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Hydrogeologic Setting, Water Budget, and Preliminary
Analysis of Ground-Water Exchange at Lake Starr, a
Seepage Lake in Polk County, Florida

By Amy Swancar, T.M. Lee, and T.M. O’Hare

Abstract

Lake Starr, a 134-acre seepage lake of mul-
tiple-sinkhole origin on the Lake Wales Ridge of
central Florida, wasthe subject of adetailed water-
budget study from August 1996 through July
1998. The study monitored the effects of hydro-
geologic setting, climate, and ground-water pump-
ing on the water budget and lake stage.

The hydrogeol ogic setting of the Lake Starr
basin differsmarkedly onthetwo sidesof thelake.
Ground water from the surficial aguifer system
flowsinto the lake from the northwest side of the
basin, and lake water leaks out to the surficial
aquifer system on the southeast side of the basin.
Lake Starr and the surrounding surficial aquifer
system recharge the underlying Upper Floridan
aquifer. Therateof rechargeto the Upper Floridan
aquifer is determined by the integrity of the inter-
mediate confining unit and by the downward head
gradient between the two aguifers. On the inflow
side of the lake, the intermediate confining unitis
more continuous, allowing ground water from the
surficial aquifer system to flow laterally into the
lake. Beneath thelake and on the southeast side of
the basin, breaches in the intermediate confining
unit enhance downward flow to the Upper Flori-
dan aquifer, so that water flows both downward
and laterally away from the lake through the
ground-water flow system in these areas.

An accurate water budget, including evapo-
ration measured by the energy-budget method,

was used to calculate net ground-water flow to the
lake, and to do a preliminary analysis of the rela
tion of net ground-water fluxesto other variables.
Water budgets constructed over different time-
frames provided insight on processes that affect
ground-water interactions with Lake Starr.
Weekly estimates of net ground-water flow pro-
vided evidence for the occurrence of transient
inflows from the nearshore basin, as well asthe
short-term effects of head in the Upper Floridan
aquifer on ground-water exchange with the lake.
Monthly water budgets showed the effects of wet
and dry seasons, and provided evidence for
ground-water inflow generated from the upper
basin. Annual water budgets showed how differ-
encesin timing of rainfall and pumping stresses
affected lake stage and lake ground-water interac-
tions.

L ake evaporation measurements made dur-
ing the study suggest that, on average, annual lake
evaporation exceeds annual precipitation in the
basin. Rainfall wascloseto thelong-term average
of 51.99inches per year for the 2 years of the study
(50.68 and 54.04 inches, respectively). Lake
evaporation was 57.08 and 55.88 inches per year
for the same 2 years, making net precipitation
(rainfall minus evaporation) negative during both
years. If net precipitation to seepage lakesin this
areaisnegative over thelong-term, then the ability
to generate net ground-water inflow from the sur-
rounding basin plays an important role in sustain-
ing lake levels.

Abstract 1



Evaporation exceeded rainfall by asimilar
amount for both years of the study, but net ground-
water flow differed substantially between the
2 years. The basin contributed net ground-water
inflow to the lake in both years, however, net
ground-water inflow was not sufficient to make up
for the negative net precipitation during the first
year, and the lake fell 4.9 inches. During the sec-
ond year, net ground-water inflow exceeded the
difference between evaporation and rainfall and
the lake rose by 12.7 inches. The additional net
ground-water inflow in the second year was dueto
both an increase in the amount of gross ground-
water inflow and a decrease in lake |eakage
(ground-water outflow). Ground-water inflow
was greater during the second year because more
rain fell during the winter, when evaporative
losses were low, resulting in greater ground-water
recharge. However, decreased |ake leakageduring
this year was probably at least asimportant as
increased ground-water inflow in explaining the
difference in net ground-water flow to the lake
between the 2 years. Estimates of |ake |eakage
based on arelation between net ground-water flow
and head in the Upper Floridan aquifer could eas-
ily account for the differencesin net ground-water
exchange with the lake in the 2 years of the study.
The relation between net ground-water flow and
head in the Upper Floridan aquifer implied that an
estimated 1-foot increase in the average Upper
Floridan agquifer head from the first to the second
year could account for reduced leakage of about
8.5 million cubic feet of water from Lake Starr, or
an additional 17 inches of lake stage over ayear.

