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Simulation of the Interaction of Karstic Lakes Magnolia
and Brooklyn with the Upper Floridan Aquifer,
Southwestern Clay County, Florida

By Michael L. Merritt

Abstract

The stage of Lake Brooklyn, in southwestern
Clay County, Florida, has varied over arange of
27 feet since measurements by the U.S. Geologica
Survey beganin July 1957. Thelarge stage changes
have been attributed to the relation between highly
transient surface-water inflow to the lake and sub-
surface conduits of karstic origin that permit ahigh
rate of leakage from the lake to the Upper Floridan
aquifer. After the most recent and severe stage
decline (1990-1994), the U.S. Geological Survey
began a study that entailed the use of numerical
ground-water flow models to simulate the interac-
tion of thelake with the Upper Floridan aquifer and
thelargefluctuationsof stagethat wereapart of that
process. A package (set of computer programs)
designed to represent lake/aquifer interaction inthe
U.S. Geological Survey Modular Finite-Difference
Ground-Water Flow Model (MODFLOW-96) and
the Three-Dimensiona Method-of-Characteristics
Solute-Transport Model (MOC3D) simulators was
prepared as part of this study, and ademonstration
of its capability was a primary objective of the
study. (Although the official names are Brooklyn
Lake and Magnolia L ake (Florida Geographic
Names), in thisreport the local names, L ake Brook-
lyn and Lake Magnolia, are used.)

In the simulator of lake/aguifer interaction
used in thisinvestigation, the stage of each lakein
asimulation isupdated in successive time steps by
a budget process that takes into account ground-
water seepage, precipitation upon and evaporation

from the lake surface, stream inflows and out-
flows, overland runoff inflows, and augmentation
or depletion by artificial means. The simulator was
given the capability to simulate both the division
of alakeinto separate pools aslake stagefallsand
the coalescence of several poolsinto asingle lake
asthe stage rises. This representational capability
was required to simulate Lake Brooklyn, which
can divide into as many as 10 separate pools at suf-
ficiently low stage.

In the first of two calibrated models,
recharge to the water table, specified asamonthly
rate, was set equal to 40 percent of the monthly
rainfall rate. The specified rate of inflow to the
uppermost stream segment was set equal to out-
flows from Lake Lowry estimated from lake stage
and the 1994-97 rating table. L eakage to the inter-
mediate and Upper Floridan aguiferswas assumed
to occur from the surficial aquifer system through
the confining layers directly beneath deeper parts
of thelake bottom. A leakance coefficient value of
0.001 feet per day per foot of thickness was used
beneath Lake Magnolia, and a value of 0.005 feet
per day per foot of thickness was used beneath
most of Lake Brooklyn. With these values, the
conductance through the confining layers beneath
Lake Brooklyn was about 19 times that beneath
Lake Magnolia.

The simulated stages of Lake Brooklyn
matched the measured stages reasonably well in
the early (1957-72) and later (1990-98) parts of
the simulation time period, but the match was
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unsatisfactory in an intermediate time period
(1973-89). To resolve this discrepancy, the
hypothesis was proposed that undocumented
losses of water from Alligator Creek upstream
from Lake Brooklyn or from the lake itself
occurred between 1973 and 1989 when there was
sufficient streamflow. The resulting simulation of
lake stages matched the measured |ake stages
accurately during the entire simulation time
period. The model wasthen revised to incorporate
the assumption that only 20 percent of precipita-
tion recharged the water table (the second cali-
brated model). Recalibration of the model
required that leakance values for the confining
units under deeper parts of the lakes also be
reduced by nearly 50 percent. The stages ssimu-
lated with the new parameter assumptions, but
retaining the assumption of surface-water 10sses,
were an excellent match of the measured values.
The stage of Lake Magnoliawas aso simulated
accurately. The results of sensitivity analyses
show that simulated streamflow between Lakes
Magnolia and Brooklyn tends to be water-budget
controlled, and is not appreciably affected by the
specified outflow altitude or channel characteris-
tics of the receiving stream.

To match heads measured in observation
wellsof the surficial aquifer network, the assigned
hydraulic conductivity values were zoned, and
ranged from a minimum of 4 feet per day to a
maximum of 400 feet per day inthefirst calibrated
model. These values were reduced by about
50 percent in the second calibrated model. Differ-
ences between observation wellswere noted in the
abruptness of changes of measured head values,
and in the relation of the timing of peak measured
heads and simulated peak heads. Thesedifferences
seemed to be correlated with the depth of the water
table below land surface. Spatially uniform values
of transmissivity were specified for the intermedi-
ate (10,000 feet squared per day) and Upper Flori-
dan (100,000 feet squared per day) aquifers.
Simulated heads in the Upper Floridan aguifer
layer follow the trend of the heads measured in a
long-term observation well with databeginning in
1960. This result suggests that the observed head
decline could be explained entirely in terms of the
stage decline in Lake Brooklyn and may not indi-
cate aregional trend.

INTRODUCTION

Some karstic lakes in north central Floridainter-
act with the underlying Floridan aquifer system (Clark
and others, 1963). The upper part, the Upper Floridan
aquifer, is characterized by a high degree of solution
porosity and high permeability. Karstic lakesin the
region form as sinkholes when clastic materials of the
surficial aguifer system and its underlying confining
layer settleinto solution cavities of the Upper Floridan
aquifer (Schiffer, 1998). Depending on thethicknessor
type of material infilling or covering the solution cav-
ities, the resulting lakes may or may not be hydrauli-
cally isolated from the Upper Floridan aquifer by the
collapsed sediments. Lakes that are not hydraulically
isolated may exhibit large stage fluctuations as water
drainsto the aquifer during dry periods, and is replen-
ished in excess of the drainage rate during wet periods.
These lakes are termed “unstable” lakes (Motz and
others, 1991). Lakes that are relatively isolated
hydraulically from the Upper Floridan aquifer
exchange water mainly by ground-water seepage with
the surficial aquifer system. Because the surficial aqui-
fer hasrelatively low permeability, the stages of these
lakes fluctuate only dightly. These lakes are termed
“stable” lakes.

Lakesin the Upper Etonia Creek Basin (fig. 1)
exhibit awide range of stability (lake-level fluctua-
tion). Lakes Magnoliaand Lowry are stable, with
stages that rarely vary more than 2-3 feet (ft) (fig. 2).
Lake Brooklyn, in contrast, is unstable; its stage has
varied as much as 27 ft since July 1957 when the
U.S. Geological Survey began taking measurements.
The most stable lake in Florida, Blue Pond, and the
most unstable, Pebble Lake (Motz and others, 1991,
app. A2), aso are located in the study area (fig. 1).

Although the official names are Brooklyn Lake
and Magnolia Lake (Florida Geographic Names), in
this report the local names, Lake Brooklyn and Lake
Magnolia, are used.

Theinstability of some Floridalakesis a phe-
nomenon that requires the attention and response of
public agencies. In central and north Florida, the most
desirable locations for homes, particularly those used
for recreation and retirement, are on land surrounding
lakes. When an unstable lake adjacent to a home
quickly becomes dry or floods to an unanticipated
extent, the concerns of homeownersare madeknown to
water management agencies, who must act to deal with
the homeowners' concerns. As aresult, certain unsta-
ble lakes, such as Lake Brooklyn, have been exten-
sively studied by hydrologists.

2 Simulation of the Interaction of Karstic Lakes Magnolia and Brooklyn with the Upper Floridan Aquifer, Southwestern Clay
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Lake Brooklyn has undergone stage declines of
over 15 ft in 1957-58, 1976-78, 1981-82, and 1989-95
(fig. 2), with the last decline being the most severe.
L ess severe stage declines occurred in 1962-64 and
1968-69. After the most recent and severe stage
decline, the U.S. Geological Survey (USGS) began a
study in 1994 with the St. Johns River Water Manage-
ment District (SIRWMD) to study the stage declines.
The objective of the study was the application of
numerical ground-water flow models to simulate the
interaction of Lake Brooklyn with the Upper Floridan
aquifer and the resultant stage fluctuations in the lake.
The technigques developed to perform this analysis
could prove useful in analyzing other problemsinvolv-
ing lake-aquifer interaction in Florida and elsewhere.

The primary goal of the study was to develop
simulation methods that would represent the interac-
tion between the lake and aquifer and could be incor-
porated into amodel of ground-water flow. A package

1975

Figure 2. Stages of four interconnected lakes in the Upper Etonia Creek Basin, 1957-98.

1980 1985 1990 1995

of computer subroutinesto represent thisinteractionin
the USGS MODFL OW-96 and MOC3D simulators
was prepared as part of this study, and ademonstration
of the model’s capability was a primary objective of
thisinvestigation. Additional cooperative support for
the preparation of the Lake Package, which is docu-
mented separately (Merritt and Konikow, 2000), was
received from the Southwest Florida Water Manage-
ment District (SWFWMD).

Purpose and Scope

The principal purpose of thisreport is to docu-
ment the application of MODFL OW-96 and the USGS
L ake Package (M erritt and K onikow, 2000) to the prob-
lem of simulating the interaction of Lake Brooklyn
with the Upper Floridan aquifer. The hydrology of the
system of lakesin the Upper Etonia Creek Basin and

4 Simulation of the Interaction of Karstic Lakes Magnolia and Brooklyn with the Upper Floridan Aquifer, Southwestern Clay
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the hydrogeology of the surficial aguifer system, the
intermediate aquifer system or intermediate confining
unit, and the Upper Floridan aquifer are described
briefly, based on previous descriptions and USGS data
collected for this project between 1994 and 1997. The
discussion of the numerical simulation includes the
design of the simulator, the choice of parameters quan-
titatively characterizing the various hydrologic pro-
cesses taking place, sensitivity analyses showing the
significance of various hydrologic processes, and con-
clusions derived from the simulation. Special attention
isgiven to the processes represented by the L ake Pack-
age and theinteraction of thelake with the surficial and
Upper Floridan aquifers.

A representation of LakeMagnolia, astablelake,
isincorporated into the simul ation for comparison with
unstable Lake Brooklyn. Streams entering Lake Mag-
nolia, connecting the two lakes, and leaving Lake
Brooklyn are aso represented. Smaller lakes in the
vicinity are not represented.

Previous Studies

In response to the second most severe stage
decline of Lake Brooklyn, which occurred between
1954 and 1958, the USGS performed acomprehensive
hydrologic investigation of the area. Results of the
investigation were reported by Clark and others (1963)
and included a description of local hydrogeol ogy,
chemical analyses of water in Lakes Sand Hill (now
Lowry), Magnolia, and Brooklyn, and a description of
the movement of water between the water-tabl e aquifer
and Lake Brooklyn. Clark and others (1964) reported
on the hydrology of alarger area comprising Alachua,
Bradford, Clay, and Union Counties.

Following a 2-month period of flooding (August
and September 1973) in the lower part of the Upper
Etonia Creek Basin (Oldfield Pond, Halfmoon L ake,
and Putnam Prairie, fig. 1), the U.S. Army Corps of
Engineers (1975) published the results of aflood-plain
study of the area. A study of the surface-water and
ground-water resources of the area, which included
additional data collection and analysis, was conducted
by the SIRWMD (Yobbi and Chappell, 1979). After the
stage of Lake Brooklyn had reached a historical low in
1991, the SIRWMD conducted a study (Robison,
1992) in which arainfall, runoff, and routing model
was used to simulate the surface flow system that
included Blue Pond, Lakes Lowry, Magnolia, and
Brooklyn, their surrounding basins, and the stream
channel, Alligator Creek, which linked them sequen-

tially. The model also accounted for losses and gainsto
the surrounding water-table aquifer. Leakage lossesto
the Upper Floridan aquifer were also represented. The
model was used to assess the possible ameliorative
effects of making changes to the channels linking the
lakes. The report aso included surveys conducted by
SIRWMD personnel of stream channel bottom alti-
tudes between Blue Pond and Lake Brooklyn.

In 1990, astudy of the lakes of the Upper Etonia
Creek Basin and the local ground-water system was
begun by the University of Florida (UF). Motz and
others (1991) prepared an updated summary of data
describing lakes in the basin and characteristics of the
surficial aquifer system, the intermediate aquifer sys-
tem or confining unit, and the Floridan aguifer system.
They also discussed long-term trends in rainfall, lake
levels, and heads in the aquifers, and identified below-
average rainfall asthe “the primary cause of the lake-
level declines” in the basin. In the second phase of the
study, Motz and others (1994) compiled and interpreted
additional data and constructed a hydrogeologic sec-
tion that was used as a basis for a cross-sectional flow
model. Short-term water budgets for periods when
interconnecting streams were not flowing were used to
determine leakage rates to the Upper Floridan aquifer.
Then the leakage rates were used in long-term water-
budget computations to simulate the stages of Lakes
Sand Hill (Lowry), Magnolia, Brooklyn, and Geneva.
Variations of the calibrated water budgets were used to
assess certain hypothetical conditionsin the Upper
Floridan aquifer.

The water-budget equations of Motz and others
(1994) assumed that the lakes exchanged no water with
the surrounding surficial aquifer system. This assump-
tion was made because no data were available upon
which to base an estimate of such exchanges. A further
study was conducted by the UF (Annable and others,
1996) that entailed the construction and monitoring of
anetwork of 33 surficial aquifer system wellsin the
vicinity of Lakes Lowry, Magnolia, Brooklyn, and
Geneva. Slug tests were performed on most wells, and
agroup of wellswasingtalled in the vicinity of Half-
moon Lake for an aquifer test. Based on the resulting
water-level and transmissivity data, aflow net analysis
was performed for estimates of water exchanges
between Lakes Lowry, Magnolia, Brooklyn, and
Geneva and the surrounding surficial aguifer system.
These leakage amounts were then used to refine the
short-term and long-term water budgets of Motz and
others (1994). In none of the revised water budgets
were the estimated exchanges with the surficial aguifer
system a mgjor part of the lake water budgets.

Introduction 5



The previous studiesindicated the importance of
the dtitude of the potentiometric surface of the Upper
Floridan aquifer in the Upper Etonia Creek Basinin
controlling the stage of Lake Brooklyn. The UF con-
ducted afurther study (M otz and others, 1995) to make
a quantitative estimate of the decline of the potentio-
metric surface in northeastern Floridaduring a 25-year
period. A multi-variate regression analysis was used to
assess the relation of the altitude of the potentiometric
surface to rainfall, evaporation, and ground-water
pumpage. A quasi-three dimensional model of ground-
water flow was developed for aregion of northeastern
Foridacentered around Keystone Heights (fig. 1). The
model was used to predict that, in 2010, the additional
drawdown in the Keystone Heights area caused by
regiona pumping near Jacksonville, Gainesville, and
Palatka would be small and would have negligible
effect on the stage of Lake Brooklyn.

Additional studiesconducted inthe Upper Etonia
Creek Basinincludetwo field investigations using high
resolution seismic profiling techniques. A consultant
working for the SIRWMD (Subsurface Detection Inves-
tigations, Inc., 1992) performed a seismic reflection
survey of Lakes Brooklyn and Geneva. At the time the
survey was performed, the stage of Lake Brooklyn was
low and the lake had subdivided into separate pools.
Four such pools were selected for seismic reflection
transects. The profiling revealed numerous collapse
featuresin the formations overlying the Upper Floridan
aquifer. The USGS (Kindinger and others, 1994)
performed seismic-reflection surveys of Lakes Kings-
ley, Lowry, and Magnolia. Lake Lowry datawere
interpreted as indicating the presence of two overlap-
ping subsidence features. Lake Magnolia data were
interpreted as showing asinglelarge subsidencefezature,
probably covered with organic sediment and sand.
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HYDROLOGY OF THE STUDY AREA

Thestudy area (fig. 1) includes part of the Upper
Etonia Creek Basin. Santa Fe Lake forms the headwa-
ters of the Santa Fe River Basin and was not a subject
of investigation in this study. This section describesthe
subsurface geology and hydrogeology, rainfall and
evapotranspiration in or near the study area, the hydrol-
ogy of the lake and stream systems, and long-term
trends in lake-stage and rainfall/lake-stage relations.
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Figure 3. Lithostratigraphy and hydrostratigraphy within
the area of study.

6 Simulation of the Interaction of Karstic Lakes Magnolia and Brooklyn with the Upper Floridan Aquifer, Southwestern Clay

County, Florida



Aquifers and Confining Units

The description of area hydrogeology includes
discussions of the surficial aguifer system, the interme-
diate aquifer system and its confining beds where
present, and the Floridan aquifer system (fig. 3). The
depths and approximate thicknesses (where known)
and hydraulic propertiesthat are presented are based on
descriptions available from published sources.

Surficial Aquifer System

The surficial aquifer system isidentified by
Clark and others (1963, p. 110) as unnamed deposits
of sand and clayey sand of Miocene to Recent age that
occur from land surface to a depth of 50 to 85 ft. “The
water table is generally a subdued reflection of the
topography . . . but can be several tens of feet below
land surface” (Tibbals, 1990, p. 11) because of therel-
atively low permeability of the surficial aguifer system
and the variability of land surface atitude in the study
area. The surficial aquifer systemisrarely used asa
source of supply because of low yield to wells, but the
aguifer is highly important as a source of recharge to
the Upper Floridan aquifer in the area of study. Clark
and others found no evidence that downward percola-
tion of water was impeded by the clayey sand, which
occurs as lenses.

