes. The surface slopes uniformly under a gradient of 15 ft/mi from 
north to south from about 1,400 ft below sea level at Venice to 1,700 ft below 
sea level at Gasparilla Island. Tha revised map may be useful for estimating 
depths of proposed injection wells. - 

The potantiometric surface of the injection zons was mapped using water 
levels measured in two observation wells and six injection wells prior 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/Z. Some water-1.~1 msasuremenca were several years 
apart and do not represent a .mapshot. of the potentlomstric surface. The 
map depicts the potential for ground-water movement to the coast with an 
environmental head gradient of about 1 ft/mi between the North Port and 
Englewood injection wells where watsr-level measurements are accurate. Head 
msaawaments at the Plantation and Gasparilla Island injection wells were 
estimated from historical reeordr of pumping tests. These two wells were 
drilled using a cloaed-circulation method, which precluded accurate measura- 
ments of head in the injection zone. 

WATER QUALITY 

The quality of pound watar is controlled by contact time with and 
composition of rocks and soil through which it w v s s .  Thus, the chemical 
quality of water from an aquifer depends upon lithology of the aquifer. 
Quartz aand, the principal mineral of the surficial aquifer system, is rela- 
tively insoluble. The. sandy and clayey limescons and dolomite of the intsr- 
mediate aquifer system are more soluble than the quartz aand, but bseauae they 
contain silicate minerals, they are probably less soluble than the relatively 
pure carbonates of the Upper Floridan aquifer. In addition to the dissolution 
of the rock matrix, solute is added in deep zones where ancient seawater is 
slowly being flushed from the syatam and in shallow zoms where intrusion is 
occurring. The above conceptual system should result in water that has 
increasing aalinify with depth and proximity to the gulf coast. 
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Figuse 16.--Configuration of che top of the &van Park highly permeable zona 
within the Upper Floridan aquifer. (Modified from WolansQ and 

, others, 1980.) 
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Figure 17.--Potentiometric surface of the very saline injection zone within 
the Upper Floridan aquifer. 
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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. Racomnded or permitted muhum concentrations 
for there constituents in public water supplies are aa follows: 

Chloride (mg/L) 
Color (Pt-Co units) 
Dissolved solids (mg/L) 
nuoride ( m a )  
Iron ( m a )  
Radium 226 + 228 (pCi/L) 
Sulfate (mg/L) 

Standard for public 

'Florida Department of Environmental Regulation, 1982.. 
*Based on mean air temperature of study area. 73 'F. 

Dissolved-solids concentration is the major concern for ground-water 
nanag-nt in the study area. Critical concentrations for various uses of an 
aquifer are as follows: 

Dissolved-solids range 
(men) 

<so0 

500-8,000 
(approximate) 

h9ALuLk 

Potable water source. 

Source of water for irrigation 
supplies and low-pressure 
reverse-osmosis treatment 
process. 

Potential receiving zone for 
treated sewage or source for 
high-pressure reverse-osnoaia 
treatnent process. 

The study area is in a coastal pensinsular setting where a shallow, potable 
water lens grader d o m a r d  and coutxlrd to seawater. Transition zones from 
freshwater to very aaliru water do not conform to hydrogeologic boundaries; 
however, pemeabilitg may control the position of the interface. 

Figure 6 shows the locations of wells and sprLngs for which chemical 
analysas are listad in table 8, Figures 18 through 21 illustrate the areal 
distributions of dissolved-solids concentrations within four inportantwatar- 
bearing zones: shallow Tsmiad-upper Hawthorn aquifer. compoe8ita intermediate 
aquifer system, S w m e .  permeable ;om, and the deap injection zone.. Super- 
imposed gp the maps are Stiff ding- that show relative concentration. of 
major constihunts that comprise the dissolved solids. Conclurions dram from 
table 8 and the maps are: 
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Figure 18.--Dissolved-solid. concentrations d Stiff diagrams depicting 
quality of water from springs and from wells that tap the Tamiami- 
upper Hawthorn aquifer. 

49 
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Ffyra 19.--Dissolved-solids concentrations and Stiff diagrams depicting 
quality of werer from springs and from wells that tap the lower. 
most or multiple zones within the incermediata aquifer system. 

50 
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Figure 20.--Dissolved-solids concencraciona and S t i f f  diagrams depicting 
quality of water from aprings and from wells that tap the 
Swannee permeable zone. 

51 
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Figure 21.--Dissolved-solid. concentrations and Stiff diagrams depicting 
quality of water from springs and from wells that tap the 
injection zone. 
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1. Raw ground water generally does not meat 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. Tvo of these wells 
are 30 ft deep or less and tap the surficial aquifer, nine are between 
65 and 180 ft deep and tap the Tamiami-upper Hawthorn aquifer, and two 
are more than 250 ft deep. Nineteen other wells between 55 and 185 ft 
deep that cap the Tamiani-upper Hawthorn aquifer produced water that 
contained at least 500 ng/L of dissolved solids (17 wells diagramed in 
fig. 18 and wells 52 and 87 in table 8). 

2. Saliniq of ground watsr gansrally incrsases with depth. Median 
dissolved-solids concentraeiona for the sampled zones are as follows: 

Median 
Number disaolved 
of solids 
-0 Class 

Surfieial aquifer system 2 U 0 0  Frash 
Tamiami-upper Hawthorn 25 660 Slightly saline 
aquifer (fig. 18) 

Composite intermediate 23 2,170 slightly saline 
aquifer system (fig. 19) 

Swarmee permeable zone 12 3,210 Moderately saline 
(fig. 20) 

Injection zone (fig. 21) 9 32,800 Very saline 

Coastal areas do not conform to this general water-quality mdel. as 
indicated by analyses in tabla 8 from isolated depth intervals at ROMP 
sites TP.3-1 and TR3-3 and from the Cattledock Point well as it was being 
drilled. Ar each site, water with a high chloride concentration was 
observed at depths of less than 200 ft. Salinity decreases considerably 
between about 200 and 600 ft. but eventually the water becomas very 
saline with depth. Very saline watsr near the surface can probably be 
attributed to past tidal inuudation because the sites are low-lying and 
near the coast. 

3. Salinity changes from north to south.--In the upper three hydrogeologic 
units, water is less =din. in the north than in the south. Water type 
grades from calcium sulfate in the north to sodium chloride in the south 
where thcra is probahly raridusl seawater in the system. Watsr in the 
injection zone is very saline and is similar in composition to seawatar. 

4. Little salt and Warn Mineral Springs= derive vater from deep sources.-- 
Little Salt (site 79) and W a m  IUneral Springs (site 69) nay be fed from 
multiple zones betwssn land surface and the injection zone. Stiff dia- 
gram of upring-water quality are included in figuraa 18 through 21 to 
facilitate comparison with water quality from dircrmta permaable zones 
that possibly contribute 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 S v x a ~ e s  perm- 
able zone (median disaolved solids of 3,210 mg/L). Watsr from Warm 
Hineral 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 Point well 
(dissolved-solids concentration of 18,000 mg/L). This inplies 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 constituents indicate that the 
spring flow sampled at a depth of 230 ft contains about 60 parcent 
seawater. Likely avenues for the spring's discharge are upward along 
m a p p e d  faults similar to the fault discovered 2 to 4 miles to the 
south. 

Figure 22 shows hydrogeologic section A-A' (line of section 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 mini- ooncentration 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 Garparflla Island site (1, 2). which is 
actually off the Florida peninsula. In the northsrn part of the study area. 
the lower Suwannee-Ocala semiconfining unit contains or is underlain by 
moderately saline water that is unacceptable for injection, as exemplified at 
the Atlantic Utilities and Plantation sites (136 and 71-74). In the southern 
part. the thick semiconfining unit separates usable water from injected 
wastewater. 

The altitude of the 10,000-ng/L dissolved-solids interfaca was mapped by 
using water-quality ~ f o m a t i o n  from injection sites (fig. 23). Th. highest 
intarface altitude is about 500 ft below sea level along the gulf coast. The 
interface dips inland to ths north and northeast under a gradient of 50 ft/mi. 
Campariaon with figure 22 indicates that the 10.000-mg/L interface is below 
the top of the potantial 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 = M y  area. the interface lies 1.200 ft below sea level. This 
altitude is 200 ft 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. 