Thefirst year of the study was representa-
tive of typical rainfall patterns, where most of the
rainfall occurs during the summer. If rainfall and
lake evaporation in the first year reflect long-term
average conditions, the stage of Lake Starr will
decrease unless ground-water inflow increases, or
leakage decreases, compared to that year.

INTRODUCTION

Theintrinsic beauty, ecological diversity, and
multiple uses of lakes make them an important water
resource. Properly managing lake water levels and

water quality requires a thorough understanding of
water fluxesinto and out of lakes and the factors that
affect these fluxes. Recognition of thisneed hasled to
studies that have increased the understanding of lake
hydrology in Florida, as well as nationwide in recent
years (Anderson and Munter, 1981; Winter, 1981;
Krabbenhoft and others, 1994; Winter, 1995). In the
karst terrain of central Florida, lake hydrology is com-
plicated by theintegral connection between surfaceand
ground water (Brenner and others, 1990; Lee and
Swancar, 1997; Winter and others, 1998). Because of
this connection, lake levels can be affected by ground-
water pumping from underlying aquifers, as well as
naturally occurring extremesin climate (Chen and Ger-
ber, 1990; Southwest Florida Water Management Dis-
trict, 1996; Yobbi, 1996). Ground-water interactions
are further controlled by the hydrogeologic setting of
lakes, which can be greatly affected by karst subsid-
ence features within the immediate basin. Hydrogeo-
logic features within alake basin can transform the
regional effects of rainfall, evaporation, or ground-
water pumping into distinctive lake level responses.

L ake water-budget data for multiple years are
needed to learn more about the potentia range of lake
and ground-water interactions under different climatic
conditions (Winter and Rosenberry, 1995), and to dis-
cern annual trends and variability in individual water-
budget terms. Because the residence time of water in
seepage lakes is usualy measured in years (Nace,
1971), lake levels and particularly lake water quality
may reflect a “running average” of basin conditions
over successive years. At present, there is little infor-
mation about how one of the largest water losses from
Florida lakes, evaporation, varies temporally. Yet
uncertainty in evaporation measurements directly
affects our ability to quantify lake leakage, the budget
term most affected by ground-water pumping.

Short-term changes in climate and ground-water
pumping also may affect the lake water budget. For
example, transient water-table mounding near the edge
of lakes is one mechanism contributing ground-water
inflow to lakes for periods of days or weeks (Lee, in
press). To isolate the effects of both short-term and
long-term environmental conditions on ground-water
inflows and outflows to the lake, water budgets need to
be resolved for weekly time intervals, as well as for
multiple years.

Three intersecting lines of evidence are useful to
investigate the dynamics of lake-ground-water interac-
tions in Florida: a description of the local hydrogeo-

2 Hydrogeologic Setting, Water Budget, and Preliminary Analysis of Ground-Water Exchange at Lake Starr, a Seepage Lake in
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logic setting of lakes, detailed lake water-budget
studies, and numerical modeling studies of ground-
water flow in lake basins. Numerous studies have
looked at the hydrogeol ogic setting of lakesin the karst
terrain of central Florida (Clarke and others, 1963; Lee
and others, 1991; Sacks and others, 1992; Kindinger
and others, 1994; Tihansky and others, 1996). Others
have computed water or chemical budgets of |akes
(Deevey, 1988; Pollman and others, 1991; Lee and
Swancar, 1997), or simulated lake/ground-water inter-
actions with numerical ground-water flow models
(Grubbs, 1995; Lee, 1996; Lee and Swancar, 1997).
Few studies have incorporated all three approaches
(Grubbs, 1995; Lee, 1996; Lee and Swancar, 1997).
Previous studies of lake water budgets in Florida that
have combined these three approaches have looked in
detail at periods of 12 to 20 months. While these stud-
ies have defined important processes affecting lake lev-
s, their timeframes prevented comparisons of how
components of the water budget change over multiple
years.