Motz and others (1994) cite estimates of 950 to
7,000 feet squared per day (ft%/d) for the transmissiv-
ity of the surficial aquifer system in north-central
Horida, but because of the variability of the lithology
and aquifer thickness and the distant location of each
of the estimatesfrom the area of study, these estimates
cannot be considered reliably descriptive of condi-
tions there. The UF drilled 33 wellsinto the surficial
aquifer system in the study area (Annable and others,
1996). Wellsin the Camp Blanding Military Reserva-
tion were completed with 6-inch-diameter casing by
U.S. Army personnel, and the remaining wells were
drilled with 2-inch-diameter casing under a contract
with the SIRWMD. Together with two previously-
drilled wells (C-0444 and C-0452), this network of
35 wells (fig. 4) was used to measure water-table alti-
tudes in the basin. After a period of water-level mea-
surements by the UF, which began in May 1994, the
USGS measured water levelsin these wells from Feb-
ruary 1996 to September 1997. USGS identification

numbers for the wells and various data prepared by
graduate students of the UF (Annable and others,
1996, app. B) are presented in table 1. USGS water-
level measurementsended in September 1997, and the
UF resumed water-level measurementsin these wells
under terms of a contract with the SIRWMD.

Table 1. Descriptive data for wells of the surficial aquifer
system network

[MP, measuring point]

MP Well
Local Site well altitude, depth Length
num- identification diameter feet below of
ber number (inches) above toD.Of casing
sea casing (feet)
level (feet)
C-0444 none 2 161.65 87 67
C-0452 294807082020902 2 146.23 67 66
C-0512 295124082010101 6 185.61 79 60
C-0513 295123082002101 6 185.90 48 30
C-0514 295107081590001 6 186.84 75 60
C-0515 295026081585201 6 173.27 78 60
C-0516 294949081592101 6 180.47 70 50
C-0517 295004082002001 6 179.38 71 55
C-0518 294921082003801 6 147.65 48 30
C-0519 294903082005201 6 144.71 46 30
C-0520 294930082013601 6 165.60 59 40
C-0521 294948082011501 6 174.36 49 30
C-0522 295018082004801 6 166.17 79 60
C-0523 295018082004802 6 165.88 74 60
C-0524 295058082013601 6 181.34 79 60
B-0098 294513082024801 2 151.52 44 28
B-0099 294609082030801 2 143.60 64 38
C-0500 294636082024101 2 134.69 76 38
C-0501 294528082001001 2 120.48 60 25
C-0502 294457082013101 2 127.54 47 25
C-0503 294834082013001 2 145.03 64 38
B-0100 294543082033301 2 148.66 45 26
B-0101 294538082041101 2 155.02 50 16
B-0102 294542082035401 2 150.31 49 26
C-0505 294511082015901 2 139.99 53 35
B-0103 294509082032301 2 152.42 51 19
C-0506 294710082014101 2 148.83 78 438
C-0507 294619082003601 2 136.74 53 33
C-0508 294502082003201 2 141.83 66 46
C-0510 294809082024401 2 164.95 84 54
C-0511 294658082005901 2 147.33 50 30
B-0104 294659082031601 2 164.17 56 43
B-0105 294644082033301 2 167.43 59 35
B-0106 294728082034901 2 156.77 56 37
B-0107 294521082034401 2 156.55 54 25
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The UF performed slug testsin October 1993 at a
cluster of four surficial wells near Halfmoon Lake
(fig. 1) that were not included in the monitoring net-
work shown in fig. 4. Resulting estimates of hydraulic
conductivity were 1.0to 7.3 feet per day (ft/d) (Annable
and others, 1996). The UF performed aquifer testsin
December 1993, and reported transmissivity estimates
ranging from 600 to 1,230 ft%/d (Annable and others,
1996), or hydraulic conductivity estimates ranging
from 30 to 62 ft/d. The UF performed slug tests at
13 more surficial wellsin January and February 1994,
providing hydraulic conductivity estimates of 1.5 to
17.6 ft/d. A two-well aquifer test conducted at an
unspecified time at Camp Blanding by the UF yielded
atransmissivity estimate of 560 ft°/d and a hydraulic
conductivity estimate of 10 ft/d.

Given the cited estimates of horizontal hydraulic
conductivity, and assuming that vertical hydraulic con-
ductivitiesare not significantly lower, it isunlikely that
appreciable vertical hydraulic gradients could exist in
the surficial aquifer system at depths greater than the
depths of the surficial aguifer system network wells.
Thus, the water levelsin these wells are considered to
be accurate measurements of the water-table altitude.
However, the values of hydraulic conductivity are suf-
ficiently low that water-table atitudes are primarily
determined by local rather than regional processes of
recharge and drainage. Thus, the water-table altitude
can vary appreciably over short distancesand can be“a
subdued reflection of land surface” (Tibbals,1990).
Heads computed by a numerical model of the surficial
aquifer system will be relatively insensitive to bound-
ary conditions specified around the perimeter of anarea
of regional scale.

Intermediate Aquifer System and Confining Unit

The confining unit that lies between the surficia
aquifer system and the Floridan aquifer system gener-
ally correspondsto the Hawthorn Group of early to late
Miocene age. Miller (1986, p. 37) describes the lithol-
ogy of the Hawthorn as “a complexly interbedded,
highly variable sequence that consists mostly of clay,
silt and sand beds, all of which contain scarce to abun-
dant phosphate.” Miller (1986) also refersto “the dolo-
mite and limestone beds of the Hawthorn.” Miller
(1986) considered the less permeable parts of the Haw-
thorn to be the upper confining unit of the Floridan
aquifer system. The top of the Hawthorn Group away

from the immediate vicinity of lakesistypically 50 to
100 ft above sealevel, or about 50 to 80 ft below land
surface (Clark and others, 1963).

Clark and others (1963) noted that “the confin-

ing bed locally includes secondary artesian aquifers.”
Motz and others (1994) referred to an “intermediate
aquifer system,” considered to be permeable strata
within the solution-riddled limestone, dolomite, sand,
and shell beds of the Hawthorn. On the basis of limited
data, Motz and others (1994) hypothesized that this
aguifer can occur locally near the top or the bottom of
the Hawthorn beds, particularly where the deposits
have been disturbed by the formation of karst features
on the underlying Ocala Limestone. No author has
ventured to identify the “intermediate aquifer system”
with specific formations within the Hawthorn Group
or to defineit on an areal basis. Clark and others (1964,
p. 115) hypothesized that “although the limestone lay-
ersin the Hawthorn Formation arelimited in area, they
are probably connected with other permeable zones of
material such assand layers.” Despitethe ambiguity of
the definition, the intermediate aquifer system is of
considerable significance locally to well drillers and
homeowners as one of the principal local sources for
domestic self-supply wells (Clark and others, 1964,
p. 118). The head in the intermediate aquifer systemis
between that in the surficial aquifer system and that in
the Upper Floridan aquifer (fig. 5). No measurements
of transmissivity are known to exist.

Floridan Aquifer System

The most productive source of water in north-
central Floridaisthe Floridan aquifer system, whichis
overlain by the confining unit and the surficial aquifer
system of relatively low permeability. Miller (1986)
identifies the Floridan aquifer system in the study area
asrocksof thefollowing formations, in reverse order of
age: (1) the upper part of the Cedar Keys Formation of
Paleocene age (where it contains permeabl e carbon-
ates); (2) the Oldsmar Formation of early Eocene age;
(3) the Avon Park Formation of middlie Eocene age;
and (4) the Ocala Limestone of |ate Eocene age (fig. 3).
The rocks are massive to solution-riddled limestone
and dolomite. Consolidated limestone having solution
porosity in the lower part of the Suwannee Limestone
(of Oligocene age) is also considered part of the Flori-
dan aquifer system elsewhere, but the Suwannee Lime-
stoneis absent in the study area.

Hydrology of the Study Area 9
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Figure 5. Heads in the surficial, intermediate, and Upper Flor

The unconformity at the top of the Ocala Lime-
stone (fig. 3) is described by Miller (1986, p. 30) as
“locally very irregular asaresult of thedissolution of the
limestone and the development of karst topography.”
The Ocala Limestone is described as * one of the most
permesablerock unitsin the Floridan aquifer system” and
the upper, most permeablerocksare considered to be part
of the hydraulic unit referred to as the Upper Floridan
aquifer. According to Miller (1986, p. 45), “the presence
of amiddle confining unit . . . has led to a conceptual
model for the Floridan aguifer system that consistsof two
active permeable zones (the Upper and Lower Floridan
aquifers) separated by azone of low permeability (amid-
dle confining unit). Because of thissimplified layering
scheme, it is necessary to greatly generalize the highly
complex sequence of high- and low-permeability rocks
that comprise the aguifer system.”

10 Simulation of the Interaction of Karstic Lakes Magnolia and B
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idan aquifers near the western shore of Lake Brooklyn.

Infour wellsdrilled by the SIRWMD in 1991, the
top of the Ocala Limestone was penetrated between 180
and 220 ft below land surface, or from 50to 110 ft below
sealevel (Motz and others, 1994). Nine of the wells
drilled in the Lake Brooklyn area by Clark and others
(1963) penetrated the Floridan aquifer. One well was
drilled to 319 ft below sealevel in afilled sink, illustrat-
ing the uneven, kargtic nature of the top of the Ocala
Limestone. A regional map showing the atitude of the
top of the “Ocala Group” (old name) (Clark and others,
1964, p. 12-13) showsthat the top of the OcalaLime-
stone rises southwesterly in the study area, from about
80 ft below sealevel just northeast of Lake Lowry to
40 ft below sealeve in the vicinity of Lake Geneva.

Transmissivity estimates for the Upper Floridan
aquifer based on analysis of pumping testsin the study

area range from 50,000 to 500,000 ft%/d (Motz and
others, 1995). In cdlibrating aregional model of flow in

rooklyn with the Upper Floridan Aquifer, Southwestern Clay



the Floridan aguifer system, Motz and others (1995)
used avalue of 100,000 ft%/d for the Upper Etonia
Creek Basin. When transmissivities are high, asin the
Upper Floridan aquifer, the potentiometric surface
tendsto berelatively flat over large areas regardless of
local recharge or pumping. Heads computed in numer-
ical model s of the Upper Floridan aquifer can be highly
sensitive to the values specified for boundary condi-
tions on the perimeter of the modeled region.

Heads in the Upper Floridan aquifer are about
25ft below thoseinthesurficia aquifer system near Lake
Brooklyn (fig. 5), and probably are substantialy below
those in the surficial agquifer system everywherein the
study area, whichis, therefore, part of an areaof recharge
for the Upper Floridan aguifer. Support for this conclu-
sion is provided by aconsideration of Floridan aquifer
heads measured in afour-county areaincluding the study
area (fig. 6) in September 1998 for use in preparing a
potentiometric-surface map for the Floridan aquifer in
north-central Florida(Bradner, 1999). Theregion of lakes
that isthe subject of this study lies within the 80-ft con-
tour that demarcates the center of aregiona high in the
potentiometric surface. Because the transmissivity of the
Upper Floridan aquifer probably isashighinthisareaas
elsewhere, the potentiometric high indicates an area of
relatively high recharge for the Upper Floridan aquifer.

In the Keystone Heights area, heads in the Upper
Horidan aquifer declined until about 1990, when they
began a substantial recovery (fig. 5), based on head va-
ues measured in the “Keystone well” (SIRWMD identi-
fier C-0120) by the USGS until October 1993 and by the
SIRWMD thereafter. Well C-0120is at the map location
of surficid aguifer system well C-0452 (fig. 4). Long-
term averages of the head values are listed in the follow-
ing table. Thelater 1995-98 average reflectsasubstantial
increase from the long-term lows of 1990-94.

Years Head values
1960-69 87.74 feet
1970-79 85.11 feet
1980-89 83.10 feet
1990-94 78.42 feet
1995-98 (March) 82.84 feet

The explanation for the long-term head declineis
not clear, and this subject will receive further discussion
later in this report based on results from the model anal-
ysis. Large-scale pumping for public supply (Motz and
others, 1991) occurs near the cities of Jacksonville
(fig. 1), Gainesville(fig. 6), and Palatka(fig. 6), but their
distance from the study area and the rates of pumping
suggest that heads in the Upper Floridan aquifer in the
study area should not be appreciably affected by the
pumping. The effectsof pumping from thewel| field near

Gainesville are evident in the drawdown northeast of the
city (fig. 6), but do not appear to extend to the study area.

Loca pumping of the Upper Floridan aquifer for
sand-mining operations occurs in the strip-mining area
eadt of Starke (fig. 1), north of White Sands and Gator
Bone Lakes (fig. 4), and in northeastern Putnam County
east of Putnam Prairie and south of Hwy. 100 (fig. 1).
However, an evaluation by Motz and others (1995) indi-
catesthat therates of withdrawal areinsufficient to cause
alocal lowering of the potentiometric surface, given the
high transmissivity of the Upper Floridan aguifer.
Municipal supply inthe Keystone Heights areaisaso
obtained from the Upper Floridan aquifer, but the quan-
tities pumped are substantially less than those pumped
for sand-mining activities (Motz and others, 1991).

A detailed description of the base of the Upper
Floridan aquifer, confining units underlying the Upper
Floridan aquifer, or the Lower Floridan aquifer in the
study areawas not known to be available at thetime this
report was prepared (2000). The regiona maps prepared
by Miller (1986, pls. 28 and 32) suggest 200-300 ft and
1,100 ft to be the respective thicknesses of the Upper and
Lower Floridan aquifersin the study area. Miller (1986)
a so indicates that the middle semi-confining unit
between the Upper and L ower Floridan aguifersisabsent
to the west of the study areain the sense that deposits
contemporaneous with the confining layer to the east of
the study area do not have confining characteristics.

Rainfall and Evapotranspiration

The average annual rainfall recorded in Gaines-
ville, Fla., 21 miles southwest of Keystone Heights, in
theyears1931-98, was52.3 inches(fig. 7). “Onthe aver-
age, the area (K eystone Heights) receivesover half of its
annual rainfal during the 4-month period June through
September” (Clark and others, 1964, p. 60). These
authors also state that “the area’ s rainfall occurs as two
genera types: (1) summer rainfall that is mostly shower
and thunderstorm activity; and (2) winter and early
spring rainfall that is more the widespread generd type
associated with frontal activity.” Annual rainfall totals
during the 1931-98 period varied from the average by
nearly 25inchesabovein 1964 to nearly 19inchesbelow
in 1977 (fig. 7). The yearly annual-rainfall departures
from the average exhibit long-term trends: (1) generally
below average through 1943; (2) generally above aver-
age from 1944 through 1972; and (3) generaly below
average after 1972. Thesetrendsare clearly indicated on
the cumul ative-departure graph prepared by Motz and
others (1994, p. 15, fig. 2.5). Long-term rainfal trends
and pronounced short-term rainfall trends generally are
correlated with stage variations measured in various
lakes of theregion (fig. 2).

Hydrology of the Study Area 11
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Figure 7. Yearly departure from 1931-98 average yearly rainfall (52.3 inches) at Gainesville, Fla.

In recent years, the SIRWMD has acquired daily
rainfall data from tipping bucket instruments at L akes
Lowry, Brooklyn, Geneva, and Bedford; monthly totals
from February 1992 through July 1996 are reported by
Souza (1997). A tipping bucket devicewasinstalled on
araft on Lake Magnolia as part of this study and daily
rainfall data were obtained from May 1995 through
September 1997. This record of rainfall lacks values
between October 19 and November 6, 1996. One
researcher (T.C. Winter, USGS, written commun.,
1999) notes “that tipping bucket gages significantly
undercount intense rainfalls and undercount somewhat
even at moderate intensities.”

Therate of evapotranspiration from land surface
and evaporation from surface-water bodies has a sub-
stantial seasonal variation, and is positively correlated
to air temperature and the amount of solar radiation.

Average monthly pan evaporation rates measured by
the U.S. Weather Service of the National Oceano-
graphic and Atmospheric Administration (NOAA)
from 1953 to 1988 in Gainesville ranged from 0.092
inches per day (in/d) for January to 0.251 in/d for May.
L ake evaporation rates are less than pan evaporation
rates, and Kohler (1954) determined monthly pan-to-
lake coefficients to convert pan evaporation rates to
evaporation rates for Lake Okeechobee in southern
Florida. Gainesville pan evaporation rate valuesand the
pan-to-lake coefficients of Kohler (1954) were pro-
vided to the author by E.R. German (USGS, written
commun., 1998), who used these valuesin an earlier
study (German, 1997). The following table lists the
average monthly rainfall and pan evaporation ratesin
inches per day for Gainesville and Kohler’s (1954) pan-
to-1ake coefficients.

Jan. Feb. Mar. Apr. May June July Aug. Sept. Oct. Nov. Dec.
Rainfall 0111 0151 0119 0.092 0122 0214 0210 0248 0191 0056 0.079 0.103
Pan evaporation .092 124 75 .233 251 241 .226 204 .87 57 115 .087
Pan coefficient a7 .69 a7 .84 .82 .85 91 91 .87 .76 71 .83
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Watersheds and Surface-Water Bodies

The northern part of the study areais at the
southern end of alandform known as the Trail Ridge,
characterized by sand hillsand scattered karst features.
In the southern part of the study area, the sand hills
grade into flatter lowlands and marshes, which arealso
marked by numerous karst features originating from
dissolution of subsurface limestone formations (Clark
and others, 1964). Many of the karst features are lakes,
some of which arelinked in downstream succession by
streams. The irregular topography (fig. 8) is character-
istic of an area of low rolling sandhills altered by the
development of karst features and streams, aswell as
by anthropogenic modifications. Land-surface alti-
tudes range above 200 ft in the northern and northeast-
ern part of the area, whereas land-surface atitudes are
aslow as 100 ft in the southeastern part of the area. To
show therelation of 1akesto thetopography, |ake stages
for September 1998 are also shown onfig. 8. Thevalue
in figure 8 for Santa Fe Lakeisfor late October.