Two classes of wastewater are injected through deep wells in th. study 
area: treated sewage and reverse-osmosis wastewater. The sewage ia largely 
reaidenrial and commercial in rum- and doer not contain hazardour or idus- 
trial vast-s. The injectant is characterfatically aerated, filtered, and 
chlorinated secondary affluant with .bout 5 mg/L of suspended solids, a pH of 
about 8.0, and a dissolved-solids concentration of less than 500 mg/L. me 
reverse-osmosis wastewater is a concentrated solution that contains about 
Nice the dissolved-solida cancentration a. in the feed water pvqed from 
wells. Reverse-osmosis procasses in rue in the a- area include spiral- 
wound membrane and hollow-fiber la-prsssure systems, which operate at approx- 
imately 200 lb/in2 (pounds per square inch). Englerood vscs a high-pressure 
systam, which operates at approximately 6M) lb/inZ. Ih. dissolved-solids 
concentration of the wastswat.r is about 5,000 mg/L at Venice, 7,000 mg/L at 
Plantation. and 15,000 mg/L at Englavood. The reason for injection as opposed 
to discharge to bays and erhurias in that the waters have dissolved radium- 
226 concentrations above 5 pCi/L (picocurisa per liter). 
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OPEN INTERVAL--Open hole FAULT--A~~OVS show 
or screened interval in relative direction of 
observation and injection movement 
wells. N d e r  is dissolved- 
solids concentration in 
milligrams per liter 

FILLED ZONE--Open-hole -#..loo PA--TEST SAMPLE- -Number 
$ section of borehole Is dissolved-solids 

filled with rubble or concentration in 
censnt milligrams per liter 

Figure 22.--Hydrogeologic section wiCh 10.000-mg/L dfssolved-solids 
concentration delineated from paekar-test and well-water analysis. 
(Wells are indexed to lisrs of data in tables 3 and 8 . )  
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82'45' 30' IS '  82'00' 45, 81'30' i 
27'30' I I I I 

Figure 23.--Altitude of the 10,000-mg/L dissolved-solids concentration in 
ground water. 
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UNCONTROLLED FLOWING ARTESIAN WELLS 

Sarasota and Charlotte Counties lie within the principal problem area 
identified by Healy (1978) in an appraisal of uncontrolled flowing artesian 
wells. Healy defined such wells an: 

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

Figurs 24 is a schematic diagram that comparss a properly constructed 
well in a single artesian aquifer with cwo uncontrolled flowing artesian 
wells. The uncontrolled wells have corroded or shallow casings and cross 
connect permable zones, thereby allowing upward flow of more saline water 
from the deep zone into less saline shallow zones, The typical uncontrolled 
flowing well is a 300- to 500-ft-deep irrigation well with 50 ft of corraded 
and leaky casing that was drilled in the 1950's. As housing developments 
replaced farmland, many wells were capped and forSottsn. Figure 25 shows 
locations of approximately 100 uncontrolled flowing wells identified in the 
stndy araa (Preedom, 1984). By 1986, about half of the walls had been plugged 
by the Southvest Florida Water Kanagement District and public utilities 
agencies. 

A vell-plugging program c~llductad by Venice Gardens Utilities has proved 
successful at the Venice Gardam wall-field area (fig. 4). Thirteen wells 
within 1 mi of well-field number 2 were plugged under the program (Peter 
Palmer, Geraghty and Killer, Inc.. written commm.. 1986). 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 well. 
The dissolved-solids coneencracion of blended raw water from 38 wells in the 
field war rsduead from about 750 to 600 mg/L after plugging the 13 wells. 

Borehole geophysical surveys were conducted co assess the problem of 
internal flov in deep vells that are open to multiple permable zones. Pro- 
cedures consisted of rurming caliper and flowmeter logs while each well was 
shut in (no flow at land surface). Internal flow war quantified on the basis 
of relatiom between cross-sectional area and measured borehole velocity. 
Figure 27 illustrates an example rurvsy in a 190-ft deep well (index no. 
91, table 3) where internal flow was measured at 73 gal/min. b s t  of the flow 
entmrs the borehole between 100 and 120 ft, u evidenced by the flowmetar and 
fluid-conductance logs. The l o ~ s r  operator mxplained that the "kick" in the 
fluid con&ctanca log is not caused by a change in water quality but by rapid 
flow over the sensitive lagging tool. All flow raenterr the formation at the 
bottom of the 60-ft well casing. The caliper log indicates an obstruction in 
the well at a depth of 37 ft. 

Figure 28 shows results of apirmar fl-etsr surveys in 14 wells chrough- 
out the study area. The we118 range in depth from 185 to 1.066 fc. Internal 
flow ratns, measured between 0 and 350 gal/min. with a median rate of 10 
gal/min. arm relatively high in the Venice area and bighast at R O W  rite TRS-2 
(site 108, fig. 28). There. a 480-ft deep well had been conatructsd with 60 
ft Of casing and was open for about 1 yr prior to conversion to a cluster well 
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PROPERLY CONSTRUCTED IMPROPERLY CONSTRUCTED 

Figure 24 . - -A  properly co~tructnd well tapping a single aquifer compared to 
improperly constructed or corroded wells that may allow cross 
contauination of aquifers with saline water. 
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Figure 2 5 . - - l a c a c i m  of  pluggad wells and uncontrolled flowing artesian 
wells rchadulsd to ba plugged by the Southest Florida Water 
Hanagmenc District and other agencies. 
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PRODUCTION WELL 2-28 
DEPTH 157 FEET 
CASED TO 6 0  FEET 

Figure 26.--Disrolvad solid. In water from a Venice Gardens Utilities produc- 
tion well before and after plugging of nearby uncontrolled 
flowing artesian well. (From Gsraaty and Uiller. Ine., 
written comun., 1986). 
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FOX LEA FARMS WELL (Index number 91 in table 3) 

Figure 27.--Borehole geophysical logs used to assess internal circulation in 
an uncontrolled flowing artesian well. 
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Figure 28.--Internal circulation measured in uncontrolled flowing artesian 
wells. 
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containing two small-diameter wslls. 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 measured in the ROMP TR5-2 well. 

Water-level and water-quality investigations have shown that each aquifer 
or permeable zone has unique head and chemical characteristics. Construction 
of single-zone wells would safeguard ground-water resources by preventing 
moss-contamination and borehola interflow. 

MODEL SIHUIATION OF WASTEWATER INJECTION 

The hydrogeologic system in southwest Sarasota and west Charlotte 
Counties is conceptualized as containing multiple pnmeabls zones separated by 
leaky semiconfining units. Ground-water aalinity increases with depth and 
proximity to the gulf coast, end there is upwelling of ground water in this 
coastal zone of natural discharge. Superimposed on this simplified 2.000-ft- 
thick system is a projectad 29 Mgal/d of treated sewage and reverse-osmosis 
wartewatar injected into the bottom 1,000 ft. An assessment of the likely 
fete of the injected fluids using a model as a nvnerical simulation tool is an 
objective of this study. Questions to be answered are: 

1. How rill the wastewater spread radially from a representative well? 

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

3. Doas well construction control the distribution of wastewater in the 
injection zone? 

4. Does pumping from a raperse-osmosis supply well field above the injection 
zone speed circulation of the injected wastewater upward into the supply 
zone? 

5 .  What is the long-term areal inpacc ef injaeting at projected rates? 

A mdsl of ground-water R o w  and solute transport was used to improve the 
understanding of the hydrologic symtem and answer questions concsming the 
effects of injecting reversa-osmosis wastewater lad treated sewage. Tho model 
uses numerical solution chat involves integrated finite-difference mathods 
to solve partial-differential equations of ground-water flow and soluto trm- 
port. The nodel, HST3D (Heat m d  SoIute Transport in Three Dimensions; Kipp, 
1986a). can simulate vuiab1.-density ground-water flov and liquid-waste dis- 
posal into deep saline aquifers. It rsprsssnts the latest generation of a 
program developed by INTEuCOMP Re.aourca h l o p m a n t  and Engineering. Inc. 
(1976). and revised by IATEBA Hdrommntal Coasultaats, Ira. (1979). Tho 
parent coda. horn aa the Sub-face Waste Injiction Program (SHIP), has bean 
conpletaly rewritten with many nodifications. imprmmencs, and corrections. 
The reader is referred to Kipp's (1986.) report for a complet~ discussion of 
tha model code and numerical methods. The model is usad as a tool in this 
study to analyze the mechanics of wastewater injection through a representa- 
tive well. 
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Ideally, a three-dimensional model that incorporater 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 modern computer facilities, injection is simulated using an 
alternative two-dimensional model of flow and transport radially around a 
single prototype we11 representative of those constructed in the study area. 
C a n c l w i o ~  dram from simulation of the single-well injection case are used 
to assess regional impacts. 

Modeling procedures and their application to the study are diagramed in 
figure 29. The hydrogeologic region representative of the study area was 
formulated around a hypothetical ideal well cased through the lower Suwannee- 
Ocala ssmteonfinlng unit and fully penetrating the Ocala-Avon Park injection 
zone. The region was subdivided into discrete areas defined by cylindrical 
ooardinatos, boundary conditions were established, and hydraulic and transport 
propertias wars estimated for each elemnt in the point-distributed grid. 
Kodel-input values of selected physical parameters, including visaosity, 
temperature, and dansity, were held constant in all model simulations. Other 
input parameters and time and space subdivisions were edjustsd by trial and 
error within limits to establish a "bast estimate' model of injection through 
an ideal, fully penetrating well. 

Three simulation phases were employed in modeling injection and solute 
transport. In the first phase, finite-differencing options available in the 
model m r a  tested to evaluate rmnarical dispersion and stability. and a 
comparison check was node with rasultr af the saturated-unsaturated transport 
(SLTR-4) finite-elamant model. The second phase included testing the aensitiv- 
ity of the 'best-estimate model" by varying input paramet*rs 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. 

Ths continuous aquifer region war subdivided spatially by using a 
cylindrical-coordinate system with a grid mesh (fig. 30). Th. primary 
subdivision is the call, which is the volume over which flow and solute 
balances are node to give the nodel finite-difference eqruciona. Ths second 
nubdivision is the element, bounded by four corner nodes. which is the minimum 
volume w'ith uniform porous-medium properties. A third subdivision is the 
subdomain, which is the co-n volume of an alement vith a cell. A cell may 
have as many a8 four subdomains if it ia an interior cell. or as few as one 
subdomain if it is a corner call. The finite-difference equations are 
assenblad by adding the contributions of each subdonain in turn to the 
aquation for a given cell. Because well. are usually open over the more 
permeable zones of the fornation, the open-hole intervals are specified by 
sets of elements rather than by cells. The upper and lower parts of the open- 
hole internal are one-half the cell thickness in length, unlear the call in 
quaation forms an uppar or lowr boundary, in which case, the cell is already 
half cell. In a well bore segment that terninaten at a half cell, flow (and 

solute) is spread over the whole cell at half the whole cell rats. To help 
Overcome this limiution, injection easing was set one node bslov the top of 
the injection zone (1,l Q ft) rather than at the top. I 
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MODELING PROCEDURES APPLICATION TO SOUTHWEST SARASOTA 
AND WEST CHARLOTE COUNTIES 

C y l M a d  grid with98vuiably spaced 
c o 1 ~ ~ 2 7 c w n l y  s p d  m a .  