In 1996, theU.S. Geological Survey (USGS) and
the Southwest Florida Water Management District
began a 4-year study of Lake Starr. Thefirst goal of

this cooperative project was to select a “benchmark”
lake, one considered to be representative of the sur-

rounding population of lakes, and to instrument the
lake and basin for long-term hydrologic monitoring.

components were chosen to minimize errors associated
with water-budget components.

Net ground-water flow was calculated as a resid-
ual to the water budget over different time intervals.
The estimates of weekly net ground-water flow pre-
sented in this report are the first of their kind for any
lake in the United States. Weekly estimates of net
ground-water flow are informative about factors that
affect the short-term ground-water exchange with the
lake. The preliminary analysis of ground-water
exchange with Lake Starr presented in this report will
be used to assist development of a 3-dimensional tran-
sient numerical ground-water flow model of the lake
basin.
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The second goal was to investigate the effects of evayg|uable assistance by acting as site observers during

oration, rainfall, recharge, hydrogeologic setting, and e study. Geologic logs written by drillers at Crosby
pumping from the underlying aquifer on the water budyyg|| prilling of Lake Wales, Florida, were very useful
get of Lake Starr, and to describe lake/ground-water describing the area geology.

interactions.

Purpose and Scope

The purpose of this report is to describe the

Description of the Study Area

Lake Starr is a 134-acre seepage lake located on
the Lake Wales Ridge approximately 4 miles north of

hydrogeologic setting of Lake Starr, and present a lakene city of Lake Wales, in central peninsular Florida
water budget computed at weekly, monthly, and annugffig. 1). Lakes are prominent features of the Lake
time intervals covering the 2-year period from Augustwales Ridge, a north-south trending ridge that is part of
1996 through July 1998. Also, a preliminary analysisthe Central Lake District (Brooks, 1981). In Polk

of the ground-water exchange with the lake at differenCounty, land surface elevations on the ridge exceed

time scales, from weekly to annually, is discussed.

200 feet (ft) above sea level; these are the highest ele-

The report describes the geology, ground-watervations in the southern half of the state.

levels, and ground-water flow patterns around Lake

Lake Starr has an elongated shape in a southwest

Starr, including highly transient ground-water flow pat-to northeast direction (fig. 2). Three shallow coves on
terns close to the lake. Climate data to calculate lakethe west side of the lake provide the explanation for the

evaporation by the energy-budget method are pre-

lake’s name; at higher water levels, the coves look like

sented (see appendix), and the water budget is sumnthe radiating points of a star. The north and southeast

rized. Methods used to quantify lake water-budget

shores of the lake are roughly linear. The maximum

Introduction 3



lake depth is about 32 ft at an altitude of 104 ft above
sealevel. Thelakeisdeepest in the center of the west-
ern side, but much of the center of the lake is greater
than 25 ft deep. Whilethelake depth increases quickly
away from the shore, the deepest parts are relatively
flat, partly because this is where lake sediments accu-
mulate.

The thermal regime of Lake Starr iswarm
monomictic (Wetzel, 1975). The lake thermally strati-
fiesin the summer, when it has apersistent thermocline
at around 25 ft. Gradual warming of bottom layers
through the summer combined with increased wind in
thefall cause the lake to mix, and it remains thermally
mixed through the winter.