Thelakesin the study areaare karsticin origin
and rainfall is the source of water, which can be
acquired by direct capture of precipitation, by overland
runoff after precipitation, by ground-water seepage
from surficial aguifer systems recharged by percolation
of rainfall, or by inflow from streams fed, in turn, by
seepage from ground water or flow from other lakes.
Ground-water seepage in the study areais considered a
substantially more important source of water for the
lakes than direct runoff. Most of the lakes in the study
area are considered seepage lakes, in that they release
water only by seepage through the lakebed or by evapo-
ration (Schiffer, 1998). However, Blue Pond and L akes
Lowry, Magnolia, Brooklyn, and Geneva (fig. 4), the
lakes important to this study, are interconnected by
streams, so water isal so released to outflowing streams.
This process tends to limit the maximum altitude that
lake stages can reach. Because the lakes are also
recharged by inflowing streams, the basin areas contrib-
uting rainfall to lake storage is enlarged beyond the
basin that contributes seepage or runoff to the lakes.

Blue Pond, Lake Lowry, and Lake Magnolialie
within the confines of Camp Blanding (fig. 4), a mili-
tary reservation used jointly by the U.S. Army and the
Florida National Guard. Although the lakes and land
areas surrounding thelakesand military reservation are
used occasionally for military exercisesand commonly
opened to the public for hunting, fishing, and other rec-
reational uses, the lakesremain in arelatively pristine
state. Lakes Brooklyn and Geneva are part of the

greater Keystone Heights residential area, acommu-
nity largely composed of retirees and vacation-home
owners and within commuting distance of Gainesville,
Palatka, and Jacksonville, Fla. These lakes are sur-
rounded by homes, private campgrounds, and public
recreation areas.

The following table lists the surface areas and
outlet altitudes of thefive lakes. The surface areavalues
wereextracted from aGeographical I nformation System
(GIS) polygon coverage of regional hydraulic features
constructed by digitizing USGS 1:100,000 scale metric
maps of 1978-81. The metric mapswere compiled from
earlier USGS 7.5-minute 1:24,000 scale topographic
maps that represent the lake stages when the mapswere
drawn in the mid-1970’s. The outlet altitude valuesin
the table are from Motz and others (1994). The outlet
atitude for Lake Magnolia has changed as a result of
channel modifications completed in 1997.

Surface Outlet
Lake area altitude
(square feet) (feet)

Blue Pond 8,608,000 171.0
Lowry 54,457,000 131.0
Magnolia 9,077,000 1232
Brooklyn 28,315,000 115.2
Geneva 75,539,000 105.8

To provide perspective into the storage charac-
teristics of the lakes in relation to the surface-water
system in the basin, a calculation was made of the
approximate amount of time required for the lakes to
fill if they arerecharged from astream at an inflow rate
of 25 cubic feet per second (ft3/s), arelatively high but
not unusual rate for inflows to Lakes Magnoliaand
Brooklyn, assuming there are no other fluid losses and
gains. These data are given in the table below. Lake
volumesfor stages equal to the outlet altitudes of Blue
Pond and L akes L owry, Magnoliaand Brooklyn, and at
astage of 102.5 ft in Lake Geneva, were obtained from
the quadratic-curve approximations of the stage/vol-
ume relations devel oped by Motz and others (1994,

p. 95-96, fig. 7.2). Times given in the table are for the
lakes to fill to these stages from a completely void
volume, and to rise 1 ft above these stages.

Daystofill Days

Lake (]}t’g"x“;‘oee) froym void to r?lse

volume 1 foot
Blue Pond 160.35 74 4
Lowry 818.22 378 25
Magnolia 221.20 102 4
Brooklyn 433.33 201 13
Geneva 1,049.07 486 35
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Thefive lakes are linked in succession by
streams that share the collective name Alligator Creek.
As part of this study, three gaging stations equipped
with continuous recorders were established on sections
of Alligator Creek, augmenting earlier streamflow
measurements made by SIRWMD at eight locationsin
the basin. The locations of streamflow measurement
stations important to this study are shown in figure 4
and descriptions are listed in table 2. Miscellaneous
measurements were also made by the USGS between
1956 and 1960 at stations 1, 4, and 5.

Blue Pond Basin to Lake Lowry

Theuppermost |ake of the chain, Blue Pond, was
once fed by runoff and groundwater seepage from a
wetland that extended several milesto the north and
west. A half-milelong stream in aravineto the north of
Blue Pond (fig. 4) was fed by ground-water seepage
from surrounding land of higher atitude. Much of the
surficia drainage to Blue Pond from the north was
altered by the construction of berms, roads, canals, and
borrow pits dating to the early 1950’s. In 1992, the con-
cernsof local citizensled to astudy of the hydrology of
the basin that resulted in a series of modifications to
restore historical flows (James Hayhurst, Lake Brook-
lyn Civic Association, oral commun., 1998). The max-
imum depth of Blue Pond is about 40 ft (Clark and
others, 1964, fig. 37. p. 65).

The 1.25-mile distance between Blue Pond and
Lake Lowry, formerly called Lake Sand Hill, is
transected by asegment of Alligator Creek inawinding
ravinewith sides 20to 40 ft deep. The streambed slopes
from 171 ft near the outlet from Blue Pond to 127 ft at
the confluence with Lake Lowry (Robison, 1992). The
St. Johns River Water Management District made 27
streamflow measurements about 500 ft upstream from

Table 2. Streamflow data-collection sites

Lake Lowry (site 2, fig. 4) between May 1993 and July
1995. During this time period, the measured stream-

flow ranged from 0.5 ft¥/sto 21.2 ft3/s, with amean of

5.3ft%/s. Fiveflow measurements madeat | mpact Road
just downstream from Blue Pond (site 1, fig. 4) at times
concurrent with other measurements ranged from 0 to

1.9 ft%/s |ess than the other measurements. Lake Lowry
is also recharged from the northeast by a stream with
three tributaries extending as far as 1.3 miles to the
north in ravines 30 to 40 ft below surrounding land sur-
face. The source of the water is seepage from the surfi-
cial aguifer system. The St. Johns River Water
Management District made 12 flow measurements just
upstream from the point of inflow to Lake Lowry (site
3, fig. 4) during the same time period as the other mea-

surements. Values ranged from 3.5t0 5.7 ft3/s, and the
mean was 4.4 ft3/s.

Lake Lowry Outlet to Lake Magnolia

Lake Lowry isastablelake; between 1957 and
1998, the lake stage varied from 129.4 ft to 132.7 ft
(fig. 2). The maximum depth of Lake Lowry is about
30ft (Clark and others, 1964, fig. 38, p. 66). According to
Kindinger and others (1994), L ake Lowry appearsto be
formed from two large overlapping subsidence features.

Lakes Lowry and Magnolia, 0.95 mile (mi)
apart, are connected by a 1.2-mi long segment of Alli-
gator Creek in aravinewith sides about 30 ft deep. The
streambed altitude decreases from 131.0 to 121.1 ft,
although there are intervening sections below 120 ft
(Robison, 1992). Despite the small range of variation
in the stage of Lake Lowry, the variation in measured
outflow to the segment of Alligator Creek below Lake

Lowry varies substantially, from 1.7 to 23.6 ft/s, over

[Map numbersrefer to fig. 4. Agency: SIRWMD, St. Johns River Water Management District; USGS, U.S. Geological Survey]

Site Type of Datum of
Map identification Site Name - measurement Agency gage
number number Continuous Miscellaneous (feet,mean
recorder sea level)
1 02244551 Blue Pond Outlet near Keystone Heights no 2/95-8/97 USGS 143.98
5/93-8/94 SIRWMD unknown
2 none Alligator Creek above Lake Lowry no 5/93-7/95 SIRWMD unknown
3 none Northeast Inflow to Lake Lowry no 5/93-7/95 SIRWMD unknown
4 02244601 Sand Hill Lake Outlet near Keystone Heights ~ 12/94 - 9/97 USGS 106.31
(Greble Road) 5/93-8/94 SIRWMD unknown
5 02244651 Magnolia Lake Outlet near Keystone Heights  11/94 - 9/97 USGS 108.09
(Treat Road) 9/91-3/95 SIRWMD unknown
6 02244690 Alligator Creek near Keystone Heights 11/94 - 9/97 USGS 102.90
(Immokal ee Road) 3/92-3/95 SIRWMD unknown
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a stage range of only 1.3 ft. In December 1994, the
USGSinstalled astage recorder at Greble Road, 0.1 mi
downstream of Lake Lowry (site 4, fig. 4), and began a
program of regular flow measurements that made pos-
sible the development of arating for the gage. The
discharge monitoring continued through September
1997 (fig. 9). The highest discharge appearing in

the rating table is 23.6 ft%/s.

The rating table could not be applied directly to
the lake stage values in earlier years to estimate flows,
because stream stage at the recorder location is aways
dightly lessthan thelake stage. Therefore, aspart of this
study, stage valuesfrom therecorder on Alligator Creek
at Greble Road were compared with concurrent lake

atitudevaluesto obtain an average differencethat could
be used as a correction value. The first step was to add
the recorder datum value of 106.31 ft to the recorder
stage values. In 29 pairs of values, the mean difference
between lake and recorder stages was 1.57 ft, the range
of differenceswas 1.42 to 1.69 ft, and the standard devi-
ation of the samples (differences) was 0.07 ft. This
result made it possible to estimate stages at the 1994-97
recorder |ocation referenced to the recorder datum over
the period of record of Lake Lowry stage measurements
(July 1957 to 1998), by subtracting the mean difference
and the recorder datum (1.57 ft + 106.31 ft = 107.88 ft)
from the lake stage values. Then, flow rates at the
recorder location from 1957 to 1998 were estimated by
applying the 1994-97 rating table.
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The resulting flow values ranged from zero dur-
ing short periods when the |ake stage decreased below
the outlet altitude of 131.0 ft to ahigh of 35.7 ft¥/sfor a
short period in September 1964. Vaues higher than
23.60 ft3/swere computed by extrapolation, based on
the last two entries in the rating table, and could be
underestimates of the true flow. Subject to the qualifica-
tion that the outflow could have changed periodically
with unrecorded changes in the configuration of the
stream channel near the outlet point from the lake, the
resulting estimateswerelater used in the construction of
amathematical simulation of lake/aquifer interaction.

Lake Magnoliais arelatively stable lake where
the stage has ranged from 117.7 to 125.6 ft between
1958 and 1998 (fig. 2). Probably originating asasingle
subsidence feature (Kindinger and others, 1994), the
maximum lake depth is about 47 ft (fig. 10). Presently,
the shores of the lake arerelatively pristine, except for
the presence of aU. S. Army training camp on the east-

ern shore and a public boat launching ramp on the
northwestern shore.

Alligator Creek Between Lakes Magnolia and
Brooklyn

The 1.15 mi between the point of outflow from
Lake Magnolia and the point of inflow to Lake Brook-
lynistraversed by aameandering section of Alligator
Creek that is confined within aravine with 30-ft-deep
sides for most of its length. About 0.65 mi from the
Lake Magnoliaoutlet, the stream widensinto awetland
for about 0.5 mi (fig. 4). Downstream from the wetland
and outside the military reservation boundary, the
stream is surrounded by low-density housing.

A dam had been built on this section of Alligator
Creek for road accessduring aperiod of drought and no
flow inthe creek inthelate 1950's. In March 1958, the
dam was removed because standing water began to
pool behind it. The exact location of the dam is

EXPLANATION
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Figure 10. Lines of equal depth in Lake Magnolia at a lake-surface elevation of 124.7 feet, measured November 28, 1960

(modified from Clark and others, 1964, fig. 39).
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unknown. Several months later, local citizens cleared
the parts of the stream channel upstream and down-
stream of the wetland areas to facilitate flow. In Sep-
tember 1973, in response to flooding of Lakes
Brooklyn and Geneva, Oldfield Pond, and Halfmoon
Lake, atemporary dam was placed on Alligator Creek,
probably near the Lake Magnolia outlet, although the
exact location isunknown. The effect can beseeninthe
hydrograph of the stage of Lake Magnolia (fig. 2) asa
short-lived stage increase of about 0.4 ft at atimewhen
al other lakesin theregion had adeclining stage. Noth-
ing is known of the fate of this dam, and the period of
flooding was followed by a dry period of rapidly
declining stagesin all lakes in the basin.

An August 1986 report in alocal newspaper
claimed that sand from a National Guard borrow pit
was periodically filling and blocking the Alligator
Creek channel near the Lake Magnolia outlet, but a
field check by SIRWMD personnel revealed no prob-
lem. Alligator Creek ceased to flow between Lake
Magnolia and Lake Brooklyn during the dry period
from September 1989 through August 1991. The upper
section of the channel (upstream from the wetland) was
cleared of plants, tree stumps, and debrisin the early
1990’ s after flow resumed. In November 1997, the high
spotsin the upper section of the channel were lowered
so that the maximum bottom altitude was 121 ft. The
effect of thisaction on the stage of Lake Magnoliawas
an immediate reduction of between 1 and 2 ft, based on
a comparison with the stage behavior of other lakesin
the area (fig. 2).

The culvertsunder the section of Treat Road that
passes over Alligator Creek 0.25 mi downstream from
Lake Magnolia have been raised and lowered several
times: (1) in the early 1950’s, when new culverts were
placed over old culverts after afire; (2) in 1987, when
the National Guard placed anew single culvert higher
than the previous one; and (3) in July 1994, when the
culvert was lowered 3 ft at the insistence of alocal cit-
izens group (James Hayhurst, Lake Brooklyn Civic
Association, oral commun., 1998). The latter two
actions were taken during the period of stage data col-
lection from Lake Magnolia, but the data show no
apparent effect from the culvert altitude change. The
stage of Lake Magnoliarose about 2 ft in June and July
1994, and dight effects on the lake stage caused by
lowering the culvert may be obscured by the magnitude
of therise.

A large nursery has been in operation on high
ground east of Alligator Creek and south of the wet-
lands section between Lakes Magnolia and Brooklyn
for severa decades. The present owner of the nursery
acquired the property in 1980, when the first of four
4-in-diameter irrigation-supply wells equipped with
5 horsepower pumps and tapping the Upper Floridan

aguifer between 120 and 240 ft was installed (Robert
Byrnes, owner of the Trail Ridge Nursery, oral com-
mun., 1999). Most of theirrigation is by the drip
method, and the owner estimatesthe average daily con-
sumption at about 85,000 gallons (0.13 ft3/s) and the
peak daily consumption at 115,000 gallons (0.18 ft3/s).
In the mid-1950’s, a previous owner of the nurs-
ery used a parcel of land across the stream from the
nursery for citrus farming. There are indications that
the southern part of the present nursery was also used
for this purpose. According to Robert Byrnes (Trail
Ridge Nursery, oral commun., 1999), as the grove was
being established, adamwas placed in Alligator Creek,
and an unknown volume of water was withdrawn from
the creek for irrigation. The grove was said to have
been destroyed by a severe freeze in the early 1980's.
In November 1994, the USGS installed stage
recorders as part of this study on Alligator Creek at
Treat Road and Immokal ee Road (fig. 4, sites5 and 6),
and began aprogram of regular flow measurementsfor
the purpose of developing ratings for the gages. Stage
and discharge monitoring continued through Septem-
ber 1997. The highest observed discharge value used in
therating table for the Treat Road gage was 29.30 ft3/s.
Stage values from the recorder at Treat Road
were compared with concurrent lake altitude values
by adding the recorder datum value of 108.09 ft to
the stage values. In 154 pairs of values, the mean dif-
ferencewas 1.12 ft, therange of differenceswas0.83
to 1.31 ft, and the standard deviation of the samples
(differences) was 0.09 ft. This result made possible
an independent data-based estimate of flowsinto
Alligator Creek from Lake Magnolia over the period
of record of measurements (March 1958 to 1998) of
stage in Lake Magnolia by subtracting 109.21 ft
(= 1.12ft + 108.09 ft) from the | ake stage values and
applying the rating table. This procedure assumes
that the stream channel near its outlet from Lake
Magnolia remained relatively unchanged over the
period of the estimates. Flow values estimated from
this procedure ranged from zero, during periods
when the lake stage decreased below the outlet alti-
tude of about 123.2 ft (the outlet altitude was lower
after November 1997) to 49.6 ft3/s in September
1973. Discharge values exceeding the limit of the
rating table (29.30 ft3/s) were estimated by extrapo-
lation based on the last two values in the table, and
may underestimate the actual magnitude of flow.
The discharge estimates were used for a qualitative
comparison with values of flow estimated by the
simulator of lake/aquifer interaction, which will be
described in later sections of this report.
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The presence of stream gages below Lake Lowry
and on the upper and lower ends of Alligator Creek
between Lakes Magnoliaand Brooklyn madeit possible
to assess the magnitudes of losses and gains during the
period of continuous recorder operation (November
1994 to September 1997). As shown by the two dis-
charge hydrographs between Lakes Magnoliaand
Brooklyn (sites5 and 6 infig. 9), there were only slight
gainsand losses during this period, which included peri-
ods of both high and low flow (0.1 to 41.5 ft%/s). (Mea-
surements after September 1997 were made by students
of the UF). Generdly, theflow at Treat Road was higher
by about 1to 2 ft3/s, indicati ng that the stream segment
was losing water, but in certain time periods (March-
May 1996, July 1996), the flow at Immokal ee Road was
as much as 1 ft¥/s higher, showing that the stream was
gaining water. Even when high flows occurred during

SOIIIINIINIIN

the El Nifio winter of 1997-98, the differencein dis-
charges was no more than 3 ft3/s, indicati ngitislikely
that substantial losses of water do not occur in this
stream reach as the result of naturally occurring condi-
tions. Dischargevauesinthisfigureare only reported to
two significant figures, a USGS policy that reflects the
accuracy limitation of this type of measurement.
Additional perspective into the behavior of the
surface-water flow system isgained by considering the
three discharge hydrographs (fig. 9) together. During
the period of the measurements, the magnitude of flow
in Alligator Creek did not vary greatly from emergence
of the stream from Lake Lowry to entrance into Lake
Brooklyn. Lake Magnolia appears to have acted pri-
marily as atemporary holding pond for the transmis-
sion of water between Lakes Lowry and Brooklyn.
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Figure 11. Estimated discharges from Lakes Lowry and Magnolia computed from measured lake stages and the 1994-97

USGS rating tables.
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During the high-flow period of May through December
1995, there seems to have been little loss or gain of
flow between Lakes Lowry and Brooklyn. Inthe some-
what drier period between April 1996 and April 1997,
there were gradual losses of water volume, perhaps
from evaporation or ground-water seepage, as the
water moved from Lake Lowry to Lake Brooklyn, but
the difference in discharge between the Lake Lowry
and L ake Magnolia outlets did not exceed 5 ft%/s.