1 
Conrtant p m m  at top o t s c m i ~  
mi$ a q ~ ~ ~ ~  bomdsy at radivr 
ofm feet 
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9 T e a t f l n i f c d ' l m ~  for 
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rmmnical dlftdon mdrhWiry CmDDicd-inqaa md 
LmcLwrd4a-timc flnl* 

I 

Tar nludvlt), d b e r t ~ ~ t l m a r c  model a 
-brslinpmpurrvtcrs 

Figvre 29.--Modeling procedures. 



Figure 30.--Finite-differencs 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 lover Suwannse-Ocale semiconfining unit, 
Ocala-Avon Park modarataly permeable zone, and Avon Park highly permeable 
zone. Radial spacing expands logarithmically from the well, where spacing 
between columns 1 and 2 is 0.14 ft. out to 350 ft (column 45), vhere spacing 
then becomes a uniform 50 ft to the perimeter at 3.000 ft. Spatial 
subdivision empirical guidelines for stability in central-in-space finite- 
difference equations (Voss, 1984. p. 232) suggest that the largest radial 
dimension should not exceed 4 times the longftudial disparsivity (vhich was 
set at 20 it), and the largest vertical dimension should be less than 10 times 
the transverse disparsivity (vhich was set at 5 ft). Tests of the 
effectiveness of the grid spacing are evaluated in the "Sensitivity Analysis" 
section. 

Time insrements rued to step through the model computations are expanded 
automatically by the model. As the simulation progresses, an empirical 
algorithm tends to increase the time stsp auch that the maxi- specified 
change in pressure or solute scaled concentration is achieved. Simulations 
that were made to observe effects of spatial and temporal subdivision using 
various finits-diffsrsncs weighting arc described in the "Nuerifal Dispersion 
and Stabilitym section. - 

The major criterion used to define hypothetical boundaries for the model 
was to determine the area that might be affected by a fully penetrating well 
that injects 1 Mgal/d for 10 ye. The model encompasses the injection zone 
from 1.100 to 2,050 ft deep and the overlying lower S~annee-Ocala semicon- 
fining unit from 750 to 1,100 ft deep. The bottom coincides with the 
impanutabla middla confining unit of the Floridan aquifer system (Miller, 
1986) and is cohsidersd a no-flow boundary. The top is a constant-pressure 
boundary equivalent to a 750-ft column of freshwater, presumed to exist in 
overlying formations. The injection well form the left boundary and is cased 
from 750 to 1.150 ft m d  has an open interval from 1,150 to 2.050 ft. The 
right boundary is defined by a transient flow, aquifer-influawe function, 
vhich utilizes the Carter-Tracy approximation as adapted by Kipp (1986b) to 
compute flow rates between the inner gridded aquifar region and an infinite 
outer region where aquifer properties are Imown only in a general aanaa. Use 
of the Career-Tracy approximation eliminates the need for spatial subdividing 
the autsr region, vhich is beyond the zone of transport. The primary banefit 
of w i n g  the aquifer-influence function boundary condition is the reduction in 
size of the simulation region, resulting in leas computer storage requirements 
and a savings in execution t h .  The radii of tha immr region won set at 
3.000 ft. The outer region ia modeled as an infinite cylinder with a 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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COLUMNS 

Figure 31.--Hadel grid of 27 raws and 98 columns showing locations of six 
observation wells within grid. 
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nodel-input parameters were derived from aquifer tests, laboratory tests 
of rock cores, and published standards aa follows: 

1. Fluid properties.--Density, viscosity, and compressibility of the injec- 
cant and native waters were either measured or estimated. neasured 
values at 25 degrees Celaius are: 

Specific 
conductance, 

kdIa Viscosity, pS/em at 25' 
KsQLmds U2ELa - Celsius 
Englevood reverse- 1.0095 63.01 0.9289 23,000 
osmosis wastewater 

Gaaparilla Island ,9992 62.37 ,9039 3,500 
treated sewage 

R O W  TR3-3 (1.050- 1.0232 63.87 ,9500 41,000 
1,700 ft deep) 

The physical proparties of there three waters ware represented in the 
model as raverre-osmosis injectant, treated sewags injectant, and 
native fornation water, with the exception that native vater density 
was set at 64.0 lb/fts. The order-of-magnitude range in specific 
conductance is an indicator of the contrast in water quality between 
the injsctanc and native formation water. In addition to these 
properties, coprsssibility of water wna held constant at 3.3110-1 
fta/lb (4.4~10 l o  na/n) (Freeze and CherIy, 1979. p. 521, and rnolaeular 
diffusivity of the solute in the poroua media w a s  set at 8.75x10-' 
ft3/d (9x10-• m2/d) (Kimbler and others, 1975). 

2. Porous media properties.--Three porous zones were modeled that carrespond 
with hydrogeologic units: (1) lower Suwmes-Ocnla semiconfining unit. 
(2) Ocala-Avon Park moderately permeable zone, and (3) Avon Park highly 
parmeable zana. Valuer assigned to these zones include: 

zone 
(1) (2) (3) 

Hydraulic conductivity (ft/d) 0.1 25 100 
Porosity .25 .15 .I5 
Matrix ~ompresribility (ft2/lb) 1.5x10-~ 6.2x10-~ 5.5xl0-~ 
Longitudinal diapsraivity (ft) 20 20 20 
Transverse dirperrivity (ft) 5 5 5 

Hodeled hydraulic conductivity and compressibility values were based on 
aquifer tests described in this report, packer tests, laboratory meas- 
uremnts (table 7). and valuer derived from a separate nodal analysis of 
an aquifer teat described by Hutchinson and Trammar (in press). 
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Estimates of the porosity of the lower Suwannee-Ocala semiconfining unit 
was based on laboratory measurements of limestone cores from test- 
injection wells (tabla 7). Except for the values ae North Part, it is 
unclear whether the porosities reported by the laboratory are "total" or 
"effective." Effective porosity, which accounts for intarcormacted pore 
space, ru 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 predominant in the dolomites. 
Hickey (1989) derived a fracture porosity of 0.10 for the dolomitic 
injection zone in Pinellas County and successfully simulated injection 
end solute transport under the assumption of diffuse flow through a 
porous medim. 

Longitudinal and transverse dispersivitiss of the system were set at 20 ft 
and 5 ft, respectively. These values nest gridding stability criteria 
recommended in Vosr (1984, p. 232), where longitudinal and transverse 
disperaivities are greater 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 .  Wnll characteristics.--The injaction-wall surface occurs at the first 
column of nodes. A depth interval of 1,150 to 2,050 ft is specified as 
the length of wall bore that coanunicates with the injection zone. I h e  
model allocates injection flow of 1 Mgal/d (694 gal/nin) over rows 1 
through 19 by mobility factors that are based on call position, relative 
hydraulic conductivity. and m element completion factor. An element 
completion faftor of zero meam the well is cased off from the aquifer 
in that element. A reduced permeability around the wall bore can be 
approximately represented by specifying a completion factor less than 
one. Injaccion rate v u  lowest in the half cell at the bottom of the 
casing (6 gal/min) and highest through whole cells within the Avon Park 
hi@ly permeable zone (49 gal/min) . 
In addition to the injection well, six observation wells that have 50-ft 
completion intervals were included (fig. 31). Graphs of scaled solute 
concsntration and hydraulic pressure in the observation wells were used 
to tart the stability of the model sinulatian. 

An inherent problem in mathematical models is the difficulry in applying 
finite-difference methods to problems of comctiva transport. It is well 
known that the rype of finite-difference method used can introduce nunerical 
dispersion caused by truncation error that is virtually indistinguish&ls from 
physical dispersion ( b t r ,  1970; INTKRCOIIP Resource Development and 
Engineering. Inc.. 1976; and Kipp, 1986a). Compounding this problem are 
spatial and temporal instabilities. represented by oscillations in ths flow 
md concentration fields, which may persist without growth or decay. 

Nmerical dispersion and stability can be controlled through judiciow 
selection of finite-difference approximation methods and adherence te spatial 
and temporal subdivision criteria. Under selected methods, the magnitude of 
the truncation error is a function of the Darcien velocity, size of time step, 
and element size. Stability is a function of the pore velocity, size of time 
step, element size, and dispersivity. Stability in the radial injection model 
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requires small elements near the well and small time steps early in the 
simulation to adequately portray rapidly changing praraursa and concentra- 
tions. As the simulation progresses, a conrtant-velocity flow field is estab- 
lished and tho 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 enlarged in proportion to the radial distance from the 
inj action well. 