The topographic basin for Lake Starr is esti-
mated to be 1.15 square miles, and sandy ridges

81°45’

between 150 and 225 ft above sea level delineate the
basin divide (fig. 3). Lake Starr islocated in a mantled
karst region, where buried carbonate rocks are subject
to dissolution and eventual collapse, producing promi-
nent features such as sinkholes (Sinclair and others,
1985). Thelakesin thisregion were formed by lime-
stone collapse and subsequent infilling of the voids by
overlying material. Partly because of karst features, the
topography is relatively steep for Florida, with slopes
up to 0.25. Because the sand ridges surrounding the
lake are extremely porous and permeable, most rainfall
seeps into the ground quickly. With the exception of
the extreme nearshore parts of the basin, soils around
Lake Starr are Candler sands, an excessively drained
upland soil with adeep water table. Smyrna and
Myakka fine sands are found adjacent to the lake in

81°30"

D0
B
e

28°00" Q @) a A Lake Annie
%ID(;EBQj Qig > Lake Pierce
oQ D@ W | e S
[y} Sa e—6
Qg arr Rainfall Station ® QU
Mountain Lake <\
. @ 0 a .Lake\XValmt‘:s o;}
° LakeWales ROMP o 7,
57A 1% @
oS R LAKE
L° g{ 50 WaLes
LAKE /8 RIDGE
<
RIDGE Crook(e; Lake
o O
5 EXPLANATION

27°45

10 MILES

10 KILOMETERS

Lake Lucerne

o Qmwlnter Haven 6 -

| OSGEQLA COUNTY
POLK COUNTY |

I:] Ridge areas

Geomorphic features
(after White, 1970)

Frostprgg).%
<
0 O

B Towns or cities

%

Base from Southwest Florida Water Management District digital data, 1:250,000, 1992

Universal Transverse Mercator projection, Zone 17

Figure 1. Location of Lake Starr, Polk County, Florida.
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Figure 2. Bathymetry of Lake Starr and location of seismic profiles.

poorly drained areas that are periodically flooded (Soil wells drilled into sand (less than 100 ft deep) for resi-
Conservation Service, 1990). dential supply, and five are known to use lake water
The Lake Starr basin was originally developed in glirectly for irrigation. _Each residential lot genera_llly has
the 1910’s, and the current Lake of the Hills Community!tS ©wn well and septic tank. In the 6 square miles sur-
Club house, built in 1929, continues to be a center of rounding Lake Starr, 14 large-capacity, deep wells are
local activities (Kaucher, 1976). Areas immediately ~Permitted to pump ground water from the intermediate
surrounding the lake are mostly 1- to 4-acre residentiaRnd Upper Floridan aquifers at average rates from
lots leading up to a perimeter road. Cattjiia 100,000 to 284,600 gallons_ per day (gpd) per well
domingensis) and panic gras$éanicum sp.) dominate (J_. V\(halen_, Southwest Florida Wate_r Ma_nagemgnt
nearshore vegetation (D. Richters, Southwest Florida District, written commun., 1999). Thirty-six permits for
Water Management District, written commun., 1995). ground-water withdrawals averaging less than
Many of the nearshore lots also contain small citrus 100,000 gpd also exist in this area. There are no permits
groves. Upper parts of the basin have historically beef® withdraw water directly from the lake, but permits are
used for commercial citrus cultivation. Many of the cit- N0t required for lake withdrawals less than 100,000 gpd
rus trees in this part of the state were killed by below (Southwest Florida Water Management District, oral
freezing temperatures in the 1980’s. Some of the grovegommun., 1999).
in the basin have been replanted, but many acres have The climate at Lake Starr is humid subtropical,

been converted to residential lots or left fallow. with hot, humid summers (May through September) and
Water for residential use and for citrus irrigation mild, drier winters (December through February).

in the Lake Starr basin comes mainly from deep privateMonthly average air temperatures range from 6.0

wells drilled into carbonate rock (cased to a minimum (16.1°C) in January to 81.% (27.7°C) in August

depth of 100-200 ft). A few homeowners use shallower(National Oceanic and Atmospheric Administration
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(NOAA), 1997). Long-term average annual rainfall for
the areaiis 51.99 inches based on 71 years of datafrom
the Mountain Lake National Weather Service (NWS)
station (fig. 4), which is about 1 mile south of Lake
Starr (NOAA, 1998) (fig. 1). The 30-year average
annual rainfall (1961-1990) at Mountain Lake

(48.21 inches) is lower than the long-term average
because of recent droughts in central Florida (NOAA,

81°36715” 81°3¢ 45” 307

1999). Based on the 71-year record, average monthly
rainfall varies between less than 2 inches (November
and December) to greater than 7 inches per month
(June, July, and August).