Stream outflowsfrom Lakes Lowry and Magnolia
edtimated from the lake stage data of 1957-98 occasion-
aly show areation somewhat different from that of the
1994-97 field measurements. Estimated discharges for
1968-71 (fig. 11) show patternstypical of the entire 1957-
98 time period. In viewing these hydrographs, it is noted
again that the rating table for Lake Lowry does not pro-
vide a stage-discharge relation for stages higher than
23.60 ft¥/s, and the rating table for Lake Magnolia
does not provide arelation for discharges higher than
29.30 ft%s, so higher dischargesin the hydrographs may
not be accurately estimated. During the dry period that
extends through 1968 until about October 1969, the esti-
mated outflow from Lake Magnoliaisless than or the
same asthat from Lake L owry, apattern similar to that of
the 1994-97 discharge measurements. However, during a
period of high lake stages from October 1969 to May
1971, the estimated outflow from Lake Magnoliaisthe
higher of the two, especialy during peak periods.
Although there could be uncertainty associated with high
discharge estimates, this relation could indicate that the
surface-water flow system gained flow from the basin
surrounding Lake Magnoliaby runoff or by ground-water
seepage during high rainfall periods. Although the hydro-
graphs are highly correlated, the Lake Magnoliadis-
charge exceeds that of Lake Lowry by asmuch as
15 ft3/s duri ng peak periods, taking into account a dight
time lag between the peaks (Lake Lowry first and Lake
Magnoliaafew days later).

Flow measurementsin Alligator Creek at Immoka:
lee Road (site 6, fig. 4) were not made after February
1998 because the stage of the creek at thislocation began
to show the effect of backwater from Lake Brooklyn.
Backwater effects have been even more pronounced in
past time periods. The 1949 USGS 7.5-minute topo-
graphic map for Keystone Heights, drawn after several
years of above-average rainfall, shows backwater from
the lake extending into the center of the wetlands areaon
the creek (fig. 4), nearly halfway to Lake Magnolia

Lakes Brooklyn and Geneva and the Basin
Downstream

Theirregular shape of highly unstable Lake
Brooklyn reflects an origin as a coal escence of numer-
ous collapse features (Subsurface Detection Investiga-
tions, Inc., 1992), which aresaid to “ show fracturesand
faulting . . . that may provide some degree of hydraulic
connection between the lake and the Upper Floridan
aquifer.” Sinkhole development in the areais a contin-
uous process, and as recently as December 1985, a
40-ft-deep sinkhole developed in aland area near the
southwestern shore of the lake. The main part of the
lake isrelatively shallow, with individual pools reach-
ing depths of 30 to 34 ft (fig. 12), but one pool on the
west side of the lake is 47 ft deep. When the stage of
Lake Brooklyn decreases substantially, the lakedivides
into asmany as 10 separate pools (fig. 13). A vivid por-
trayal of the contrast in the appearance of the lake at
high and low stages is shown by the photographic
reproductionsin figure 14.

Limited direct use of water from Lake Brooklyn
is known to have occurred prior to the severe stage
decline of 1990-94. Some lakeside residents pumped
water from the lake for lawn irrigation, a practice that
is now discouraged by water managers.

The shallow channel of Alligator Creek down-
stream from Lake Brooklyn emerges in aresidentia
areaand isrouted through a series of culverts until it
reaches Keystone Lake in the center of Keystone
Heights. From Keystone Lake, the channel extends
southeastward to a public recreational area on the
shore of Lake Geneva, wherethe streamisrouted to a
structure designed to break up the flow to prevent
scour of the sand beach. Thelast flow from Lake
Brooklyn prior to thisstudy occurred in January 1974.
Heavy rains during the El Nifio winter of 1997-98
again raised the stage of L ake Brooklyn above the out-
flow dtitude, and outflow occurred between late
March and early May 1998. Keystone L ake flooded
because the culvert under alocal road constructed
during the previous quarter of a century of no flow in
Alligator Creek wastoo high in altitude. The berm for
the road was removed in May 1998 and water flowed
into Lake Genevafor abrief period before anew road
berm with alower culvert was constructed.
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Figure 12. Lines of equal depth in Lake Brooklyn at a lake-surface elevation of 117 feet (modified from Clark and
others, 1963, fig. 6).
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Figure 13. Lines of equal depth in Lake Brooklyn at a lake-surface elevation of 97.2 feet, measured in February 1958
(modified from Clark and others, 1963, fig. 7).
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Figure 14. Lake Brooklyn at low and high stages as seen from the bridge on Highway 21.
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Lake Genevaisarelatively unstable lake where
the stage varied from 89.02 ft to 107.23 ft between
1957 and 1998. The maximum depth of the lakeis
29 ft. Theirregular outline of the lake suggests the coa
lescence of multiple collapse features. According to
Subsurface Detection Investigations, Inc. (1992),
“some regions are highly faulted and may provide
direct connection to the Upper Floridan aquifer.” The
reasonsfor the stage behavior of Lake Genevaare com-
plex because the lake' swater budget depends partly on
flows from Lake Brooklyn, which, apart from the
minor quantitiesof April 1998, have not occurred since
January 1974.

An outflow channel on the southeastern shore of
L ake Geneva passes through a private property before
going into apair of road culvertsthat are overgrown by
weeds and have not flowed since September 1974.
When substantial flows last occurred in September
1973, the water passed through areas of low altitude
into Oldfield Pond, Halfmoon Lake, and then into the
wetland known as Putnam Prairie (fig. 1).

Long-Term Trends in Lake-Stage and
Lake-Stage/Rainfall Relations

As noted earlier, cumulative annua rainfall
departures from the 1931-98 average measured at
Gainesville (fig. 7) seemed well correlated with major
changesin stage at L ake Brooklyn and with smaller
stage variations in other lakes in the study area. For
example, when annual rainfall waswell below average
in 1954-56, the stage in Lake Brooklyn declined sub-
stantially to below 97 ft. When annual rainfall was
above average in the years 1957-60, the stage of Lake
Brooklyn rose to alevel above the outflow altitude
from late 1959 to early 1962. Low rainfall in 1961-63
corresponded to a decline in the lake stage, and high
rainfall in 1964-66 corresponded to a 3-year period in
which the stage was above the lake outflow altitude.
Thisrelation between rainfall surplus or deficit and the
stage in Lake Brooklyn is approximately quantified by
the computation that will betermed a“rainfall memory
factor” (Rmf), computed as alinearly weighted sum of
previous monthly rainfall totals as follows:

Rmf = % R[1-(i—1)/n] —Rmf, (1)
i=1

where
R istherainfall total for month i, and
n isthe number of monthsin system “memory.”

The values are normalized by subtracting Rmf, the
mean of all computed Rmf values. An analogous rela-
tioninwhich rainfall wasweighted with an exponential
decay coefficient was also tried with some useful
results, but the linear decay coefficient was chosen for
the analysis as best illustrating the relation between
rainfall and lake stage.

Various system memory lengths were tried, but
results were mutually similar. Assuming a system
memory length of 60 months (5 years) in equation 1,
the resulting Rmf values (fig. 15) clearly show a corre-
lation between the cumulative rainfall highs of 1960,
1966, 1970, and 1972 with high stages in Lake Brook-
lyn, and a correlation between cumulativerainfall lows
of 1963, 1978, and 1981-82 with low stagesin Lake
Brooklyn. Also correlated are the low stages of 1969,
1971, and the early 1980’s, when the normalized Rmf
value was around or slightly below zero. However, the
Rmf values do not correlate with the severe decline in
lake stage that occurred in 1989-93.

A correlation between two sets of data suggests
but does not prove that there is a causal relation
between the two processes that they measure, and does
not imply that there are not other processes that may
have a causd relation with one or both of the two pro-
cesses measured. The correlation shown in figure 15
for most time periods suggests that the increase or
decrease of lake stage in most time periodsis at least
partly caused by fluctuations in antecedent rainfall. A
correlation does not rule out the possibility that there
may have been other important causal factors as well.

The apparent lack of correlation between Rmf
and lake stage in the 1989-93 time period (fig. 15) sug-
gests that lack of rainfall may not have been the pri-
mary cause of the decline in stage during thistime
period. The rapid stage declinesin Lake Brooklyn and
Lake Magnoliain 1989-90 are related to the stage
declinein Lake Lowry upstream and the consequent
loss of streamflow to the lower lakes in that time
period. The stage decline in Lake Lowry does not
appear to be related to deficient rainfall, as rainfall
guantities were only slightly less than normal from
1985 to 1995. Therefore, the cause of this stage decline
isunknown. Similar declines have not occurred at any
other time during the period (1957-1998) that the stage
of thislake has been measured, even during periods of
substantial deficit of antecedent rainfall (fig. 15).
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Figure 15. Rainfall memory factor and the stage of Lake Brooklyn, 1957-98.

Another type of long-term relation is obtained by
relating the stage in Lake Brooklyn to estimated
upstream outflows from Lakes Lowry and Magnolia.
The lake outflow estimates are not independent of rain-
fall occurring in the basin, but provide another point of
perspective to view the relation of lake stage to overall
basin recharge. First, stages from the three lakes and
estimated outflows from the two upper lakes were aver-
aged over seven selected periods of time ranging from
8 to 44 months in duration when the stages of the two
upper lakes remained high (table 3). Thereisagood cor-
relation between the stages and heights above the out-
flow altitude of stable Lake Lowry and relatively stable

Lake Magnolia. However, it is clear that thereis alack
of correlation between the stages of Lake Magnoliaand
unstable Lake Brooklyn. The stage of Lake Magnolia
and its height above the outflow altitude of 123.2 ft
remained about the samein all seven time periods, but
the stage of Lake Brooklynis8to 10 ft lower inthelast
three time periods, in the late 1970's and in the 1980’s,
than in the four earlier time periodsin the 1960's and
early 1970's. This suggests that some factor or process
affecting the water budget of the lower part of the lake
system (Lakes M agnoliaand Brooklyn) changed during
the time period of the data presented in table 3.
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Table 3. Stage of Lakes Lowry, Magnolia, and Brooklyn and estimated discharge averages from Lakes Lowry and
Magnolia for selected time periods of high stage in Lake Magnolia

[t3/s, feet cubed per second]

Exceeds outflow Estimated

Lake Lowry Lake Magnolia Lake Brooklyn : average outflow
. elevation by (feet) discharge (ftgls)
period  Average Number Average Nug?er Average Nurgfber Lake Lake Lake Lake
stage measure- stage measure- stage measure- aLowry ’\Qa9”°”a Lowry Magnolia
(feet) ments (feet) ments (feet) ments (131.0) 9(123.2)
Oct 1959- 131.83 64 124.64 684 116.28 204 0.83 144 16.56 15.73
Feb 1962
Sep 1964- 131.82 98 124.93 839 115.96 105 .82 173 16.18 22.17
Apr 1967
Mar 1970-  132.05 34 125.19 211 115.72 33 1.05 1.99 20.97 28.94
Oct 1970
June 1972-  131.97 71 125.23 511 11591 84 .97 2.03 19.36 29.98
Nov 1973
Mar 1978- 131.88 47 124.58 237 105.59 147 .88 1.38 17.41 14.42
Oct 1980
Apr 1982- 132.05 43 124.98 160 107.65 161 1.05 1.78 20.99 2371
Jan 1985
Aug1985-  131.95 65 124.84 211 107.88 213 .95 164 19.09 20.34
Mar 1989

3Qutflow elevation.

NUMERICAL SIMULATION OF LAKE/
AQUIFER INTERACTION

Although the general hydrology of the study area
and of Lake Brooklyn has been investigated in thisand
numerous previous studies, and water-budget models
have been developed to describe exchanges of water
between L ake Brooklyn and the atmosphere, inflowing
and outflowing streams, and the ground-water system,
no investigator has previously attempted to use adeter-
ministic model to simulate the hydrologic system that
includesthelake and the aquifer system. Application of
a deterministic model would be valuable because it
could quantitatively test hypotheses advanced by previ-
ousinvestigatorsto explain the unstable nature of Lake
Brooklyn. For such atest to produce worthwhile
results, it is not necessary to fully validate a unique set
of parametric coefficientsto calibrate the model. Given
the complexity of the hydrologic system being mod-
eled, such an objective may not even be achievable.
Rather, the ability to replicate observed datawith oneor
more reasonabl e and defensible sets of parameter
choices would serve the desired purpose of supporting
the conceptual model of previousinvestigators.

The principal obstacle to the use of adeterminis-
tic model has been thelack of asimulator with the capa-
bility of representing a dynamically changing lake and
the dynamic interaction of the lake with the aquifer sys-
tem. For the purpose of this study, simulation methods
were devel oped to make this type of analysis possible.
The following sections describe the simulator used for
the analysis, the lake representational methods devel -
oped, the design and application of the simulator, and
conclusions derived from the model’s use.

Simulation Code

The code selected for the simulation analysiswas
MODFL OW-96, amodular, three-dimensional, finite-
difference simulator of saturated-zone ground-water
flow in confined or unconfined aquifers developed by
the USGS (McDonad and Harbaugh, 1988; Harbaugh
and McDonald, 1996a; and Harbaugh and McDonald,
1996b). The model solves the following equation for
ground-water flow:

dg o, dg o, dg oh
6XB<XX0>E ay%yyay] OZB<ZZ —W= SSat (2)
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where

Kyo Ky @nd K, are values of hydraulic
conductivity along the x, y, and
z coordinate axes, which are
assumed to be paralel to the
major axes of hydraulic
conductivity (Lt™Y);
h isthe potentiometric head (L);
W isavolumetric flux per unit
volume and represents sources
and/or sinks of water (t™1);
S isthe specific storage of the
porous material (L™1); and
t istime (t).

The modular structure of the program permits
the representation of avariety of sources and sinks of
fluid, such asrainfall recharge, evapotranspiration
(ET), fluxesto and from streams, reservoirs, lakes,
drains, and wells, the specification of avariety of
boundary condition types and solution methods, and
the application of solutions to special types of flow
problems. A Lake Package developed for this study to
simulate the interaction of alake with an underlying
aguifer has been documented in areport by Merritt and
Konikow (2000). The Lake Package is designed to
operate with MODFLOW and al so with the USGS sol-
ute-transport model MOC3D (Konikow and others,
1996). The present study was conducted without the
aid of agraphical user interface.

Representing Lakes in the Simulator

The L ake Package represents an improvement of
previous methods of representing lakes, such as those
implemented in the River Package of MODFLOW or
the Reservoir Package of MODFLOW (Fenske and
others, 1996), in that the lake stage can vary interac-
tively with ground-water levels. The USGS L ake Pack-
age is asubstantially revised version of an earlier
package developed by Cheng and Anderson (1993) to
which various new features have been added. The
approach used in both packagesisto identify cells
within the model grid as partsof one or morelakes. The
cellsare then made inactivein the simulation and inter-
faces between the lake cells and the surrounding agui-
fer are identified and assigned conductance values
based on: (1) aquifer hydraulic conductivity and (2) a
set of leakance values assigned to represent the retard-

ing effect of the lakebed on the transmission of water.
Therefore, the accuracy with which thelake can be rep-
resented depends on the model grid dimensions. The
sum of thevertical thicknesses of lake cellsinavertical
column of the grid should approximately represent the
depth of thelakein that sector of the simulated lake, so
that the stage/volume relation of the lake will be ade-
quately represented in the model.

In each iteration for a solution for aquifer heads
inaMODFLOW time step, Darcy’s Law is applied to
compute exchanges of fluid between the aquifer and
lake at each lake/aquifer interface. The cumulative
lake/aquifer flux for each aquifer grid cell then
becomes part of the source/sink term in the finite-dif-
ference approximation of the ground-water flow equa-
tion for that grid cell. The stage of each lake varies
dynamically from one MODFL OW time step to the
next by means of abudget process that takes into
account ground-water seepage, precipitation upon and
evaporation from the lake surface, stream inflows and
outflows, overland runoff inflows, and augmentation or
depletion by artificial means. The Stream Package
(David E. Prudic and Leonard F. Konikow, USGS,
written commun., 2000) specifies the linkages for
interchanges of water between streams and |akes.