Guidelines for selecting various combinations of finite-difference 
approximation methods are summarized by IKTBRCOMP Resource Development and 
Engineering, Inc. (1976, p. 5.5). The centered-in-space (CIS) and cantered- 
in-time (CIT) combination is desirable in that there ia no truncation error 
and. therefore, no numerical dispersion. Stability problem. in the solution 
may arise if the ratio of time stsp to element size becomes too large at a 
specific pore velocity. The bachrard-in-space (BIS) and backward-in-time 
(BIT) combination always producas a stable solution: however. nunarical dfs- 
persion may produce severe errors 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 the BIS-CIT combination removes temporal (but 
not spatial) truncation srror and can be unstable if the ratio of time step to 
block size is too larga. 

Model runs were ma& to test how different combinations of finit.- 
difference approximation methods would control n-ricnl dispersion and rta- 
bility af the model solution. Initially. a CIS-CIT combination was employed 
under the assumption that m r i c a l  dispersion would be elbinated and a 
stable solution would be obtained. After many runs, it was determined that, 
regardless of the timn and spatial subdivisions used, a stable aolmion could 
not be achieved. Uhen tins steps were too large, divergent oscillations in 
the pressure and aolute-concentration fields were apparent, and the model 
would exceed the specified m i m u m  iterations allowd for a cycle at a given 
t h  plans. When tine steps were very small (0.000001 to 0.0001 day), 
oscillations did not expand; however. the model computations would take 
saveral deys of computer tima to sinulats several hour. of injection. 
Apparently, the small elements near the well bore limit the time step. 
Results of sinulations that demonstrate thase irutabflitics are shown in 
figures 32 and 33. 

When CIS-CIT, CIS-BIT, md BIS-BIT simulation results in figure 32 are 
cooparad, significant differences are evident. BIS-BIT (diagram W produces a 
smooth. nonoscillatary flar fiald wfth a maximum radius of intrusion af about 
2.300 ft, but the severity of truncation srror, which affects the diatributim 
of solute, is &OM. CIS-CIT (diagrm A) produces a mildly oscillating flow 
fi-ld wfth a maximum radiua 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 where grid spacing ranges from 29 to 50 
ft. The instability under CIT apparently produces more dispersion of the 
solute distribution than doas truncation error under BIT. CIS-BIT (diagram 8 )  
produces a thinner l e m  of injectant when compared to BIS-BIT, which indicates 
that some improvement is achieved by eliminating spatial truncation error. 
WIZRCOKP Resource Development and Engineering, Inc. (1976, p. h.h3), suggests 
that the density influence may be so dominant that truncation error is 
overshadwed by convection. 
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EXPUNATION 

Figure 32.--Radial aectians shoving the f l o w  field and sealad solute 
concenrration using various finits-diffsrmnss metho&. 
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F i y s  33.--Sinulated scaled solute concentrations in six observation wells-- 
a comparison of finite-difference wthods. (See fig. 31 for 
locations of wells within modal grid.) 
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Figure 33 shown haw concentrations vary with time at six points (simulat- 
ed wells) within flaw fields simulated using CIS-BIT and CIS-CIT combinatio~ 
of finite-difference approximation methods. The curves all show first occur- 
rences of solute, rapid rises in concentration to soma breakthrough region, 
and maxi- scaled solute concentrations. First occurrence times under the 
CIS-CIT method are rightly nore t h m  half those simulated under the CIS-BIT 
method. The largest difference in the first occurrence time is 253 days at 
well 7. The arrival time is 434 days whan the CIS-CIT method (diagram 8 )  is 
used, compared to 687 days for the CIS-BIT method (diagram A). Breakthrough 
curves also appear to be influenced by the CIS-CIT oscillating 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 injection 
well and earlier under the CIS-CIT method beyond about 350 ft, which indicates 
that the zone of severest oscillation retards breakthrough near the well and 
accelerates breakthrough in distant regions. Maximum concentrations for walls 
2, 5, 6, and 7 are within 10 percent under each finits-difference method, and 
at well 4, the CIS-CIT and CIS-BIT concentrations peak after about 50 to 75 
days at 57 and 84 percent, rsapectively. During early time., concentrations at 
well 2 increase steadily and then peak as bouyancy operates to tmncate the 
rise and eventually dilute the initial slug of injectant. Although it cannot 
be seen on the graphs in figure 33, the CIS-BIT plots (diagram A) are smooth 
curves through 333 points, whereas the CIS-CIT plots (diagram B) arc 
sawtoothed (oscillatory) curves through 14.135 points. The numbers of points 
represent time steps required for the simulation. The scale of oscillatians 
is on the order of one-hundredth of 1 percent. The instability percantags is 
small, but whan it is multiplied through thousands of time steps, the additive 
smearing of the solute distribution may be large. 

The distributions of scaled solute concentrations simulated under the 
various finita-difference approximation methods do not vary greatly, indicat- 
ing that nach combination of methods produces an acceptable solution. The 
tLm. that it takes to complete a 10-yr, l-Kgal/d infection simulation, 
however, is an important modeling consideration. Following is a comparison of 
the number of time steps and central processing time of the various finite- 
difference approximation methods operated on a PRIME 9955 computer system. 

ihber of Central 
Finite-difference Rang. of time stepa processing 
approximation time steps required for unit time 
A (dpyS solueiDn 

CIS-CIT 0.00001-1 14,135 5.500 
BIS-BIT .OOOl-20 327 130 
CIS-BIT ,0001-36 244 83 
BIS-CIT .0001-.O1 about 3.000 (abort) 927 

For the specified finite-difference grid, the CIS-BIT method minimized 
numerical dispersion and oscillation and required fewer time steps and, thus, 
lass computer tin. than other methods. The BIS-CIT method always produced a 
divergent solution, which rasulted in abnormal remirution of model nms 
before one-half day of shlstion had been completed. 

A separate modal run wan made by using SUT%4 to see if HST3D produced 
unreasonably severe error cawed by oscillatory irutabilities wing CIS-CIT or 
numerical dispersion using CIS-BIT. SUI%% 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 models produce similar results. 
then numerical errors are probably small, and confidence would be gained in 
the HST3D simulation. This emperical relation was devised in light of 
difficulties perceived rich the rigorous mathematical analysis of numerical 
o r .  The distributions of scaled aalute concentrations simulated in the 
CIS-BIT and SUTRA runs are similar (fig. 32, diagrams B and R). The main 
difference is that the SUTRA aimlation produced a sharper front (delineated 
by closer-spaced contours) than that abulated by using CIS-BIT. Under SUTRA 
and CIS-BIT simulation., the zone of dispersion between the 0.1 and 0.9 scaled 
solute concentrations at the top of the fnjection zone ranged over radial 
distances of 1.400 and 1,800 ft, respectively. The similarity of results 
produced by the separate models supports the credibility of the HST3D 
simulations. Sensitivity analyses and predictive simulations in the following 
secti0M of the report are baaed on CIS-BIT methods because processing time is 
minimized. - 

Testa were made of the model's sensitivity to changes of physical and 
hydraulic properties by varying one input parameter at a time over a reason- 
able range and then simulating 10 yr of injecting 1 Mgal/d. A sensitivity 
test of the model, therefore, is usad u a tool for demonstrating which prop- 
erties or characteristics hove the most affect on tha movement of injectants. 
Properties that greatly affect the simulated distribution of solute should be 
measured as accurately as possible in data-collsction prograrrm. 

Results of sensitivity testa are shown in figure 34 as scalsd rolute- 
concentration distributions. The 0.1 and 0.9 lines of equal scaled solute 
concentration, derived from the previously described best-astimate model. are 
superimposed far comparison. The sensitivity test results are rummarired in 
tabla 9, which lists simulated lataral and upward distances of injectant 
movement. 

Porosity.--Porosity of the injection zone was sat at 0.075 and 0.3 to 
bracket the bast estimate of 0.15, The ratio of permeability to poror- 
lty controls velocity of injectant flow and, hence, the rate of solute 
transport. High porosity produces a low velocity because it increases 
tha cross-sectional araa through which flow occurs. Correspondingly, it 
simply takas a longer time to replacm the lag. volume of native wazer 
in a given volume of aquifer. Low porosity has the opposite effect. 
Figure 34 (diagram and a) and table 9 indicate that lateral mvenent 
of injectant is very sensitive to porosity. The range in lateral nova- 
mant betwean 1,700 and 3,000 ft was produced over a range in porosity 
from 0.3 to 0.075. 

2. Dispersivity.--Disp.r.ivity is a scale-dependent property of the porous 
medium that controls dispersion of the injected fluid. Transverse dis- 
peraivity wur increased from 5 ft in the bast-estimate model to 50 ft, 
mud longitudinal dispersivity was varied hctwaen 5 and 50 ft with 
respect to 20 ft in the hest-estimate mdel. h fourth test was made 
with zero dispersivity. The resulting scaled solutc-concentration 
distributions (fig. 34, diagram C, P. E, and 1; and table 9) show 
thicker and wider (mars dispersed) spreads of injcccant when transverse 
and longitudinal dispersivities are increased, respectively. When 
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dispersivitias are lovered, there is less dispersion, vhich results in a 
narroving of tha transition zone batvean the injectant and native 
formation vater. Under zero dispersivity, the model vould he expected 
to simulate a sharp interface. Simulation of a transition zone several 
cells wide in diagram E may provide a clue as to the degree of temporal 
truncation error inherent in the centered-in-apace and baehard-in-time 
finite-difference approximPtion. Although the lov-dispsrsivity 
condition. violate rules-of-thumb, vhich guarantee spatial stability, 
the modal seems to hava achieved valid solutions. Vertical and lateral 
movement of the injectant front does not appear to be very sensitive to 
the narrow range of dispersivity tested: hovever, dispsrsivity is a 
major control on the distribution of solute within the injectant lens. 