Because central Floridais at low latitude, solar
radiation is high, and therefore, evaporation is high.
Despite high humidity, evaporationin Floridais higher
than most of the country except for the arid southwest
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Figure 3. Topography of Lake Starr basin.
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Figure 4. Long-term annual rainfall at Mountain Lake National Weather Service station, Florida for 1922-1996
(NOAA, 1999). 71 years of complete data; missing 1956, 1971, 1990, and 1993.

(Farnsworth and others, 1982). Long-term estimates of
annual shallow lake evaporation, based on evaporation
pan data, are lower than rainfall in central Florida

(48 inches of evaporation compared to 52 inches of
rainfall) (Farnsworth and others, 1982; NOAA, 1999).
More recent studies indicate that annual lake evapora-
tion in Florida can be as high as 59 inches, particularly
during droughts (Sacks and others, 1994; L ee and Swan-
car, 1997).

Lake Starr was at arelatively high stage during
this study compared to the previous 12 years of existing
record (M. Barcelo, Southwest Florida Water Manage-
ment District, written commun., 1995). The lowest
recorded stage was 97.68 ft above sealevel on
February 26, 1991, and the highest was 106.56 ft above
sealevel on April 2-4, 1998. Even though there are no
documented data avail able before 1983, many long-
term lake residents have noted that the lake had not been
thishigh in morethan 30 years, although historically the
lake level had been much higher than 106.56 ft above
sealevel. Estimates based on accounts of residents
indicate that the lake has been as high as 115 ft above
sea level since the 1930's. Locations of the oldest

when the area was first developed. Currently, the
lowest house slab is at about 117 ft above sea level
(D. Richters, Southwest Florida Water Management
District, written commun., 1995). There is a noticeable
break in slope around the basin, typically between 107
and 109 ft above sea level, which may correspond to a
stable historical lake stage.

HYDROGEOLOGIC SETTING

Hydrogeology

Some aspects of the hydrogeology at Lake Starr
are regional in nature and have been studied extensively,
such as flow in the Upper Floridan aquifer, which
underlies almost the entire peninsula of Florida. Other
aspects are local and affect the lake basin in addition to
regional patterns. Local aspects include the location of
karst features such as sinkholes. While regional hydro-
geology determines the general ground-water flow
around the basin, local differences from the regional
pattern are important within the scale of the lake basin

houses and docks indicate that the lake was much highand may strongly influence flow to and from the lake.
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Regional Lithology and Hydrogeology

The lithology and hydrogeology of the region
around Lake Starr basin are typical of the Lake Wales
Ridge, as described by Tihansky and others (1996)
(table 1). The genera order of rocksin thisregionisa
thick sequence of carbonates overlain by siliciclastic
sand and clay sediments (units containing silica that
were formed from fragments of other rocks; for exam-
ple, quartz sand). Rocksand sedimentswere deposited
during periodswhen sealevel washigh and parts of the
peninsula were submerged. During low sealevels,
rocks and sedimentswere eroded or reworked. 1n gen-
eral, geologic unitsthat remainin thisregion thicken to
the south, west, and east (Miller, 1986; Scott, 1988).

The bottom-most geologic unit of interest to the
study of the lakeis the upper Eocene OcalaLimestone
(table 1). The upper Ocala Limestone is awhite,
loosely bound, porous rock unit composed of large
remains and broken fragments of fossils and shells
(Applin and Applin, 1944). The altitude of the top of
the Ocala Limestone in the region around the study
arearanges from 50 to 150 ft below sealevel, and the
unit averages 300 ft in thickness (Tihansky and others,

1996). The Suwannee Limestone, which commonly
overlies the Ocala Limestone, is absent in the study
area, although it occurs to the west (Scott, 1988;
Tihansky and others, 1996).

The Hawthorn Group of Oligocene to Pliocene
age unconformably overlies the Ocala Limestone near
the study area. The distinguishing characteristic of