The Lake Package has the capahility to simulate
the occurrence of drying and rewetting in parts of lakes
or of entire lakes. Evapotranspiration and rainfall
recharge on the land surface and evaporation and rain-
fall recharge onthelake surface (separately specifiedin
the input data set) are aways applied to the correct
grid-cell columns as partial 1ake drying and rewetting
occur. Another capability provided by the packageisto
simulate the division of alake into separate lakes with
drying or the coal escence of several |akes separated by
areas of low land-surface dtitude into asingle lake
with rising stage. Both of these capabilities were
needed in addressing the problem of simulating the
large stage variations in Lake Brooklyn, and may be
useful for simulating lake-stage fluctuations in other
lakes in other parts of the United States. The package
also has the capability to simulate lake/aquifer interac-
tion in a steady-state MODFL OW solution, and to
compute lake stage semi-implicitly or fully implicitly
in cases where solution stability problems can be ame-
liorated with such an approach. Neither of the latter
capabilities were needed in this study.
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Conceptual Model of the Hydrologic
System and Simulator Implementation

The Lake Package was used to simulate theinter-
action of two lakes, stable L ake Magnoliaand unstable
Lake Brooklyn, with the surficia aguifer system and
with the intermediate and Upper Floridan aquifers. A
conceptualization of the relative importance and inter-
relation of hydrologic processes affecting the volumes
of water contained in the lakes and interchanges of
water between surface-water bodies and the various
aquifersin the study areais presented in the following
sections. This conceptualization (fig. 16) benefitsfrom
the hindsight available from the completed study.

Lake Magnoliaillustratesthe simpler conceptual
model of lake/aquifer interaction of thetwo lakes. Lake
Magnolia exchanges water with the surrounding surfi-
cia aguifer system composed of clastic materials of
relatively low permesability. The permeability, how-
ever, is sufficient that most rainfall infiltrates the soil
and does not become overland runoff. The lake also
gainsor loseswater from the atmosphere depending on
whether the net recharge (precipitation minus evapora
tion) is positive or negative. Another important mecha
nism for the gain or loss of water is stream inflow and
outflow. The magnitudes of all of these fluxes are
mutually related through the operation of the hydro-
logic system, athough they are conceptually separable
as mechanismsfor modeling purposes. Artificial deple-
tion or augmentation of thelake volumemost likely has
never occurred in Lake Magnolia.

Although there is the potentia for large
exchanges of water between the lake and the surround-
ing surficial aguifer system, thelake stage and the head
inthe aguifer normally remain nearly the same, so that
only minor amounts of water are exchanged to main-
tain this approximate equilibrium as lake stage and
aquifer heads change in response to other stresses.
Without field data describing seepage through the lake-
bed or the use of asimulator, it is difficult to estimate
an approximate range for the quantity of water
exchanged. Estimating the small amount of leakage
from the lake and surrounding aguifer to the Floridan
aquifer also would require a simulator.

The maximum monthly rainfall recorded in
Gainesville since 1931 is 15.15 inches, which was
recorded in August 1945. Thisamount is equivalent to
aflux of 4.3 ft/s on the surface of Lake M agnolia. The
maximum monthly average evaporation, based on
Kohler's (1954) pan-to-lake coefficients, is 0.21 in/d,
equivalenttoaflux of 1.8 ft3/sfrom the surface of Lake
Magnolia. Therefore, these two values probably
bracket the total flux of water exchanged directly

between the lake and the atmosphere. In contrast,
inflowsto the lake from Alligator Creek and outflows
from the lake to Alligator Creek can range as high as
the estimated outflow of 49.7 ft3/sin September 1973,
although the maximum monthly average is less than
thisvalue. As noted previously, however, Lake Mag-
noliais at the center of a flow-through system, and
inflows and outflows normally are either both high
or both low, and balanced to some extent (figs. 9 and
11). It seems likely that net streamflow is the domi-
nant term in the water budget of Lake Magnolia
when high streamflows occur; atmospheric fluxes
and ground-water seepage also are important terms
that become dominant when streamflow fluxes are
low or non-existent.

In Lake Brooklyn, ground-water seepage fluxes
and atmospheric fluxes are greater than those of Lake
Magnolia by virtue of the larger bottom and surface
areas of the lake. Based on a comparison of surface
areas of the two lakes, ET could range as high as
5.6 ft3/s and rainfall recharge could be as high as
13.4t3/s. Maximum stream inflow isabout the same as
the outflow from Lake Magnolia, but the outflow from
Lake Brooklyn is usually zero as the stageis usually
below the outlet altitude (fig. 2). In addition, thereisa
substantial loss of water from the lake and surrounding
surficial aquifer system to the Floridan aquifer system
(Clark and others, 1963). Therefore, it seemslikely that
net streamflow and leakage to the Floridan aquifer are
the dominant termsin the water budget (asindicated in
figure 16), with atmospheric fluxes and seepage to the
surficia aquifer system less important terms when
large streamflows occur, however, these latter terms
become more important when the rate of stream inflow
to the lake islow or zero. Because the two dominant
fluxes probably would not be strongly correlated, it is
also apparent that the water budget of Lake Brooklyn
would tend to be more volatile than that of Lake Mag-
nolia, making the lake more unstable.

Because of the downward hydraulic gradient in
the study area, water moves downward from the surfi-
cia aguifer system through the intermediate aquifer
system and confining unit to the Upper Floridan aqui-
fer, where the water moves laterally downgradient at a
relatively rapid rate, given the high transmissivity of
the Upper Floridan; Motz and others (1995) estimated
the transmissivity of the Upper Floridan to be about
100,000 ft?/d in the study area. Because the Keystone
Heights areais near and somewhat north of the center
of aregional potentiometric high, water leaking into
the Upper Floridan aguifer will move westward, north-
ward, and eastward.
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The process of downward leakage to the Upper
Floridan aquifer also needs a conceptual description.
Asdiscussed earlier, the top of the Ocala Limestone,
which coincides with the top of the Upper Floridan
aquifer, averages about 200 ft below land surface. The
top of the Hawthorn Formation (intermediate confining
unit) isabout 50-80 ft below land surface. Asaresult of
the relatively low permeability of the surficial aguifer
system, which isonly 50-80 ft thick, and the till lower
permesbility of the confining unit, lateral movement of
water in the surficial aquifer and confining unit isrela
tively slow in the study area. Because of the short ver-
tical distanceto the highly transmissive Upper Floridan
aquifer, most water leaking downward from the surface
probably movesamost vertically to the Upper Floridan
aquifer near the water’s point of entry at the surface.

Beneath the |akebeds, the movement of water is
harder to characterize because original subsurface
deposits have been disturbed or displaced by thekarstic
processes that formed the lakes. In these locations, the
downward movement of water seeping through the
lakebeds might occur through afew large conduits
intersecting the lakebeds, or the downward movement
of water may be more diffuse, occurring through an
aggregate of disturbed materials. In the first case, the
rate of downward |leakage from the lake would be
appreciably reduced if areas of thelakebedsintersected
by conduits became dry. In the second case, drying
parts of the lake would affect the rate of downward
leakage only in proportion to the amount of lakebed
exposed. None of the lakes in the study area are deep
enough to penetrate the limestone beds of the Upper
Floridan aquifer, although limestone beds of the Haw-
thorn Formation could be exposed on the bottoms of
the deeper lakes.

Because detailed information is lacking on the
nature of the subsurface beneath thelakesconsideredin
this study, a scenario of distributed downward leakage
was adopted asthe most intuitively reasonabl e assump-
tion, consistent with the view that the lake isunderlain
by an aggregate of disturbed materials with spatially-
uniform hydraulic properties. Assuming that the dis-
turbed materials are aso of relatively low hydraulic
conductivity, the downward movement of water seep-
ing through the lakebed will still be nearly vertical and
will reach the Upper Floridan aquifer near the point of
origin beneath the lakebed.

Because the confining layers separating the surf-
icial aquifer system and the Upper Floridan aquifer
under the lakes are assumed to have been replaced by

more permeable materials by the karstic processes that
formed the lakes, they were parameterized (aswill be
described later) to permit downward |eakage every-
where directly beneath the lakes at a much higher rate
than elsewhere. This conceptualization is adequate to
support the analysisof the L ake Brooklyn water budget
that is the purpose of this study. Data are not available
to quantify the separation of |eakage volumes between
point sources and areally distributed downward | eak-
age away from conduitsformed by karstic processesin
the study area.

The 10-40 ft of replaced materials directly
underlying the lakes and in the depth interval equiva
lent to the surficial aquifer system were assumed to
have the same relatively low horizontal and vertical
permeability as the laterally adjacent surficial aquifer
system in areas not overlain by lakes. Because the
movement of water in the disturbed materials beneath
the lakes is assumed to be primarily in the vertical
direction, the selected approach makes it feasible to
independently control the amount of leakage from
isolated pools of Lake Brooklyn when the stageis low.

Because permeabl e l[imestone beds tapped by
domestic self-supply wells (the intermediate aquifer
system of Motz and others, 1994) are present withinthe
confining unit, they should also be included in the
model as a confined aquifer. Therefore, in the concep-
tual model of the hydrogeologic system, the surficial
aquifer system and the Upper Floridan aquifer are con-
sidered to be separated by two confining units sepa-
rated by an areally extensive confined aquifer having a
transmissivity substantially less than that of the Upper
Floridan aquifer and an average hydraulic head inter-
mediate between that of the surficial aquifer and that of
the Upper Floridan aquifer. Some of the water leaking
downward from the lakebeds and through the upper
of the two confining units will be intercepted by this
secondary aquifer, but a greater amount of water will
circulate further downward to the highly transmissive
Upper Floridan aquifer.

To apply MODFLOW, various modular pack-
ageswere needed to represent lakes and streams, their
interconnection, and their interaction with the surficial
aquifer system. The Lake Package (Merritt and Koni-
kow, 2000) and an older version of the Stream Package
(Prudic, 1989) modified for this study were used. Sim-
ulation of the water table in the surficial aquifer sys-
tem in the vicinity of the lakes required use of the
Recharge and Evapotranspiration Packages
(McDonald and Harbaugh, 1988). Because of the low
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permeability of the surficial aquifer system, it was
possible to use specified-head boundary conditions
around the perimeter of asmall area surrounding the
lakes. Because the Flow and Head Boundary (FHB1)
Package (Leake and Lilly, 1997) was not available at
the outset of the study (1995), the Time-Variant Spec-
ified Head Package (CHD) (Leake and Prudic, 1991)
was used for this purpose.

Representation of leakage to the Upper Floridan
aquifer only required that the Upper Floridan be repre-
sented as asink or adrain. Explicit representation of
flow patterns within the Upper Floridan was unneces-
sary. It was considered advantageous, however, to sim-
ulate to some extent the influence of the leakage on
heads in the Upper Floridan aquifer. This was done by
entering alayer in the model grid for the Upper Flori-
dan aquifer and specifying boundary conditions at a
distance from the model ed area using the General Head
Boundary (GHB) Package (McDonald and Harbaugh,
1988). A model layer was added above the Upper Flori-
dan aquifer layer to represent the intermediate aquifer
system, and boundary conditions also were specified at
adistance using the GHB Package.

The selection of packages used to simulate the
hydrogeol ogic system as conceptualized was com-
pleted with the selection of the Block-Centered Flow
Package (BCF) and the Strongly-Implicit Procedure
Package (SIP) (McDonald and Harbaugh, 1988). The
BCF package implements standard block-centered
finite-difference mathematics for approximating the
ground-water flow equation for heads in the aquifer.
The SIP package implements the SIP iterative solver
for solution of the ground-water flow equation.

Grid Design and Boundary Conditions

The most convenient choice of an areafor the
model was one that encompassed L akes Magnoliaand
Brooklyn but excluded other large lakes. The model
grid (fig. 17) was 24 cellswide, 31 cellslong, and
encompassed a 12,464 ft by 27,395 ft area, and was
rotated 39 degrees from the north-south axis. Edges of
the grid transected edges of several large lakes of
known stage, which facilitated the sel ection of surficial
aquifer system boundary-head values. Surficial aquifer
system wellslocated near the boundary were a so used
to estimate specified boundary-head values. Theirreg-
ular grid spacing was designed to best fit theirregular
shape and bathymetry of the space occupied by Lakes
Magnoliaand Brooklynwithinthemodel. In particular,

long, narrow grid nodes were needed to represent nar-
row necks connecting larger pools.

The vertical discretization of the model (fig. 18)
consisted of an upper five layers representing the surfi-
cia aquifer system, and two lower layers, each sepa-
rated from the next higher layer by a confining layer,
representing the intermediate and Upper Floridan aqui-
fers. Although surficial aquifer system layers 2 through
5 are depicted as each being 10-ft thick, the top layer is
not given adimension in MODFLOW,; it is assumed
that any head value computed in the upper layer repre-
sents a water table below land surface. Asan example,
heads greater than 145 ft above sealevel were computed
at the model location of one of the observation wellsin
the surficial aguifer system. Bottom elevations speci-
fied for the five layers were 107, 97, 87, 77, and 67 ft
abovesealevel. Thisspecification wasrequired because
the space of one or more lakes occupied parts of all five
layers, and the logic of the Lake Package requires that
all such layers be represented as either unconfined or
convertible (LAY CON = 1 or 3), which requires a spec-
ification of bottom altitude for those layers.

The approximate depths of the lakesin vertical
columns of grid cellswere estimated by overlaying the
modé grid (fig. 17) on enlarged views of the bathyme-
try (figs. 10 and 12). The rows and columns of the grid
occupied by thelakes areindicated in figure 19 by non-
shaded cells containing numbers that indicate the num-
ber of layers occupied by the lake in each row and col-
umn position. The number, divided by 10, isthe
number of layers occupied by the lake, and indicates
the depth of thelakeinthat vertical column of thegrid.
For instance, the number 40 in a non-shaded grid cell
indicates that four layers are occupied by a section of
alake in the column of grid cellsin that row and col-
umn position, and that the bottom of the lake is speci-
fied to be at an elevation of 77 ft above sealevel inthat
vertical column.

With Lakes Brooklyn and Magnolia defined
gpatially within the model grid, it was possible to
define the relation of stage and volume for each lake
implicit in their spatial representation (figs. 20 and 21,
respectively). Strong inflections of the Lake Brooklyn
graph, and weaker inflections of the Lake Magnolia
graph, occur at 87 and 97 ft, the bottoms of layers 2
and 3, respectively. Slight inflections at 77 ft (the bot-
tom of layer 4) and 107 ft (the bottom of layer 1) are
barely discernible. The true stage/volume relation
should be a smooth curve passing through the same
stage/volume range.
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Figure 18. Vertical discretization of the lakes model.

The stage/volume relations were compared with
those presented in the form of quadratic curves by Motz
and others (1994, p. 95-96); simulated volumes at the
outlet elevations for Lakes Magnolia and Brooklyn
exceeded those estimated by Motz (1994) by 38 and
21 percent, respectively. The cause of the discrepancy is
not known, but a sensitivity analysis (to be described
later) was performed to assess the effect of errorsin
estimating the lake depth in various parts of the grid.

Because of the irregular bathymetry of Lake
Brooklyn, the model must simul ate the separation of
the lake into distinct pools as lake stage drops and the
coalescence of the poolsinto asingle lake as the stage
rises (figs. 12 and 13). Therefore, the logic of lake
coal escence/separation incorporated into the L ake Pack-
age requires that each pool be identified as a separate
lake (“sublake”) in the input specifications. This divi-
sion isshown in figure 19. The pattern of lake joining
and the“sill altitude” at which the sublakes connect was
determined from a study of lake bathymetry and is spec-
ified in the input to the L ake Package. The main upper
part of Lake Brooklyn that receives inflows from
Alligator Creek (sublake 2) is connected to sublake 5 at
105 ft, to sublake 3 at 99 ft, and to sublake 7 at 100 ft.
Sublake 7, in turn, is connected to sublake 6 at 95 ft, to
sublake 8 at 104 ft, and to sublake 9 at 102 ft. Defining
the connection of sublake 2 to 7 and the connection of

sublake 7 to 6 (rather than 2 to both 6 and 7) was based
on the fact that the sandbar that divides sublake 2 from
7 and sublake 2 from 6 lies at an altitude of 100 ft,
whereasthe sandbar that divides sublake 7 from 6 liesat
alower altitude of 95 ft. This procedure allows sublakes
6 and 7 to be connected when they are both still sepa-
rated from sublake 2.

In the final calibration, the lake separation was
simplified by assuming that sublakes 2, 6, 7, and 9 were
all connected at an altitude of 90 ft. This procedure was
adopted because the stage of sublake 2 responded to
changesin stream inflow at very low stages asif it had
a stage/volume relation similar to the four combined
sublakes. Possibly, shallow sandbars separating the four
sublakes were not effective in hydraulically separating
the bodies of water, or shallow channels dug by local
residentsdiverted water from larger poolsthat may have
temporarily had a higher stage.

The lake connection specifications are completed
by setting asill altitude of 114 ft between sublakes9 and
10, and asill atitude of 115 ft between sublakes 10 and
11. Because Lake Magnoliais asimple, bowl!-shaped
lake with no sandbars and does not undergo substantial
stagefluctuations, it was specified as sublake 1 (or lake
1) with no possible connections to other sublakes.
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In the upper five layers representing the surficial
aquifer system, time-invariant heads were specified as
boundary conditions around the perimeter of the model
grid (fig. 17), with exceptions to be described presently.
Stages at most of the lakes (Lowry, Crystal, Bedford,
and Spring Lakes) on or near the model boundary and
water levels measured in the water-table wells (fig. 4)
located at some distance from Lake Brooklyn varied in
the 1994-97 measurement period by only 3 to 6 ft. Ear-
lier (1960) data from Loch Lomond indicate that some-
what higher stages may have occurred in periods of high
water before the 1994-97 period. More recent data col-
lected by the UF during the wet El Nifio winter of 1997-
98 also show water levels as much as 5 ft higher than the
1994-97 USGS data-coll ection-period averages.