3. Spatial subdivision.--Ths modal grid was made finer to see if this change 
vould affect the distribution of scaled solute concentration. First, 
tha grid was increased to 127 columa in the radial direction to halve 
grid spacing in the zone betvcen 100 and 700 ft. This includas the area 
here oscillations in tha flov field vere seen (fig. 32). The model waa 
run under CIS-CIT differencing and the resulting f l w  field and scaled 
solute plots vere similar to those rhom in figure 32. Next, the grid 
was incraared to 53 rows (maintaining 127 columns) to check the model's 
sensitivity to vertical discretization. The modelvas run under CIS-BIT 
differencing and the resulting plot of scaled solute Concentration was 
similar to that of the best-estimate mdel (fig. 34, diagram E. 
CPU time increased from 83 minutes to 2.126 minuter and time stspa 
increased from 244 to 856. It war concluded that the 27 by 98 grid is 
adequate and the model is nor significantly improved by finer 
subdivision. 

4. Vertical flov condition..--The model doer not account for natural upward 
flov in the hydrologic system, although the potential for such flow is 
evident from the many deep floving wells and very saline springs in and 
near the study area. A test of the d l ' s  sensitivity to those condi- 
tions van made by increasing tha model-computed pressure at the bottom 
of the model from 912.4 to 916.8 lh/in2. This is aquivalsnt to imposing 
a head difference of about 10 ft between the bottom and top of the 
mdel. Compared to tha best-estinate Donartesian modal (fig. 3 4 .  
diagram and table 9). the injectant would move about 40 ft higher (200 
ft compared to 160 ft) and 50 ft less laterally (2.250 ft compared to 
2,300 ft) under conditions of natural upward flow after 10 yr. 

5. Hydrrulic canductiviry of the semiconfining unit.--The lover Suvannes- 
Ocala semiconfining unit caps the injaction zone, thereby restricting 
upward movement of injected mutewater. Sensitivity testa included 
varying the vertical and horizontal hydraulic conductivities between 
0.01 and 1 ft/d to h r c b t  the bsat-sathte model valw of 0.1 ft/d. 
The rats of upward movement of injectant through the seniconfining unit 
(fig. 34. diagrlna x and J: and tabla 9) is ssnaitive to cha?ges in 
hydraulic conductivity xithin the plausible range. Injectant would 
move upward only about 100 ft d e r  tightly confinad conditions and 
conplately through the 350-ft thick d t  if hydraulic conductivity was 1 
ft/d. 
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Figure 34.--Radial sections showing the simulated concentration of injected 
wastewater indicating nods1 sensitivity Co changes in input 
parameters. 
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Figure 34.--Radial section. shoving the simulated concentration of injected 
wastewater indicating d l  sensitiviq to changes in input 
parameters--continued. 
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Table 9.--Bss~~lta of s v  

[ft/d, feet per day: lb/inl, pound per square inch] 

Injectant 
Diagram movement1 

in Parameter' Laterala upwardC 
fipra 34 (feet) (feat) 

- - Best-e~that. mo&l . . . . . . . . . . . . . . . . . . . . . . . . . .  2,300 160 
A Injection zone porosity - 0.075 (0.15) - - - - - - -  3.000 160 
8 Injection zone porosity - 0.3 (0.15) - - - - - - - - -  1,700 160 
C Transverse dinparaivity - 50 feet (5  feet) - - -  2,100 200 
D Longitudinal disperaivity - 50 feet 

(20 faat) ---------------------------.----- 2,400 200 

E Longitudinal dirpsrgivity - 5 feet (20 feet) - 2.200 150 
F Dispsrrivity - 0.0 -------------------.------- 
G Model grid 53x127 (27x98) - - - - - - - - - - - - - - - - -  2,400 170 
H Incrsaaa pressure at bottom of model to 

916.8 lb/inl (912.4 lb/inz) - - - - - - - - - - - - - - - -  2.250 200 
I Hydraulic conductivity of semiconfining unit - 0.01 ft/d (0.1 ft/d) . . . . . . . . . . . . . . . . . . . . .  2.300 100 

Hydraulic conductivity of semiconfining unit - 1 ft/d (0.1 ft/d) ---------------------.-- 
Hydraulic conductiviq of injection zona - 
0 sx --------.------------------------------ 

Hydraulic conductivity of injection zone - 
2% - - - - - - - - - - - - - - - - - - - - - * - - - - - - - - - - - - - - - - - - -  

Vertica1:harizontal anisotropy - 1.5 (1:l) - - -  
Porous-medium eomprssaibility - ~ O X  - - - - - - - - - -  
Porous-medium compressibility - 0.1~ - - - - - - - - -  
Boundary of inner aquifer region - 4,000 feet 

(3 000 feet) . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . .  
Thickness of outar aquifer region - 2.000 feat 
(1,300 feet) . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . .  

'Parameter in parentheses is value used in the best-estimate model. 

"reshwatsr injected into very saline between depth. of 1.150 fest and 
2.050 feet at a rate of 1 Mgal/d for 10 yr. 

'Represents maximum distance of the 0.1 scaled solut. concentration line 
outward from the injection well. The mod01 is sensitive to parameter changes 
that produce lateral movement less than 2.050 feet or mora than 2,550 feet. 

4F.eprascnts maxinun distanca of the 0.1 scaled solute concentration line 
upward abovs the top of the injactioa ZOM at 1,100 feet. h e  nodal is 
sensitive to parameter changes that produce upward movement above 190 feet. 
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6. Hydraulic conductivity of the injection zone.--Sensitivity tests included 
halving and doubling vertical and horizontal hydraulic conductivities of 
the Ocala-Avon Park moderately permeable zone and the Avon Park highly 
permeable zone (fig. 34, diagrams K and L; and table 9). Thesa changes 
produced approximately tha 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 solute has changed. Reducing hydraulic conductivity 
results in a thick snub-nosed concentration front. which apparently is 
caused by retardation of bouyancy. Increasing hydraulic conductivity 
produces a thin lens at the top of the injection reservoir due to 
enhanced bouyancy. Bccauss hydraulic conductivity may vary over an 
order of magnitude, it is potentially a more important parameter than is 
porosity, which probably lien within a fairly narrow range. 

7 .  Vertical-horizontal anirotropy.--Anisotropy can influence hydraulic prop- 
artier of sedimentary aquifer systems. Hickey (1989) introduced 
vertical-horizontal anisotropy as a 1:3 mtio in an injection study of a 

.. carbonate system in Pinellar County. A test was m d e  of the aensitivity 
of the model to anisotropy by setting vertical hydraulic conductivity of 
all zones at one-fifth the horizontal hydraulic conductiviry. The 
resulting scaled solma-concentration distribution (fig. 34, diagram &; 
and table 9) varies slightly from the isotropic best-estimate model in 
that upward movement of injectant is reduced fros 160 to 150 ft. The 
sensitivity analysis demonstrates that misotropy inhibits upward 
movement of bouyant wastewaters, hut the model is relatively insensitive 
to changes in the ratio. 

8. Porous medium oompressibi1ity.--Vartical compressibility is a model input 
parameter that conerole the degree to which spear varies starage within 
the hydrogeologic system. Injection increases hydraulic head, lowars 
effective stress borne by the grnular skeleton of the porous medium, 
and causes expansion of pores and an associated increase in porosity. 
Therefore, it nay be anticipated that increasing the matrix compressi- 
bility will actermnte the injectant plume and redueing compressibility 
will expand it. Results of such sansitivity tests (fig. 34, dlagren E: 
and table 9) dan0nstr.t. that a tenfold reduction and increase in =om- 
pressibility praduces little change in the distribution of the scaled 
solute concentration. The model is not sensitin to large changes in 
compressibility, probably because of the relatively small maximum pres- 
sure change of 5 lb/in2 imposed on the Byatem at the well bore. 
Although the percent chmge in pore volunn ia very small, it will be 
rmmerically large over a large region. 

9 .  Radial boundary conditions.--Tests were made to assess the sensitivity of 
the model to changes in dimensions of the outer and i m r  aquifer 
region. The firmt teat consisted of changing the thichss of the outer 
aquifer region from 1.300 to 2,000 ft. A second test was then conducted 
by dunging the radiua of the inner aquifer region from 3.000 to 4.000 
ft and inocr~ing the racti.1 grid from 98 to 118 columns. Neither test 
produced a noticeable change in the distribution of the scaled solute 
concentration, as indicated in table 9. Becausa the model is 
insensitive to changes in radial boundary conditions, those of the best- 
estimate model were deemed to be adequate. 
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A conceptual approach to solute-transport modeling was uaed in the 
application of this model. The hydrogeologic system waa conceptualized, its 
properties identified and estimated, and it was transformed into the mathemat- 
ical analog. The mathematical model approximatas the physical processes that 
control tha coneaptual model, hut it is only an approximate represantation of 
the prototype hydrogeologic system. 

The hydrogeology has bean simplified to the extent that an operational 
aathamatifal modsl could be constructed. Hydrogeologic data from several 
sources within a d  near the study region ware used to construct a model that 
simulates injection through a representative well. Results should not be 
construed as valid for a specific injection site. Also, becausa the model was 
not calibrated against observed distributions of solute and pressure, a sensi- 
tivity approach was relied upon to test the reliability of a best-estimate 
model. 