Degspite the indication that larger variations
occurredin historical high-water periods, median values
of well water levels from the 1994-97 period were cho-
sen as representative and used to specify boundary
heads constant in time for the entire simulation period
(1957-98). Where the boundary transected lakes, a

6.0 T T T T T T T T T

median value for lake stage was used (132 ft for Lake
Lowry, 104 ft for Crystal Lake, 95 ft for Lake Bedford,
and 90 ft for Spring Lake). A value of 90 ft was assumed
for Deer Springs Lake (fig. 1). Based on the higher val-
ues of water level measured at wells located at a dis-
tance from lakes (the median water level measured in
C-0517 was about 150 ft), boundary-head values inter-
polated between lakes lying on the boundary were spec-
ified as being higher than the lake stages.

The exception to this procedure of boundary-con-
dition specification in the layers representing the surfi-
cial aquifer system was to omit entirely the boundary
specification for the upper two layers where the grid
boundary transected L ake Geneva, where the head var-
ied from 89 to 107 ft over the period of record. The
boundary cells affected were rows 25-31 on the eastern
boundary (fig. 19) and columns 14-24 on the southern
boundary. At these grid locations, in layers 3-5 of the
surficial aquifer system, boundary heads were specified
to be time-varying and given monthly values equal to
the monthly average stages of L ake Geneva. Omitting
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the boundary specifications from the upper two layers
at these locations avoided aM ODFLOW error termina
tion when the L ake Geneva stage, used as the boundary
value, fell below the bottom €levation of one or both of
these layers.

During calibration of the model, head values
close to the boundary (columns 3-4, 21-22, rows 3-4,
28-29) often were substantially different from the val-
uesat theboundary. Becausethe hydraulic conductivity
values used to calibrate the model were relatively low,
heads within the modeled area were expected to be rel-
atively insensitive to the specified boundary values. To
demonstrate this fact, two sensitivity tests were per-
formed: (1) all specified boundary heads except the
time-varying ones bordering L ake Genevawere raised
5 ft, and (2) these same boundary values were
decreased 5 ft. Theresult wasvirtually no differencein
stages computed for Lakes Brooklyn and Magnolia,
and virtually no difference in heads computed at obser-
vation-well locationsin the surficial and Upper Flori-
dan aquifers, based on a comparison of computed

3-olllllllllllllllllll

1957-98 hydrographs. Thisresult verifies that model
computations for lake stages and surficial aquifer sys-
tem heads were insensitive to the choice of constant
boundary-head values, so uncertainties associated with
the choice of boundary-head values should not be a
matter of concern.

Thechoice of boundary-head valuesbased on the
stage of Lake Genevadid have an observable effect on
heads computed at the locations of nearby observation
wells. Because thereis afirm basis for the choice of
these boundary-head values, they were not considered
apossible source of error.

A rigorous simulation of the Upper Floridan
aquifer wasnot attempted; therefore, only ageneralized
representation of boundary conditions for that layer
was necessary. Based on a consideration of regional
potentiometric gradients surrounding the study area
(fig. 6), it wasinferred that water leaking to the Upper
Floridan moves to the west, north, and east, where a
60-ft potentiometric-surface contour is located about
20 mi from the study area. Using the GHB package, a
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boundary value of 60 ft was assigned to each boundary
cell in the Upper Floridan aquifer layer (layer 7),
together with a specified conductance that represented
both the transmissivity of the Upper Floridan aquifer
and the 20-mi distance to the location where the head
value was assumed to apply. This procedure alowed
simulated heads in the Upper Floridan aquifer layer in
the study areato rise under the influence of leakage
from Lakes Brooklyn and Magnoliain arepresentative
manner. Boundary-head values were assigned to the
intermediate aquifer system layer (layer 6) in asimilar
fashion, but were assumed to be 10 ft higher than
boundary-head values in the Upper Floridan aquifer,
based on the record from wells located near the west
shore of Lake Brooklyn (fig. 4). Astransmissivity
values were adjusted during calibration, the specified
conductance values were recomputed.

Aquifer Hydraulic Property Specifications

The genera methods of assigning hydraulic
propertiesto themodel will be described in thissection,
and values used in the calibrated model will be pre-
sented. Discussion of the hydrologic significance of the
value choices and the results of various sensitivity anal-
yseswill be presented in later sections.

Becauselayers1-5weresurficial or convertible,
parameter values needed to be specified to represent
the hydraulic conductivity of the material forming the
surficial aquifer system. To match heads measured in
the surficial aguifer wells, the assigned hydraulic con-
ductivity values were zoned (fig. 22); initially
assigned values ranged from a minimum of 4 ft/dto a
maximum of 400 ft/d. The lower part of this range of
valuesisingeneral agreement with resultsof slug tests
reported by Annable and others (1996). In the absence
of any evidence of spatially extensive hydraulic layer-
ing in the surficial aquifer system, specified values
were made vertically uniform in the five layers repre-
senting the surficial aguifer system in the study area.
Hydraulic conductivity was considered to be horizon-
tally isotropic everywhere (parameter TRPY = 1.0in
al grid cells).

A vertical hydraulic conductivity of 3 ft/d was
assumed to be representative of the surficial aquifer
systemin the area. Although no datawere known to be
availableasabasisfor thisassumption, the value wasa
conservative choice in that it was large enough to
ensure that computed heads would be vertically uni-
forminthefivelayersrepresenting the surficial aquifer
system, and water leaking through the lakebed could

move readily downward to the confining layer. (When
avertical hydraulic conductivity of 30 ft/d wasusedin
asensitivity analysis, smulated lake stages and heads
in the surficial aquifer were unchanged.) Because the
model code required the specification of aleakance
value between layersinstead of avertical hydraulic
conductivity value, the leakance between layers 2 and
3,3 and 4, and 4 and 5 was specified to be 0.3 feet per

day per foot of thickness (d'l) (the vertical hydraulic
conductivity divided by the 10-ft vertical difference
between grid cell centers).

Initially, the same value was used for the lea-
kance between layers 1 and 2, but these values were
revised and distributed to represent the approximate
and spatialy varying difference between the center of
the saturated thickness of layer 1 and the center of layer
2. Thiswas accomplished by acell-wise multiplication
of the vertical leakance values by the assumed vertical
internodal distance of 10 ft, and division by the actual
internodal distances based on a previous calcul ation of
water-table altitudes. Thiswould need to be done itera-
tively if the resulting water-tabl e altitudes changed
appreciably. However, this procedure had anegligible
effect on the computational results, probably because
the vertical hydraulic conductivity was sufficiently
high that heads were vertically uniformin layersrepre-
senting the surficial aquifer system.

Theleakance vaueassigned to al horizontal and
vertical cell interfaces between the lakes and the surfi-
cial aquifer system, representing the degree of lakebed
impedence, was 2.5 dL. Thisvalueis equivaenttoa
hydraulic conductivity of 2.5 ft/d over abed thickness
of 1 ft, or a hydraulic conductivity of 0.25 ft/d over a
|akebed thickness of 0.1 ft. No data were available to
validate this specification. The value chosen, how-
ever, was conservative in that it was large enough so
that there was virtually no head separation between
the lake and the aquifer, and represented the assump-
tion that the lakebed did not provide any effective
confinement affecting exchanges of water between the
lake and the aquifer.

Because layer 1 was specified as unconfined

(LAY CON =1), the specification of avaluefor specific
yield wasrequired. Varied asa calibration parameter to
match measured heads in the surficial aquifer system
wells (fig. 4), the value chosen was 0.09. Such avalue
would be low for rocks with secondary porosity, such
assolution-riddled limestone, but was accepted for pur-
poses of this study as representative of the silty sands
forming the surficial aguifer system in the study area.
Surficial aquifer system layers 2-5 were specified as
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convertible (LAY CON = 3), so that it was necessary to
specify primary and secondary storage coefficients,
with the first being a confined storage coefficient
(0.0003) for use when the layer is fully saturated and
overlain by a partially saturated aquifer layer. The sec-
ondary coefficient (0.09) was aspecific yield valuefor
usewhenthelayer converted to unconfined becausethe
overlying layer was dry. Aquifer layers 6 and 7, repre-
senting the intermediate and Upper Floridan aquifers,
were specified as confined (LAY CON = 0) and
required the specification of a confined storage coeffi-
cient (0.0003).

Spatialy uniform values of transmissivity were
specified for the confined intermediate (10,000 ft%/d)
and Upper Floridan (100,000 ft?/d) aquifers. Theseval-
ues of transmissivity were used in generating conduc-
tance values for use with the general head boundaries.
Transmissivity was considered to be horizontally iso-
tropic (TRPY =1.0in all grid cells).

L eakance through the confining layers separat-
ing the surficial and intermediate aquifers (between
layers5 and 6) and between theintermediate and Upper
Floridan aquifers (layers 6 and 7) was considered to be
very small except beneath thelakes by the specification

of auniformly low coefficient value (1x10° dY) for
each confining layer. Although the cited leakance value
was the low end of the range of values used in the
regional model devel oped by Tibbals (1990), a sub-
stantially higher value was used by Tibbalsin the study
areq, reflecting the leakage that also occurs through
karstic lakes in this part of the region.

To resolve questions regarding the possible
effects of a higher degree of regional leakance, a sensi-
tivity analysis, to be described later, was performed in
which the areal |eakance value was increased. Addi-
tional leakage may occur elsewhere besides underneath
thelakes, but the problem of distributing leakageto the
confined layers between lake and land areas was con-
sidered beyond the scope of this study. For purposes of
this study, it was only necessary to provide a mecha-
nism for drainage of 1ake water to the Upper Floridan
aquifer, and the cited parameterization accomplished
this purpose.

L eakance coefficients for the confining units
beneath the |akes were determined by model calibra-
tion. A leakance coefficient value of 0.001 d" ! wasused
beneath Lake Magnoliaand avalue of 0.005 d! was
used beneath most of the part of Lake Brooklyn speci-
fied to be at least two model layers deep (bottom
atitude 97 ft or lower). Exceptions were Brooklyn Bay
(sublakes 3 and 4, fig. 19) wherethevalueusedin cells

where the bay was specified to be at least 3 layers deep
(bottom altitude 87 ft or lower) was 0.02 d'%, and the
deepest pool (sublake 10, fig. 19), wherethe value used
was 0.03 d™. Higher leakance values were used
beneath Brooklyn Bay because the stage decreased
even lower than the main part of Lake Brooklyn during
the stage decline of 1990-94. Water levelsinwell C-0510
in the surficial aguifer system and near the shore of
sublake 10 were also very low during this period, indi-
cating that the unmeasured stage in sublake 10 also
must have declined very low. Therefore, high leakance
values beneath sublake 10 were specified in an attempt
to simulate such a decline.

Without higher leakance values, the smaller
poolstended to have higher stages than the large pools
because of the higher perimeter-area to volume ratios.
If hydraulic gradients near the lake perimeters are sim-
ilar, recharge to the various lakes is proportional to
their perimeter areas, and smaller lakeswill, therefore,
have a higher ground-water recharge to volumeratio,
and will tend to increase in stage more quickly than
larger lakes.

The conductance between the surficial aguifer
system beneath L ake Brooklyn and the intermediate
aquifer system can be cal culated asthe sum of |eakance
through the confining layer times the bottom area for
all of the poolsthat compose L ake Brooklyn. With the
cited distribution of leakance values, this conductance
was 15.67 x 10* ft%/d. Similarly, the conductance
between the surficial aguifer system beneath Lake
Magnolia and the intermediate aquifer system was
0.815 x 10% ft2/d, so that the conductance beneath
Lake Brooklyn was about 19 times greater than that
beneath Lake Magnolia. In the remainder of the area
within the model boundaries, where the specified lea-
kance was 1 x 10°° d"1, the total conductance was
0.031 x 10* ft?/d. The leakances, and corresponding
conductances, specified for the confining layer
between the intermediate and Upper Floridan aquifers
were the same as for the confining layer between the
surficial and intermediate aquifers, so that the conduc-
tance between the surficial and Upper Floridan aqui-
fers was one-half the cited values, assuming a
harmonic mean relation in combining the conduc-
tances for the two confining units.

The WETDRY parameter used for rewetting grid
cellsin the surficial and convertible layers (layers 1-5)
that become dry during atransient simulation
(McDonald and others, 1991) was set equal to -0.2 ft,
the absol ute value of which isathreshhold for initiating
the rewetting of anode. WETDRY was set equal to 0in
lake cells. The specification of anegative value indi-
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catesthat “only the cell below adry cell can cause the
cell to become wet” (McDonald and others, 1991,

p. 23). Thescaling factor WETFCT wasset equal to 1.0.
Using alarger valuein early model runs led to uncon-
trolled oscillatory behavior during drying and rewetting.

Rainfall and Evapotranspiration
Specifications

The interrelation of recharge and ET in the
sandy materials composing the surficial aquifer
system in the study areais complex, owing to the vari-
able depth of the water table below land surface, the
manner in which water percolates through the unsat-
urated zone, and the variability of atmospheric condi-
tions. Therefore, a straightforward application of the
MODFLOW Recharge and ET Packages was not
appropriate for this study. The author was unable to
find previously documented applications of transient
ground-water models to the simulation of flow in the
surficial aquifer system of east-central Florida

Tibbal s (1990, p. 10) postulated amodel of ET in
which the average annual ET decreased non-linearly
from a maximum of about 48 infyr in areas where the
water table was near land surface to a minimum of
30 in/yr in areas where the water table was more than
15 ft below land surface. Using water-table atitude as
an index ismeaningful in east-central Florida because,
in areas of substantial relief, the areal variation of
water-table atitude is much greater than the variation
at agiven location during an average year, owing to the
relatively low permeability of the materials composing
the aquifer and the consequent poor drainage. There-
fore, locations less than a mile apart can be character-
ized by atypical water-table altitude. Tibbals
estimates (1990, p. 7) were based on an assumed total
annual rainfall average of 52 infyr in east-central Flor-
ida (about the same as measured in Gainesville from
1931 to 1998).

Recharge to the water table, specified asa
monthly rate, was set equal to 40 percent of the
monthly rainfall rate recorded at Gainesville, approxi-
mately the same as postul ated by Tibbals (1990). Quan-
tities of rainfall recorded by the SIRWMD at Lake
Brooklyn were used beginning with February 1992. To
account for the increased ET in areas where the water
table was near land surface, maximum ET rates equal
to long-term monthly average pan evaporation rates
measured at Gainesville were specified. The ET Pack-
age assumes a linear decrease to a specified extinction
depth, which was set at 15 ft below aspecified “ET sur-
face.” In this application, the ET surface was assumed

to be the same as land-surface altitude, and values for
each horizontal grid-cell location were estimated by
overlaying the model grid (fig. 17) on amap of land-
surface atitude contours (fig. 8).

Recharge to the surface areas of |akes was sepa-
rately specified in the Lake Package to be the full
amount of recorded monthly rainfall. Lake evaporation
was specified as average monthly pan evaporation at
Gainesville and modified by the previously cited
monthly pan-to-lake coefficients of Kohler (1954).

Representation of Alligator Creek

Because stream inflow and outflow are principal
components of the water budgets of the various lakes
during periods of moderateto high flow, it isimportant
to represent the streams linking the lakesin the model
and to simulate the quantities of water exchanged by
the lakes and streams. Alligator Creek between Lakes
Lowry and Magnolia was represented by use of the
Stream Package (Prudic, 1989) as occurring in five
grid cells (five reaches) in layer one, from row 3, col-
umn 8 (fig. 19) to row 5, column 10. Because this
stream segment is the furthest upstream of thosein the
modeled area, and Lake Lowry is not explicitly repre-
sented in the model, adirect specification of inflow to
this segment was necessary. The amounts specified
were the flows from Lake Lowry estimated from his-
torical stage data using the 1994-97 rating table. The
atitude of the top of the streambed was assumed to
decrease from 131 ft to 125 ft in the downstream direc-
tion. Thevolume of flow at the lower end of the stream
segment became the stream inflow volume added to
Lake Magnolia.

Alligator Creek between Lakes Magnoliaand
Brooklyn, the second stream segment, was represented
as occurring in nine grid cells (nine reaches), starting
from row 8, column 10, and ending in row 14, column
10. The segment was assumed not to extend into col-
umns6 or 7. The volume of inflow to the reach was cal-
culated by modifications to the Stream Package that
applied Manning’'s equation (Chow, 1959) to the differ-
ence in atitude between lake stage and the top of the
streambed. The altitude of thetop of the streambed was
assumed to decrease from 123 to 109 ft in the down-
stream direction. Theoutlet altitude of flowsfrom Lake
Magnolia was changed to 123.5 ft after the no-flow
period of 1990-91. It was changed back to 123 ft after
acomputation time corresponding to the channel -clear-
ing operation that took place in June 1994. The stream-
flow volume at the lower end of the reach became the
inflow volume to Lake Brooklyn.
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Alligator Creek below Lake Brooklyn, the third
stream segment, wasrepresented asoccurring intengrid
cells(ten reaches), starting from row 23, column 13, and
ending in row 26, column 22, close to the model bound-
ary. The inflow to this segment was calculated by Man-
ning’s equation. The altitude of the top of the streambed
was assumed to decrease from 115 to 110.5 ft in the
downstream direction.

Thefirst, second, and third stream segmentswere
assigned uniform widths of 5, 9, and 25 ft, respectively.
In each reach, the streambeds were assumed to be 0.5 ft
thick and to have a conductance of 6,000 ft%/d. Given a
specified stream width of 5 ft, this conductance vaueis
equivalent to assuming a hydraulic conductivity of the
streambed of 0.4 ft/d if thereach lengthinacell is
1,500 ft and of 0.8 ft/d if the reach length in acell is
750 ft. These hydraulic conductivity values would be
halved if the stream width were 10 ft. These conduc-
tance assignments had the effect of allowing the simu-
lated stream segmentsto gain or loseasmall percentage
of their flow during transit from the upper to lower ends,
as has been observed from field data.

Stream stage in each reach was calculated by the
Stream Package. The first and third sesgments were
assigned aslope of 0.001 foot per foot (ft/ft), and the sec-
ond segment was assigned a dope of 0.002 ft/ft. Man-
ning’s coefficient was specified to be 0.05. These
generalized specificationsare based on field observations
of the stream segments, where it was noted that flow in
the meandering channel was obstructed by the uneven
bottom, rocks, tree stumps, and vegetation, on previously
cited surveys of the stream (Robison, 1992), and on the
results of model calibration. It will be shown later in this
report that streamflow was largely controlled by the

amount of water in the originating |ake and was not
dependent on the specified channel characteristics.

Calibration of the Model

The principal parametersused for curve matching
in theinitia calibration steps were the hydraulic con-
ductivity and specific yield of the surficial aquifer sys-
tem (primarily affecting the heads simulated in the
surficial aquifer system) and the values of leakance
through the confining layers between the surficial aqui-
fer system beneath the lakes and the intermediate and
Upper Floridan aquifers (primarily affecting the lake
stages). The values of these parameters cited in the pre-
vious sectionsweredetermined by aseriesof calibration
runs. Other parameter values, for river characteristics,
atmospheric fluxes, and for properties of the confined
aquifers, were either satisfactory or needed only slight
adjustmentsin theinitial stages of calibration.

A spatially uniform initial head distribution was
specified for each layer of the model. Values used were
124 ft for layers 1-5 (surficia aquifer system), 65ftin
layer 6 (intermediate aquifer system), and 55 ft (Upper
Floridan aquifer). Initial lake stageswere 124 ftin Lake
Magnoliaand 98 ft in all the sublakes of Lake Brooklyn.
The latter values were based on stage records for Lake
Brooklyn in July 1957. The 1957-98 simulation time
period was divided into monthly stress periods of
10 time steps each. (Each month was considered to be
30.4375 days.) Specifications for rainfall recharge, ET,
and flow at the head of the first stream reach were
monthly average values. Overland runoff was assumed
to be zero in all months.

The simulated stages of Lake Brooklyn (fig. 23,
40 percent rainfall recharge) matched the measured
stages poorly in 1957-58, reasonably well in early and
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Figure 23. Results of pre-calibration simulations assuming 40 percent of rainfall recharges the water table and

25 percent of rainfall recharges the water table.
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late time periods (1959-74 and 1994-1997), but was a
clearly unsatisfactory match in the intermediate time
period (1975-93). The poor match in 1957-58 was the
result of using the value of 124 ft for initial head in the
aquifer. Because of the lack of agreement in the 1975-
93 time period, additional work was needed to obtain
an acceptable simulation of the lake/aguifer system.

Analyses of the Sensitivity of Lake Brooklyn Stage
to Various Parameters

To gain an understanding of the relative impor-
tance of the various hydrol ogic mechanisms as compo-
nents of the hydrologic system and as factors affecting
the calibration of the model, and to resolve the calibra-
tion problem, sensitivity analyses were performed for
various parameters, both those that were adjusted for
calibration and those that were based on measurements
or on the work of previousinvestigators. In particular,
ameans was heeded to reduce the simulated stages for
Lake Brooklyn between 1975 and 1993. Theinitial
simulation showed lake stage to be above the outflow
altitude of Lake Brooklyn during periods of high simu-
lated inflow from Lake Magnolia between 1983 and
1988. In actuality, the lake stage remained well below
the outflow altitude despite high inflows from Lake
Magnolia (as noted in a previous section).

In one such sensitivity analysis (fig. 23), the
amount of rainfall estimated to recharge the water table
was decreased from 40 to 25 percent. Results were
quite unsatisfactory, as simulated L ake Brooklyn
stages remained substantially higher than measured
between 1982 and 1988, while simulated stages
between 1959 and 1978 were substantially lower than
measured and reached the outflow altitude only once,
at asimulation time corresponding to late summer

1973. Theresults of the analysis also demonstrated the
importance of aquifer recharge, which influences|ake
stage by contributing to |ake recharge by direct ground-
water seepage and also by contributing to Alligator
Creek inflow, which represents upstream basin capture
of rainfall and subsequent ground-water seepage to
upstream lakes with outflowing streams. In both the
preliminary simulation and the sensitivity analysis, the
amount of rainfall directly on the lake was specified to
be 100 percent of the measured rate.

Anather sensitivity analysis addressed the possi-
bility that the monthly average land ET rates (based on
Gainesville pan evaporation data) and lake evaporation
rates (based on Gainesville pan evaporation data and
Kohler’s (1954) pan-to-lake coefficients) may not be
correct. The estimated rates for both land and lake were
uniformly increased and decreased by 25 percent.
Results (fig. 24) showed that the specified rates were
important only when the L ake Brooklyn stage was
below the outlet altitude. Differences between the simu-
lated stages in the various runs became greater as the
simulated stage decreased from aprevious stagethat was
abovethe outlet atitude. The result offered littlehelpin
resolving the calibration problem, as ssmulated 1983-88
stages remained mostly above the outlet altitude.

Additional sensitivity analyses were run to eval-
uate the importance of the hydraulic conductivity and
specific yield of the surficial aguifer system in deter-
mining the stage of Lake Brooklyn. In one analysis,
hydraulic conductivity estimates (fig. 22) were
increased and decreased by 50 percent. In another anal-
ysis, the specific yield estimate of 9 percent was
increased to 13.5 percent and decreased to 6 percent.
In the two analyses (results not illustrated), Lake
Brooklyn stages were affected only when the stages
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Figure 24. Results of pre-calibration simulations in which land evapotranspiration (ET) and lake evaporation are

increased and decreased by 25 percent.
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were low. The ssimulated stagesfor late 1992 varied by
as much as 2 or 3 ft, whereas stages at about 110 ft
varied by lessthan 1 ft. Stages at about the outflow
altitude varied little. Results indicated that the simu-
lated variations in the two parameters can have an
appreciable cumulative effect after along period of
decreasing stage, but otherwise did not appreciably
affect the stage of Lake Brooklyn, even though the rate
of ground-water seepage to and from the lake is deter-
mined by the hydraulic conductivity of the material of
the surrounding surficial aquifer system.

The result of these analysesis probably
explained by the tendency of lake stage and aquifer
heads to maintain an approximate equilibrium balance
that is disturbed only when one or the other changes
rapidly in response to imposed stress. This principal
isillustrated by the simulated 1957-66 hydrographsfor
Lake Brooklyn and surficial-aquifer well C-0452
(fig. 25). Inthistest run, the uniform initial head in the
aquifer was 124 ft and theinitial stage of Lake Brook-
lyn was 98 ft. During theinitial 6 months of the simu-
lation, the head at the location of well C-0452, closeto
Lake Brooklyn (fig. 4), dropped rapidly as the lake
stage increased rapidly. For the subsequent 9.5 years,
the simulated head difference did not exceed 4 ft. The
simulated head at the well always equaled or exceeded
the lake stage, indicating that seepage from the aquifer
to the lake was the usual situation during this period.
The head difference, and consequent rate of seepage,
tended to increase during periods when the lake stage
was low and when the water tableincreased rapidly in
response to high rates of rainfall.

Hydraulic conductivity variations of much
greater magnitude than those specified in the sensitiv-
ity analyses would probably have had a more substan-

tia effect on lake stagesin the lower ranges. Results of
the analyses also showed that varying these parameters
would not resolve the calibration problem. The sensi-
tivity of simulated headsin the surficial aquifer system
to these parameter specifications are described later.

In another sensitivity analysis, leakance values
for the confining layers between the surficial and the
intermediate aquifer systems and between the interme-
diate and Upper Floridan aquifers were increased and
decreased by 25 percent from the previoudly cited
values, and also quadrupled (fig. 26). Asin the previ-
ously described analyses, when 25 percent variations
are specified, variationsin lake stage are appreciable
(as much as 3 ft) in the lower ranges of lake stage, but
negligibly small when the lakeis at or above the out-
flow dtitude. When the L ake Brooklyn leakance of
0.005 d! is quadrupled, however, the entire simul ated
record of lake stage is substantially affected. The
resulting hydrograph of simulated |ake stage matches
the lake stage measured between 1982 and 1989; how-
ever, measured and simulated stages do not match in
any other time period. The simulated stage remains at
least 3 ft below the outflow altitude throughout the
entire simulation period, and the low |ake stages of
1990-94 are substantially underestimated. Aswith pre-
viously described analyses, results do not resolve the
simulation problem.

Additional sensitivity analyses were performed
to assess the response of |ake stage to possible errorsin
the specification of the head in the Upper Floridan agui-
fer at a20-mi distance or in the specification of the
transmissivity of the Upper Floridan aquifer. Inthefirst
set of analyses (fig. 27), the boundary-head value was
increased to 75 ft and decreased to 45 ft. Although sub-
stantia differences in the stage of Lake Brooklyn are
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Figure 25. Simulated stage in Lake Brooklyn and simulated water-table altitude at the location of surficial aquifer

well C-0452.
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Figure 26. Results of pre-calibration simulations in which leakance through the confining layers is increased by

25 percent, decreased by 25 percent, and quadrupled.

computed, the calibration problem is not resolved;
when simulated stage in the 1983-89 time period is|ow-
ered almost enough to match measured stage, the smu-
lated stageistoo low in other time periods. In the
second set of anayses, the transmissivity of the Upper
Floridan aquifer was increased to 125,000 ft%/d and
decreased to 75,000 ft2/d. The conductance factors for
the general head boundaries at the 20-mi distance were
also modified. Results and their interpretation are qual-
itatively similar to those of the leakance analysis, and
therefore, are not illustrated. Sensitivity analyses for
leakance, the value of boundary head inthe Upper Flori-
dan aquifer, and the transmissivity of the Upper Flori-
dan aguifer should have the same qualitative result and
interpretation, because these parameters all govern the
same process, therate of leakage of water from thelake
to, and dispersal within, the Upper Floridan aquifer.

Sensitivity analyses were aso performed for
parameters affecting flow in the simulated stream
segmentsrepresenting Alligator Creek. Although some
resultswere of interest, there wasvirtually no effect on
the ssimulated stage of Lake Brooklyn, and discussion
of theseresultsis deferred to alater section.

Water-Budget Considerations

To gain a better understanding of the problemin
calibrating the model during the 1983-89 time period,
simulated L ake Brooklyn water-budget data for the
same time period were examined. An example isthe
water-budget data, expressed as volumes, for the last
time step of the monthly stress period corresponding to
the month of November 1985 (fig. 28). At that time, the
measured stage of Lake Brooklyn was about 108.5 ft,
but the corresponding simulated stage was 0.8 ft above
the outlet altitude of 115 ft specified in the model. All
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Figure 27. Results of pre-calibration simulations in which the specified boundary head at a 20-mile distance in the Upper
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Figure 28. Simulated hydrologic budgets for Lake Brooklyn for times when the simulated stage
is above and below the specified outflow elevation (115 ft).

sublakes of Lake Brooklyn are connected at this simu-
lated altitude. Thetotal precipitation and evaporation
volumesfor Lake Brooklyn simulated by the model for

thistime step were 0.93 x 106 and 0.70 x 10° t3, respec-

tively, for anet positive recharge of 0.23 x 10° 3, and
zero runoff was assumed. Seepage from the aquifer to
the lake and seepage from the lake to the aquifer were
computed to be 0.74 x 10° and 5.95 x 10° t3, respec-
tively, for anet seepage of 5.21 x 10° ft3 from the lake
into the aquifer. Surface-water inflow and outflow were

7.63 x 10° and 2.13 x 10° 13, respectively, for anet

simulated surface-water inflow of 5.50 x 108 ft3. The
difference between dl inflows and all outflows, about

0.52 x 10° ft3, was manifest in a stage increase of about
0.018ft for thetime step. The simulated streamflow rate

into Lake Brooklyn was 28.7 ft%/s and the simul ated

stream outflow rate was 8.11 ft%/s.

Evidently, the dominant terms in the water bud-
get are surface-water inflow (largest), ground-water
outflow (second largest), and surface-water outflow
(third largest). Compared to these quantities, the pre-
cipitation and evaporation volumes are of secondary
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importance. The conceptual scenario isthat Lake
Brooklyn is recharged by a high rate of inflow from
Alligator Creek. Most of thisinflow isgoing to ground-
water recharge (of which, the dominant part is|eakage
to the confined aquifers) and most of the remainder
leaves Lake Brooklyn as outflow to the segment of
Alligator Creek below Lake Brooklyn. A relatively
small quantity remains in the lake as an increase in
storage, increasing the stage.

In October 1992, Lake Brooklyn consisted of
four connected pools (sublakes 2, 6, 7, and 9). Other
outlying pools were unconnected to the four main
pools. By contrast with the lake water budget for
November 1985, thelake water budget in October 1992
(fig. 28), when the simulated stage was about 97.3 ft,
was determined by only four of the previous terms,
because stream inflow and outflow had ceased. The
combined precipitation and evaporation volumes

computed for the four main pools were 0.59 x 108
and 0.77 x 10° ft3, respectively, for anet loss of

0.18 x 106 ft3. Seepage from the aquifer to the lake and
seepage from the lake to the aquifer were computed to

be 1.43 x 10° and 1.54 x 10° 3, respectively, for anet
seepageof 0.11 x 108 ft3into the aquifer. Thedifference

between inflowsand outflows, about 0.29 x 108 t3, was
manifest in a stage decrease of about 0.016 ft for the
four connected pools during the time step.

In thistime period, the four termsin the lake
water budget for the four pools are approximately of
the same order of magnitude, so appreciable changesin
any one of them will have an appreciable effect on the
stage. This explains why the sensitivity analyses for
rainfall and evaporation rates showed a substantial
effect on lake stage when the latter was low.

Calibration of the model in the 1975-93 time
period cannot be accomplished by manipulating the
relatively small values of precipitation and evapora-
tion from the lake, which are not an important part of
the water budget when stream inflows are high, asin
November 1985. If the possibility of a natural or
anthropogenic loss or withdrawal from the stream or
lake is excluded, then one of three volume fluxes
would require modification: stream inflow, |eakage to
the confined aquifers, or stream outflow. The latter is
unavailable as a calibration parameter, however,
because no actual stream outflow occurred during the
1983-89 time period.

Of the remaining possihilities, the first that will
be considered is that of possible changesin the speci-
fied leakage rates. In one of the sensitivity analyses,
the leakage rate was increased until the lake stage
matched the recorded measurements for the time

period (fig. 26), but thisresult was accompanied by an
unacceptable lowering of the stage of Lake Brooklyn
during other time periods. Robison (1992, p. 12, fig. 6)
resolved a similar calibration problem with another
water-budget model by assuming that the leakage rate
from Lake Brooklyn increased by afactor of 3 when
the stageincreased from 101 to 102 ft. Theleakagerate
was assumed to have a gradual, linear rate of increase
with lake stage in other stage ranges. This scenario,
however, is reasonable only if discrete entry pointsto
conduits penetrating the confining layers are underwa-
ter at 102 ft but exposed to air at 101 ft. This scenario
is contrary to the conceptual description of the leakage
process described earlier in this report, and no datais
known to support this scenario.

Onehypothesisthat could resolvethe calibration
problem isthat atemporary increasein the rate of leak-
age to the confined aguifers occurred as aresult of nat-
urally occurring subsurface geologic or geochemical
processes. It was previously noted that a sinkhole
developed near the southwestern shore of the Lake
Brooklyn in December 1985. Possibly, additional con-
duits for the movement of water from the lake to the
confined aquifers formed on or before this date, but
gradually became blocked during the two succeeding
decades, effectively restoring the overall rate of leak-
age from Lake Brooklyn to its previous rate. Given
presently available data, it is not possible to confirm or
refute this hypothesis.

Another hypothesis deserving consideration is
that atemporary increase in the rate of leakage
occurred as aresult of heavy pumpage of the Upper
Floridan aquifer and the consequent drawdown of the
aquifer inthevicinity of Lake Brooklyn. Pumping from
the Upper Floridan aquifer is known to have occurred
at the previously cited sand mines located north, east,
and southeast of Lake Brooklyn. The magnitude of
pumping, however, was relatively small, and an analy-
sisby Motz and others (1995) apparently disposed of
the possibility that sand-mining pumping had any
appreciable effect on the potentiometric surface of the
Upper Floridan aquifer. Other undocumented pumping
on asmall scale likely occurred (the wells used by the
nursery on Alligator Creek are an example), because
small-diameter wells tapping the Upper Floridan aqui-
fer did not require a permit from state agencies. The
lack of alarge population or any substantial industrial
presenceinthe areaother than the sand minesindicates
that local pumping was not a cause of the gradual
decline in the potentiometric surface of the Upper
Floridan aquifer. (Most domestic self-supply wells
used by residencesin the area tapped the intermediate
aguifer system.) Causes of thisdeclinearediscussedin
alater section of this report.
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A third hypothesis that could explain the low
lake stages of 1975-93 compared to the higher simu-
lated stages assumes that estimated values of stream-
flow to Lake Brooklyn are too high. Unrealistically
high outflow rates from Lake Lowry may have been
computed using the 1994-97 rating curveif the outflow
atitude had been higher during the earlier time period.
Computed outflow rates from Lake Magnoliawould
also betoo high. The long-term stage data from Lakes
Lowry and Magnolia(fig. 2), however, do not appear to
show abrupt discontinuities or changes in long-term
trendsin stage that would support this possibility. This
hypothesiswould require that lower outflow ratesfrom
Lake Lowry coincide with simultaneous, undocu-
mented changes in outflow elevations of both Lake
Lowry and Lake Magnolia at two separate times, near
the beginning and end of the 1975-93 time period. This
hypothesis of inaccurate streamflow estimatesis also
refuted by other results of the model calibration, which
are discussed later.