.Two limitations are recognized that could considerably reduce confidence 
in simulated results. The first is that the simulated hydrogeologic system is 
represented rs a poroua medium rather than a block and fracture ayatam with 
dual porosity. Hickey (1989) uaed the parent INTERCOW model to simulate 
observed pressures and concentrations in the highly fractured system in 
Pinallas County. Ha concluded that the system responded to injection stresses 
as no equivalent porous medium. Injection in the study area is Into thm name 
zone of crystalline dolomite, although it is less tranamlsaiva and appears in 
borehale video surveys to be lass fractured than in Pinellas County. 

A second important limitation is the assumption that regional horizontal 
flow is negligible. The magnitude of the regional lateral flow may be erti- 
mated using Darcy'a equation: 

where G - average linear velocity, in ft per day; 
K - horizontal hydraulic conductivity. in ft per day; 
I - hydraulic gradient. in ft par ft; and 
P - porasity. 

For the Ocala-Avon Park moderately permeable zone, where the injsctant ace-- 
lates. horizont*l velocity is about 0.06 ft/d, based on& of 25 ft/d, n of 
0.15. and I of 0.0004 ft/ft (2 ft/mi). After 10 yr. the injectant front would 
move about 200 it farthar downgradient and 200 ft less upgradient. thereby 
shifting m otherwise radially spetrical lene of injactant damgradient. 
The shift is small compared to the 2.300-it simulated radial spread. 
Injection near a discharga point, such as W a r m  1Iinsr.l Spring. whsrs the 
hydraulic gradient is steep, m y  considerably altar the configuration of the 
injectant lens. For nuch of the area, the gradient is uniform and relatively 
low; therefora, regional flow will not greatly affect the shape and position 
of the injectant lens. 
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The solute-transport model war used to simulate the hydrologic systam's 
response t o  vastewatar injection. Objectives of t h i s  predictive modeling 
phase wera to  assess the potential  for  upward movement of injectant to  potable 
aquifers and l a te ra l  novement outward from injection wells. A aingle-well 
model w a s  used to represent local flow and tmneport given a range of 
estimated o r  measured input valuer. Results were used to  sasess potential  
regional movement of injected wastewater from existing m d  proposed wells i n  
the study area. The modal-input f i l e  is l i s t e d  i n  Appendix A. 

Combinations of assumed hydrologic c o n d i t i o ~  and injection-well designs 
and operations that were simulated include: 

1. Injecting through an ideal wall that  ful ly  penetrates the injection zone 
t o  aaseas system response to a highly eff ic ient  injection system. 

2 .  Injecting through single wells with various cased and open-hole sections 
t o  t e a t  a variety of well~~darigns.  

3 .  Injecting through a single well beneath a well f i e ld  where pumping fo r  
reverse-osmosis product water increases the potential fo r  upward leakage 
of injectant.  

4. Injecting through an array of 10 waste-disposal walls proposed fo r  the 
study area and nearby communities to  estimate the potential areal  spread 
of injected wastewater. 

Interpretation of madel results includes assessment of the direction of flow 
and the concentration of injactant.  The injactant front is considered to  
occur where the sealed solute concentration i n  the formation is  0.1, o r  10 
peresnt of injected water. Results are used to  provide guidelines for  
injection and nonitor-wall constmction and calculntion of travel t ines.  

Injection mrough an Ideal Well 

The ideal injection well is defined s cased from land surface through 
the lower Swannee-Ocala semiconfining un i t ,  with the open-hole section ful ly  
penetrating the injection zone. The well would have a l - f t  radius, about 
1.150 f t  of casing, and be about 2,050 f t  deep. Ih. model simulated injection 
through an ideal well to  &fine the develop.ant and expansion of a 1s- of 
re la t ively  frsah wastewater. Figure 35 i l lus t ra tes  the scaled solute 
concentration i n  the ground-water flow f i e ld  a f t e r  1 (diagram A) and 10 
(diagram B )  yr of injection a t  a ra te  of 1 Hgal/d and then 10 yr a f t e r  c a s i n g  
injection (diagram X). Also shown are acaled soluta concentration diagram 
that  represent injection of 2 Hgal/d for  10 yr (diagram P) and 1 Hgal/d for  20 
yr (diagram G ) .  

Convection caused by the density contrast batwecn the injected freshwater 
and native saltwater is readily evident from the direction of movement i n  the 
flow f i e ld  i n  figure 35 (diagram A and B ) .  After 1 year, a convection c e l l  
i n  the flow f ie ld  is well defined, with buoyant wastewater pooled about the 
bass of the lower Swannee-Ocala ramiconfining unit  and denser formation water 
moving toward the bottom of the wall ( f ig .  35, diagram A).  The injectant 
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Figure 35.--Radial sactions sharing the simulated flow field and 
concentration of wastewater injected through an ideal, fully 
penetrating well. 
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moved about 75 f t  above the top of the injection zone to a depth of 1,025 f t .  
After 10 y r ,  the lens has axtended outward to  a radius of 2,300 f t  and moved 
upward about 160 f t  into the seniconfining unit  to  a depth of 940 f t  (fig.  35, 
diagram 1). Pressure build-up w a s  a maximum of 5 lb/inz a t  the bottom of the 
casing. A t  a radius of 500 f t ,  the maximum build-up was 4 lb/in' a t  the top 
of the injection zone.. During the periods of 1 - 20 and 10 - 20 yr,  the 
s h u l a t e d  injectant front moved upward from 1.025 to 850 f t  and 940 to  850 f t ,  
respectively (compare diagrams A and E, B and E. f ig .  35). The computed 
steady-state ra te  of upward movement is 0.025 ft/d. or 9 f t /yr .  Because 
ve r t i ca l  movanant through the semiconfining uni t  is  a function of hydraulic 
conductivity, the ra t s  of upward movement could l ikely vary over m order-of- 
magnitude range as indicated by the range i n  hydraulic conductivities l i s t e d  
i n  table 7. 

Model simulations indicate that the injectant moves 75 f t  upward i n  the 
f i r s t  year, and aftewards the steady ra te  of upward movement is 9 ft /yr.  A t  
t h i s  r a t e  it vould take about 31 yr for the infectant to  move through the 350- 
f t - th ick  semiconfining unit  to  the Suvannee permeable zone. A 31-year 
aimulation indicated that indeed the injectant had moved to the top of the 
semiconfining uni t .  Injecting at a ra te  of 2 Mgal/d for 10 yr produces a lens 
with a radius of about 2.900 f t  ( f ig .  35. diagram P). Compared to  the 
l-Mgal/d- for-10-yr injection scenario, the simulated 2-Kgal/d lens moves 
upward about 30 additional f t ,  and the radia l  area of spread incremes from 
about 0.6 t o  1 mi' (compare diagrams B and P. f ig .  35). 

Vertical  and horizontal movement proceeds even af ter  injection stops. 
The simulated f ront  moves up from 9LO to 900 f t  and outward from 2.300 to  
2,900 f t  i n  the 10-year intanral  following injection (fig.  35, diagram 1). 
The steady-state ra te  of upward movement under buoyant flow conditions with no 
injection is  0.011 f t /d ,  or & ft /yr.  Model r esu l t s  indicate tha t ,  i f  
injeccfon wars stopped a f t e r  10 yr ,  injectant could travel from 940 to  750 f t  
to  reach the Suwannae permeable zone about 48 yr af te r  injection ceased. 

Significance of Injection Well Design 

The cost  of a 1,500-ft deep, 12-in. diameter injection well and monitor- 
well system is about $1 million (8.1. Vestly, Law EmriraMsntal, Inc., ora l  
cornnun.. 1988). Ragulations require that the injection tubing be doubly cased 
through zolus that contain water with l e ss  than 10,000 ng/L of disaolvad 
solids and that the -11 be tested for  mechanical integrity. The cost given 
above inc1ud.s the cost of designing md tes t ing the injection vells.  A 
review of  i n i t i a l  designs for  12 of the 13 injection wells i n  figure 5 
indicated that these designs generally propose injection through a pa r t i a l ly  
penatrating well tha t  is eased through the lower Suwannee-Ocala semiconfining 
unit  to  the f i r s t  psmsable zone containing water with p e a t a r  than 10,000 
mg/L diraolved solids.  In  the study area, t h i s  zone often occurs i n  the lower 
par t  of the Ocala Limestone. The Plorida Department of Environmental Regula- 
t ion (FDER) Technical Advisory Camittee for  underground injection control 
that  reviers the designs often reco-nds that walls fully penetrate o r  be 
Cased t o  the Amn 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 ares a t  a ra te  of 1 Mgal/d fo r  10 yr 
under two well designs: (1) 1.400 f t  deep with 1,150 f t  of casing and open t o  
the Ocala-Avon Park moderately permeable zone (diagram A). and (2) 2.050 f t  
deep with 1.450 it of casing and open to the Avon Park highly permeable zone 
(diagram B). Results of each simulation also are compared to the ideal,  ful ly  
p e n s t r a t i y  well model defined previously. m e  figure shows that the 
r.latively buoyant injectant i o m  a circular lens around the injection well. 
Approximate dimensions of each lcru and position of i t s  top within the lower 
Swannee-Oeala semiconfining unit a f te r  10 yr of injection are compared as 
follows : 

Open-hale interval of iniection well - 
(it below land surface) 

1,150-1.400 1.150-2,050 1.450-2,050 

K a x h  radius of lens ( f t )  - - - - - - - -  2.280 2,300 2.320 

Depth t o  top of lens ( f t )  - - - - - - - - - -  
Upward movement through 

semiconfining unit  ( i t )  - - - - - - - - - -  
Pressure build-up a t  bottom of 

casing (lb/inl) ------------------. 

Pressure build-up a t  500-ft radius 
and depth of 1.150 f t  (Ib/inl) - 

Conclusions drawn from the model ~ W a t i o n s  are Chat the configuration 
and position of the lens are not greatly affected by well construction. 
Although the deeply cased we11 (1,450-2.050 i t )  injects  into the lower par t  of 
tha injection zone, c o m e c t i ~ .  forces dll. to density contrasts b u y  the 
injectant above the bottom of the casing to the l m e r  Swamme-Ocala senicon- 
fining uni t ,  which par t ia l ly  constrain. md f la t t ens  the l em.  The ahort- 
cased wall (1.150-1,400 f t )  injects a Ian. that  is configured s in i la r ly  t o  
both the daeply cased well and the ideal wall. Tha main differences are that 
tha top of the injectant lens is about 60 f t  higher and the injectant is more 
concentrated around the dhort-cared wll ehan around tiie deeply cased well. 
Injection pressures would be highest i n  the short-casad well becaulre the 
injection i n t e r r t l  is less  t r m n i s s i v .  than the other No well configura- 
tions. Pressure build-up i n  the injection zone is not affected by well 
design. as  indicated by the equivalent pressure build up of 4 1b/in1 a t  the 
top of the zone a t  a radius of 500 it under each well design. 
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Figura 36.--Radial sectlorn showing the simulated concentration of injected 
wastewater as influenced by w a l l  construction. 
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Travel time of the injectant front from the injection rone through the 
lower Swannee-Ocala semiconfining uni t  to the potable water-bearing Suwannee 
permeable zone varies s l ight ly  with casing depth. Under the previously de- 
scribed ideal v e l l  conditions, the rteady-state upward ra te  of movement was 9 
f t /y r ,  and astimated t ravel  time was about 31 yr. Analogous t ravel  times f a r  
shallow-oaaed and deep-cased ve l l s  are estimated to  be 26 and 32 p, 
respectively. 

Injecting Beneath a Reverse-Osmosis Supply Field 

The atudy area encompasses four s i t e s  where reverse-osmosis wastewater is 
injected directly below a well f i e ld ,  which draws feed water from the Swannee 
permeable zone. Pumping for  supply lovers head (pressure) a t  the bottom of 
the Suwannee permeable zone, which coincides with the top of the injection 
model. There is potential  for  a significant increase i n  upvard movement of 
in jectant  from the injection rone through the lower Swannee-Ocala semiconfin- 
ing wit t o  the Swannee permeable rone. A model simulation was mads to  
assess t h i s  potential ef fect .  

The model was originally s e t  up to  sfmulate injecting 1 Mgal/d as treated 
sewage with physical properties similar to  freshwater. To simulate pumping 
from a well f i e ld ,  the constant prsssure a t  tha top of the model was reduced 
from 333 ta  325 lb/inz to  represent a drawdm of 20 f t  a t  the top of the 
seniconfining unit .  Other differences are that  density of the in jactant  was 
increased from 62.4 (freshwater) to  63.0 lb/fc' (moderately sa l ine  raverse- 
osmosis vastewater) and increasing viscosity from 0.9039 to  0.9289 centipoiss 
t o  approximate the physical characterist ics of the re ject  water. which had a 
dissolved-solids concentration of about 14,000 mgfi. These changes were 
required because the best-estimate model w a s  bared on physical characterist ics 
of re la t ively  fresh treatad sewage. 

Figure 37 shovs the  radial  distriburion of 1njsoce.d reverse-osmosis 
vastevatsr simulated by the model a f t e r  injecting 1Kgal/d for  10 yr.  The 0.1 
and 0.9 scaled aoluts concentrations simulated previously far  the ideal 
in ject ion well are superimposed f a r  comparative purposes. Results indicate 
tha t ,  even though the injactant is moderately sa l ine ,  it is re la t ively  buoyant 
i n  the veq- saline injection zone. A 20-it  reduction i n  haad tha t  may be 
calued by punping fo r  reverse-oslosis supply mould induce upward movement 
through the lmsr Swannee-Ocala semiconfining unit .  The simulation resu l t s  
indicate that th. front would move upward into the seniconfining un i t  to  a 
depth of 860 it, or about 80 f t  higher during the sam period than a t  a s i t e  
where lass dens. t reated sewage war injected with no pumping from d o v e  the 
in jact ion zone. 

Areal Effect of Proposed Injection 

Seven active and proposed injection s i t e s  within the study r rea  were 
ahom t o  have a combined projected injection capacity of 28.8 Kgal/d ( table  
2).  Injection capacities range from a l o r  of 0.8 Kgal/d a t  Plantation t o  a 
high of 14 Kgal/d a t  the proposed Weat Port s i t e  (table 2) .  An objective of 
t h i s  study was to  estimate what the areal  spread of injected wastewater might 
be with a l l  s i t e s  fu l ly  operational. To achieve th i s  goal, the ideal aingle- 
wall r ad ia l  model w a s  used to  draw inferencca about the fa te  of injected f lu id  
a t  the seven injsction s i t e s  within the study area injecting 28.8 Kgal/d and 
three s i t e s  just  to the north and south of the study area injecting 10 Mgal/d. 
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EXPLANATION 

Figure 37.--Mia1 section ahoving the simulated concentration of revarss- 
osmosis wastsvatcr injected barmath a supply field where pumping 
stress increases upward movement of the injectzmt. 



It was sham earlier that, after 10 yr of injecting 1 Mgal/d, fluid would 
rise to the top of the injection rone and form a lens about 600 ft thick and 
have a radius of about 2,300 ft. The areal spread of such a lens is a 
approximately 0.6 mi2. Assuming there is direct proportionality between 
injeetion rate and area of spread, the 14-Mgal/d sits should be underlain by a 
lens 600 ft thick and spread over an area of about 8.4 mi'. The method of 
linear extrapolation was used to roughly approximate the potential spread of 
injectant around the 10 injection sites within and near the study area, as 
depicted in figure 38. The figure gives some insight as to what the lateral 
extent of injectant in the system would be if a11 wells began injeoting at the 
same time and operated at projected m a x i m  capacities for 10 yr. Approxi- 
mately 17 mia, or 7 percent, of the 250-miz study area would be underlain by 
injected wastewater. Areas would be doubled for a 20-year projection. 
Although the spread of injectant is delineated by circler on the figure, it 
should be noted that regional lateral flow in the injection rone would tend to 
distort them. Regional lateral flow, estimated previously to be 0.06 ft/d, 
would tend to offset and distort the circles about 200 ft to the west, or 
downgradient as indicated by figure 17. Injected sewage at North Port has the 
potential for moving northward to Warm Mineral Springs, but should be detected 
years beforehand in the satellite monitor well (index no. 58 in fig. 6 and 
tabla 3) batween the injection well and the spring. 

GBOUND-WATER QUALITY PROBLEMS AND SOHE MANACEUENT CONSIDERATIONS 

A diversity of potential watsr-quality problems arises due to 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 punping canters and through abandoned or improperly 
constructed artesian wells. Contamination also may occur naturally, as much 
of the land is low lying and subject to tidal flooding. Slightly to moderats- 
ly saline ground water, tapped by irrigation and revsrrs-osmosis supply wells, 
is subject to ContamFhltion by upconing of very aaline watsr induced by pump- 
ing, especially where the underlying water is unconfined. Model results imply 
that upconing may be accelaratad by injecting wastewater through deep wells, 
thereby forcing very salin* 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 
wastewater. 

Local and State agencies manage the hydrologic system through a system of 
regulation, permitting, m d  confornuue monitoring. Regular observations of 
water quality and water l m l s  commnly are required and actioru are taken to 
correct or mitigate imni~nt problem. Uatnr-use permits are i~aued by the 
Southwest Florida Water Management District on the basis of projected draw- 
dom, or the effect that pumping might have on encroachment of very saline 
water. Uhen water lev~ls decline b e l a  those specified in the permit, or 
water-quality constraints are exceeded, punping restrictioar may be imposed. 
Sarasota County further requires that irrigation wells be deeply cased to 
preserve the freshest water for public supply and that nunicipalitisa that own 
public-supply well fields uincain water level and water-quality obsemation- 
well natvorks. The Southwmst Florida Water Management District additionally 
has established the previously described RCMP network of permanent abservstion 
wells and is plugging uncontrolled flaring artesian wells as part of its QUIP. 
Reverse-osmosis source water is continually sampled and analyzed out of 
concern that high concentrations of dissolved solids will raquire the 
conversion of low pressure systems to more expensive high pressure systems. 
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Figure 38.--Bstinntcd areal spread of wastewater after 10 years of injection 
a t  projected rates. 
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Injection 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 alternate method of disposal if the injection well fails, (3) the 
injection zone contain. watcr having 10,000 mg/L or greater dissolved-solids 
concentration and is adequately confined so that upward movement will be 
prevented, and (4) water levels and water quality in the permeable zone above 
the injection zone be monitored periodically to provide advance warning of 
injectant movement toward formations that contain potable water. 

Thin report provides information that may be useful for management of 
ground-water resources, aapecially with respect to wastewacsr injection. Maps 
of the hydrogeologic framework and water quality of the injection zone may aid 
in siting injection wells and aatfmnting ceing depths. Modal simulations 
indicace that construction of a shallow, partially penetrating injection wall 
doer not greatly alter the distribution of injected fluid or rats of upward 
movement conpared to the more expensive, fully penetrating or deeply cased 
well. Injecting beneath a reverse-osmosis supply well field would accelerate 
upward movement of wastewater. Modeling can prwide insight in selecting 
locatio~ of observation wells and for designing sampling prograns. Sirmla- 
tions show that the best place to monitor mwament is in the upper part of the 
injection zone because the injectant is relatively bouyant and tanda to form a 
lens that is partly constrained by the lower Swannee-Ocala semiconfining unit 
from rising further. Modal-simulated movement of the lens of injactant shows 
that it probably will taka nore than 20 yr for the injectant to travel 4,000 
ft from a l-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 m t a  of upward movement at a representative injection 
site is about 9 ft/yr in the lower Swannee-Oeala semiconfining unit. as 
simulated by tha mdel. Therefore, the lower Swannee-Ocala samieonfining 
unit slows but does m t  prevent injected fluid movement into the overlying 
freshwater aquifers. 

SUMMARY AND CONCLUSIONS 

The 250-mi2 area of southweat Saraaota and west Charlotte Counties is 
underlain by a colnplex hydrogeologic system that contains water with a wide 
variation in quality. Conditions or actions that could alter ground-water 
quality include floodfng by storm tides, upward movement of poor quality water 
toward pumping ngcnters from deep zonms by lealuge or by short circuit through 
uncaed or kpropsrly sonrtructed m d  a b m h d  arte~ian mllr, and lateral 
and vertical movement of traatsd aawaga and reverse-osmosis desalinization 
wastewater injected into deep zones. This study has been specifically 
directed toward (1) defining the hydrogeologic framework in the area, (2) &r- 
cribing the ground-water quality snd the effects of uncontrolled flawing 
artesian walls or tho quality, and (3) demonstrating the usefulness of a 
solute-transport nodel as a tool for understanding the effects of wastewater 
injection on the aquifer system. The findings of this study are briefly 
swmnrized as they pertain to theas objectives in the following paragraphs. 

Tha Hydrogeologic Framework.--The study area is underlain by the surfi- 
cial, intermediate, and Floridan aquifer systems, which contain six separate 
aquifers or permeable zones. The 50-ft thick surficial aquifer system has a 
transmissivity of about 1,500 ftZ/d and contains potable water in areas where 
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tidal flooding does not occur. The intermediate aquifer system consists of 
permeable quartz and phosphatic sands and carbonate deposits intarlayerad with 
discontinuous clay confining units that separate the system into the Tamiani- 
upper Hawthorn aquifer and the lower Hawthorn-upper Tampa aquifer. The 450- 
to 600-ft-thick intermediata aquifer system ha. a transmisaivity generally 
lass than 10.000 fta/d and exhibits storage characteristics of a confined 
aquifer. Watsr in the upper part of the intermediate system is fresh. In the 
lower part, slightly eo moderately saline water is used for reverse-oamosis 
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 S M M ~ O ~  permeable zone, (2) the 
350-ft- thick lower Suwmmes-Ocala semiconfining unit, (3) tha 300-ft-thick 
Ocala-Avon Park moderately permeable zone. and (4) the 700-ft-thick Avon.Park 
highly permeable zone. The Swannee permeable zone has an approximmte 
transniaaivity of 14,000 ftl/d and is tapped by irrigation and rnverse-osmosis 
supply wells. A 100-ft offset in a dolomitic marker bed within the zone waa 
napped to portray the trace of an east-west fault through the study area. The 
underlying lower Suwamee-Ocala semiconfining unit has a vsreical hydraulic 
conductivity of about 0.1 ft/d and generally enconpassea the transition zone 
between freshwater and very saline water and m y  be breached by the fault. 
The lower nro hydrogeologic units have hydraulic conductivities of 25 and 100 
ft/d and comprise eha injection zone, which contains very aalins water. 

Ground-Water gua1ity.--The study area is in a coastal peninsular setting 
whers a shallow freshwater lens in upper aquifers grades downward and coast- 
ward to very salin. water. Hedim dissolvad-solid. concentrations ware 
identified as follows: (1) surficial aquifer system, lesa than 500 mg/L; (2) 
Taminmi-upper Rawthorn aquifer, 660 ng/L; (3) composite of both aquifers of 
the intermediate aquifer system. 2,170 mg/L: (4) Suvarmee permeable z m .  
3,210 mg/L: and (5) injection zone, 32,800 m a .  Watar generally gndes from 
a calcium sulfaee rype in the north to a sodium chloride type in the south. 
with chloride increasing from about 30 to 19.000 mg/L where there is probably 
residual seawater in the rystam. Littla Salt and Warm Hinsral Springs, j u t  
e u t  of the study area, discharge waters sinilar in quality to those in the 
Suwamee permeable zone and the injection zone, respectively. Approximataly 
100 deep uncontrolled flowing artesian wells Chat discharge continuously at 
land surface or leak internally from one aquifer to mother have been identi- 
fied in the study ares. As of 1986. about half the wells that allowed upward 
flow of saline water from deep zones into shallow aquifara have been plugged 
as part of the Southwest Florida Vator Management District's W l i t y  of Watsr 
Improvement Program. nowmeter surveys in 14 wells measured internal flow 
rates in the well bore between 0 and 350 &/.in; the median flow rate was 
about 10 gal/nin. The highest rates of inunul flow wer. wasured in tha 
Venice area and were not limited to a specific depeh interval. 

The Usefulness of a Solute-Tr-port Hodel.--The study area enconpures 
seven wastewater injection sites having a projected capaciq for injecting 
28.8 Hgal/d of treated sewage and reverse-osmosis wastmater into the zona 
1,100 to 2,050 ftbslm land -face. A nmrical model of graund-water flow 
and solute transport (HST3D) was used to .valuate injection-wall dnaign and 
potential for mw-nt of injected wastewatar within the hydrogsologic 
w o r k .  Various well design scenarios were simulated with the modal for a 
hypothetical prototype well injecting 1 Hgal/d of treated sewage for 10 yr. 
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The model simulated development of a convection c e l l  around the injection 
well with the re la t ively  bouyant fresh injectant r is ing to  form a lens within 
the injection zone below the lowar Suwannee-Oealn semiconfining uni t .    round 
an ideal,  fu l ly  penetrating well cased 50 f t  into the injection zone and open 
from a depth of 1,150 to  2.050 f t .  simulations show that the injectant 
moves upward to  a depth of 940 f t ,  forns a lens about 600 f t  thick, and 
spread. radia l ly  outward to a distance of 2.300 f t  a f t e r  10 yr.  The ra te  of 
upward movemant through the overlying lower Swannee-Ocala namiconfining uni t  
was estimated t o  be 9 f t /yr and has the potential  to  vary over  an order of 
magnirude range i n  the study area. Comparison simulations of injection 
through wells with open-depth intervals of 1,150 to  1,400 f t  and 1,450 to  
2.050 f t  demonstrated that well constmction has l i t t l e  affect  on the a rea l  
spread of the in jectant  lens or the ra te  and extent of upward movement, prob- 
ably because the injection zone is very permeable. Simulations also indicated 
tha t  wastewater injected beneath the lower Suvannaa-Ocala semiconfining uni t  
a t  a rsvame-osmosis supply well f i e ld ,  vhere water levels above the semicon- 
f in ing un i t  are lowered 20 f t  by pumpage, vould move upward into the 
semiconfining uni t  t o  a depth of 860 i t ,  or about 80 it higher over the same 
time period than a t  a r i t e  with no vi thdrav.1~ above the injection zone. 
Areal extrapolation of various injection ratas indicated that about 7 percent 
a f  the study araa would be underlain by injected wastewater a f t e r  10 yr of 
in ject ion a t  the maxi- projected capacity. Observation walls i n  the injee- 
t ion zone vould need to  be open to the upper part  of the zone and located 
v i th in  2.000 it of the injection well i f  movement of the injectant within the 
first 10 yr of operation is to  be monitored. C o n c l u s i o ~  drawn from the 
modeling are  that ,  i n  general, the lower Suvannee-Ooala rsmiconfining unit  
re tards  but does not prevent the upward movement of injected f lu id  in to  the 
werlying freshwater aquifers. 

The nodal analysis hra demonstrated how, by using numerical methods, 
various hydrologic conditionr can affeee mvement of wastewater in jsc tsd  in to  
a deep sal ine  aquifer. Ilodeling is also a useful tool for design of injection 
and monitor well systems. To obtain there resul ts  through operational t e s t s  
would have been eostly.  The val idi ty  of computer modeling resul ts  is somewhat 
l e s s  cer ta in  than s i te-specif ic  testing, but because results are  gsneral, they 
are transferable. Despite th i s  resarvation, the study is a pract ical  example 
of the application of a transport model i n  pound-water inveatigationn. 
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APPENDIX A: LISTING OF MODEL-INPUT FILE 

A sample input-data listing is provided for the predictive where 10 
Mgal/d of treated sewage is injected for 10 yr. The listing contains 351 
liner. of which 245 lines are comments that aid construction of the data fils. 
Critical comments are keyed to input record descriptions of Kipp (1986a. 
p. 189). The following ordar generally is observed for data input: (1) fund- 
amental and dimensioning information, (2) spatial geometry and mesh infoma- 
tion, (3) fluid properties, (4) porous medium properties. (5) source infoma- 
tion, (6) boundary condition infornation. (7) initial condition information. 
(8) calculation parameters, and (9) output specifications. 
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