The possibility of model error must also be
acknowledged, although appropriate care was used in
developing the model, and some possibl e sources of
error were analyzed by the application of sensitivity-
analysis techniques. Other possible sources of error
includelimited datadescribing lake bathymetry and the
related stage/volume relation, alack of datadescribing
the possible variation of |ake evaporation with lake
stage, and alack of data describing the distribution of

confining-layer leakage beneath the lakes and beneath
land areas away from the lakes.

Undocumented Losses of Surface Water

Another hypothesis that could explain the low
lake stages of 1975-93 assumes that undocumented
losses of water occurred either from Alligator Creek
upstream from Lake Brooklyn or from the lake itself.
For simulation purposes, it was assumed that osses of
water from Alligator Creek upstream from Lake
Brooklyn or from the lake occurred between 1973 and
1989 at times when there was sufficient streamflow.
The hypothetical losses were specified in the Lake
Package input, without loss of generality, as artificial
withdrawals from the lake. After a series of runsin
which the amounts were adjusted, the time-varying
schedule of specified withdrawals shown in figure 29
was postulated. The withdrawals were large and gener-
ally increased with time, ranging from 2.5 ft3/s from
1973 through 1978 to a high of 12.5 ft3/sin 1985-86.
The calibrated withdrawal rate varied from 7.5 to
10 ft3/s between 1975 and 1984 and between 1986 and
1989, after which no more withdrawalswere specified.
The withdrawals were not allowed to exceed the
amount of streamflow, and were of zero magnitude
when streamflow ceased during dry periods. The high-
est hypothetical withdrawal rates used to calibrate the
model occurred just after dry periods of low flow and
no simulated withdrawals.
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Figure 29. Estimated discharge from Lake Magnolia and the hypothetical diversion rates assumed for model calibration.
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Figure 30. Measured stage in Lake Brooklyn and stages simulated by model when it is assumed that there are no
withdrawals and withdrawals of time-varying magnitude occurring when sufficient streamflow was available from Alligator

Creek between Lakes Magnolia and Brooklyn.

The resulting simulation of |ake stages (fig. 30)
matches the measured |ake stages quite accurately,
except for the 1957-58 period and the dry period from
1990 to 1994, during which the simulated lake stage
exceeded the measured stage by about 5 ft. The rapid
rise of the stage of Lake Brooklyn during the wet El
Nifio winter of 1997-98 is also not simulated, possibly
because of unrepresentative rainfall data. The mea-
sured rainfall amounts at L ake Brooklyn for December
1997 and February 1998 (6.70 and 10.42 in., respec-
tively) were well below amounts measured at Gaines-
ville (10.20 and 13.48 in., respectively) and at other
sitesin the northern and central parts of the state, and
may not have been representative of true rainfall
amounts. The possibility also exists that appreciable
quantities of overland runoff, assumed to be negligible,
occurred during this high rainfall period and during an
earlier high rainfall period in late summer 1995.

There are several possible explanations that
would account for a substantial loss of water from
either theriver or the lake, none of which is supported
by documentary evidence. Possible explanations, both
naturally occurring phenomena, as well as human
activitiesinclude: (1) leakage to the confined aquifers
may haveincreased temporarily asaresult of naturally
occurring geologic or geochemical processes (dis-
cussed previously); (2) water may have been diverted
intentionally by local homeowners or businesses or
other local entities; or (3) atemporary impoundment
may have greatly increased the rate of evaporation or
leakage through the streambed.

Motz and others (1994, p. 142) calibrated a
water-budget model for each of the lakesin the chain
for the 1965-91 time period by adjusting “the percent-
age of surface-water inflow that reached each lake as

discharge from the upstream lake.” Losses were attrib-
uted to leakage to the surficial aquifer system and to
evaporation from the stream channel. Theloss between
Lakes Lowry and Magnoliawas estimated to be

8 percent, and the loss between L akes Magnolia and
Brooklyn was estimated to be 35 percent. Assuming a
loss of the latter magnitude in flow between Lakes
Magnoliaand Brooklyn is not feasible, however, inthe
context of the present analysis because: (1) the appar-
ent lossis not consistent over the entire period of
record, but appears to occur only between 1973 and
1989; and (2) streamflow data now available for the
upper and lower ends of the stream segment joining the
two lakes (fig. 9) showsthat, given the conditions that
existed between 1994 and 1997, the loss of streamflow
rarely exceeded 2 ft3/s, even when streamflowswereas
high as 40 ft¥/s.

Human utilization of the water resources of
Alligator Creek or Lakes Magnoliaand Brooklyn has
not been restricted, regulated, or reported until relatively
recently. One previoudly cited anthropogenic diversion
described by local residentsisreported to have occurred
in the mid and late 1950’s, and possibly later, when
water from Alligator Creek was used to irrigate a citrus
grove while the trees were young and becoming estab-
lished. Although previous owners of the nursery on
Alligator Creek may have used overhead irrigation with
water obtained from the creek, it seems unlikely that
consumption was as great asthe 2.5-12.5 ft3/s needed to
calibrate the model.

In the past, some L ake Brooklyn homeowners
pumped water directly fromthelakefor lawnirrigation
(P. Baumgardner, former President of the Lake Brook-
lyn Civic Association, oral commun., 1998), apractice
now discouraged by water managers. The number of
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homeowners consuming lake water for this purpose,
and the volume of water consumed, are unknown, but
would haveincreased during the 1970’sand | ater asthe
lakefront population increased. L. C. Murray (USGS,
written commun., 1999) estimates that a single house-
hold irrigating 2 acres at arate of 30 inches per year
(infyr) would use water at a constant average rate of
0.0069 ft3/s. At this rate, 362 households would use a
total of 2.5 ft3/s. James Hayhurst (President of the Lake
Brooklyn Civic Association, oral commun., 1998)
believes that, at present (1999), there may be as many
as 500 homes surrounding Lake Brooklyn. Assuming
an average domestic supply use of 450 gallons per day
per household (L. C. Murray, USGS, written commun.,
1999), the number of households using a cumulative
average of 2.5 ft3/swould be nearly 10 times the num-
ber cited above. Though not impossible, it seems
unlikely that the water losses could be explained by
local irrigation withdrawal s or by domestic self-supply
by homeowners.

The assumption that water losses of the cited
magnitude occurred allows the water budget inherent
in the ssimulation to be balanced. However, as previ-
ously noted, documented evidence pointing to a spe-
cific cause, whether natural or anthropogenic, is
lacking, and, if water losses did occur as hypothesized,
this study could not identify the cause. The comparison
between stages simulated when no withdrawals are
specified and the measured stage (fig. 30) suggeststhat,
if surface-water losses did not occur as postul ated, the
low stages in Lake Brooklyn from 1978 through 1988
would not have occurred, the lake would likely have
maintained a stage aboveitsoutlet altitude for much of
this period, and flow to L ake Geneva would have con-
tinued through 1988. The low stages of 1989-94 would
still have occurred, but would have been less severein
theinitial part of this period.

Uncertainties in Rainfall Recharge Rate

The depth to the water table in the study area
(fig. 8) may be as much as 70 ft below land surface.
There have been few, if any, previous transient models
of water-table atitudein the surficial aquifer system of
central and northern Florida, and little is known about
the mechanisms or quantities of recharge to deep water
tablesin the low-permeability materials of the surficial
aquifer system. Therefore, model parameter specifica-
tions based on the estimates of minimum annual ET
from deep water tables (30 inches) cited by Tibbals
(1990, p. 10) should be regarded as tentative.

The previously described calibrated model,
incorporating the assumption that 40 percent of precip-
itation recharged the water table (fig. 30), was revised
toincorporate anew assumption that only 20 percent of

precipitation recharged thewater table. Recalibration of
the model required that estimated hydraulic conductiv-
itiesin the surficial aguifer system be reduced by
approximately 50 percent (fig. 22), and that leakance
values for the confining units under the deeper parts of
the lakes also be reduced by nearly 50 percent. Lea-
kances specified beneath L ake Brooklyn were 0.0026
dL for the main part of thelake, 0.005 d™ for Brooklyn
Bay, and 0.02 d*for sublake 10. Theleakance specified
beneath L ake Magnoliawas 0.00054 d ™. The leakance
used in other parts of the modeled area away from the
lakes was unchanged (1.0 x 10" o). With the revised
leakance values, the conductance of the confining layer
beneath L ake Brooklyn became 7.88 x 10% ft?/d, and
the conductance of the confining layer beneath Lake
Magnoliabecame 0.44 x 10* ft?/d. The specific yield of
the surficial aquifer system was al so revised downward
to 7 percent. Assumed 1973-89 water-loss quantities
(fig. 29) remained the same.

The stages simulated with the new parameter
assumptions (fig. 31) are an excellent match of the
measured values, and can be considered a second cali-
brated model. The steep stage decline during 1990-94
is closely matched by the simulated stages. As before,
the 1957-58 data still are not matched, and the rapid
risesin lake stage in 1995 and 1997-98 are not quite
matched. Nevertheless, the simulation is the most sat-
isfactorily achieved during this study, and tendsto lend
credence to the lower value used as an estimate of the
amount of rainfall that recharges the water table in the
study area.

Sublake Connection in Lake Brooklyn

Initially, the four main pools of Lake Brooklyn
(sublakes 2, 6, 7, and 9) were assigned separate sill alti-
tudes with one another based on bathymetry, as
described earlier in this report. However, this proce-
dure led to exaggerated oscillations in the stage of sub-
lake 2, which receivesinflows from Lake Magnolia, as
it fills up before overflowing into the other sublakes at
various stages. The stages measured in sublake 2, how-
ever, varied lesswith timethan the simulated stage, and
seemed to represent acommon stage of at least the four
main pools. Therefore, it was hypothesized that these
four pools may not have been hydraulically isolated by
theintervening sandbars or that shallow ditches dug by
local homeowners could have kept the pools con-
nected. Therefore, acommon sill atitude of 90 ft was
assigned to the three sublakes (sublakes 6, 7, and 9) of
the center lake (sublake 2).
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Figure 31. Measured and simulated stages in Lake Brooklyn when it is assumed that 20 percent of rainfall recharges
the water table and a diversion rate is specified that does not exceed the rate of flow in Alligator Creek.

Simulated stages for Brooklyn Bay (sublakes 3
and 4) were lower than those of the main pools (sub-
lakes 2, 6, 7, and 9) during the latter part of the stage
decline of 1990-94, as was true of measured stages for
the lake and the bay (fig. 32). To represent the contin-
ued stage decline of Brooklyn Bay as the main part of
Lake Brooklyn filled, alarge leakance (0.005 d'l)
under Brooklyn Bay was specified, aswas arelatively
low value (25 ft/d) for the hydraulic conductivity of the
surficia aquifer system (to reduce ground-water seep-
age into the bay). With these values, the simul ated
stage of Brooklyn Bay (fig. 32) began to approximate
the measured stage. The simulated stage, however, is
lower than the measured stage from May 1991 through

July 1993 and higher than the measured stage during
the early part of 1994. Both simulated and measured
stages abruptly become equal to the stage of the main
part of Lake Brooklyn at the specified sill altitude of
100 ft. Inreality, at the end of July 1994, therapidly ris-
ing waters of Lake Brooklyn broke through the sandbar
beneath the Highway 21 bridge separating the main
part of the lake from Brooklyn Bay, filling the bay to
the stage of thelakein lessthan aday, and lowering the
stage of the main part of the lake by more than a foot.
The process also permanently eroded the sandbar and
lowered the bathymetric sill altitude above which the
lake and the bay coalesce into one pool.
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Figure 32. Measured and simulated stages of the main part of Lake Brooklyn (sublakes 2, 6, 7, and 9) and in
Brooklyn Bay (sublakes 3 and 4) during the severe stage decline of 1990-94.
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Simulating the Stage of Lake Magnolia

The stage of Lake Magnoliawas simulated quite
accurately (fig. 33), assuming an outflow altitude of
123 ft, aleakance through the confining layers under
the lake of 0.00054 d'%, and values for stream channel
parameters that have been previously cited. Surface-
water lossrates (fig. 29) were specified, and the percent
of rainfall recharge reaching the water tablewas 20 per-
cent. The outflow altitude was specified to be 123.5 ft
from June 1991 to June 1994. Thisis based on obtain-
ing amore precise fit of the stage of Lake Magnolia
after the period of no flow in the stream in 1990-91. It
ishypothesized that unknown changes occurring in the
channel during the dry period might have caused an
increase in the effective outflow elevation. The part of

the channel above Treat Road was cleaned and cleared
in June-July 1994.

Without the leakance specification cited above,
the 7-ft stage decline measured in early 1991 could not
have been simulated. When the areal |eakance value of
1078 d* was specified under Lake Magnolia, the mini-
mum stage was 122.8 ft, only slightly below the outlet
atitude. The simulated discharge from Lake Magnolia
(fig. 34) was usually similar in magnitude to the esti-
mated flow from Lake Lowry, although the simulated
flow rate was commonly 1 to 5 ft3/s less than Lake
Lowry outflow at peaks and lows of the estimated and
simulated flow rates. Thefunction of Lake Magnoliaas
aflow-through lake, or as areservoir for temporary
storage in the stream system, is highlighted by this
result. The specified leakance of the streambed was
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Figure 33. Measured stage of Lake Magnolia and the stage simulated when it is assumed that 20 percent of rainfall

recharges the water table.
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Figure 34. Discharge from Lake Lowry estimated from lake stage and the 1994-97 rating table, monthly discharge
estimates used in the model, and simulated discharges from Lake Magnolia.
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sufficient to allow small losses or gains of flow in the
stream segments upstream and downstream from Lake
Magnolia. Typicaly, the stream segment between
Lakes Lowry and Magnoliawas simulated as gaining
from 0.8to 1.1 ft%/s, while the stream segment between
L akes Magnoliaand Brooklyn was simulated aslosing
from 0.5 t0 0.8 ft%/s.

The simulation of the stage of Lake Magnolia
breaks down after November 1997. At thistime, the
upper part of the stream channel below Lake Magnolia
was improved, lowering the outlet altitude afoot or
more, which is clearly indicated by the computation of
alake stage higher than measured after this date. No
attempt was made to compensate for the change in the
model calibration.

Therelation of lake stage to the specification of
outlet altitude and to other parameters describing
characteristics of the downstream channel was con-
sidered in three sensitivity analyses. Lake Magnolia
was abetter choice than Lake Brooklyn for these anal -
yses because Lake Brooklyn did not have outflow
during much of the simulation period. Sensitivity tests
were designed in which: (1) the outlet altitude was
increased by 1 ft for the entire 1957-98 simulation
time period; (2) the roughness coefficient of al three
stream segments was reduced from 0.05 (rough, high
impedance channel) to 0.01 (aclear channel withlittle
impedance to flow); and (3) the stream width was
halved (2 ft upstream from Lake Brooklyn and 4 ft
downstream from Lake Brooklyn). An earlier, prelim-
inary simulation of lake stages was used for these

analyses. Inthese earlier analyses, it was assumed that
40 percent of rainfall recharged the water table and
there were no surface-water losses. Results of the
three analyses (figs. 35-37) show a substantial effect
on the stage of Lake Magnolia. The changesin simu-
lated streamflow rates between Lakes Magnolia and
Brooklyn were negligible.

When the outlet altitude was increased 1 ft, the
result was arisein the simulated stage of Lake Magno-
liaof about 1 ft. When the roughness coefficient was
decreased, the smulated stage was lowered between 1
and 2 ft. When the channel width was halved, theresult
was a substantial increase in lake stage at high stages
and streamflow rates, and a negligible to moderate
increase in lake stage when the stage and streamflow
rate werelow. In each of the sensitivity analyses, when
a specified characteristic of the downstream channel
segment or the outflow altitude was modified, the sim-
ulated stage of the originating lake (Lake Magnolia)
changed to compensate for the specified channel mod-
ification, maintaining the streamflow rate virtually the
same asin the calibrated simulation. The results show
that streamflow tendsto be controlled by the amount of
water availablein the originating lake, and isnot appre-
ciably affected by outflow elevation or by the channel
characteristics of the receiving stream.

This result has significance for efforts to aug-
ment the volume of water contained in Lake Brooklyn
(thereby increasing its stage). Efforts to improve the
flow characteristics of Alligator Creek likely have had
only atemporary effect on the amount of water reach-
ing Lake Brooklyn by streamflow.
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Figure 35. Results of sensitivity analysis in which the outlet elevation of Lake Magnolia is increased by 1 foot.
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Simulating the Altitude of the Water Table

The transient simulation of water-table altitudes
in the surficial aguifer system was the first known to
have been attempted in the hydrol ogic environment of
north-central Florida, and therefore, no standard tech-
niques were available for guidance. Water levels mea-
sured in selected wells of the surficial aquifer system
network (fig. 4) were approximately matched (fig. 38)
by specifying the hydraulic conductivity distributions
shown in figure 22 for the two simulations assuming
that: (1) 40 percent of rainfall recharged the water
table, and (2) 20 percent of rainfall recharged the water
table. The hydraulic conductivity values that corre-
spond to the assumption of 40-percent rainfall recharge

1975

1980 1985 1990

Results of sensitivity analysis in which the stream widths have been halved.

were approximately twice those corresponding to the
assumption of 20-percent rainfall recharge. Although
the hydraulic conductivity values used were in general
agreement with the results of slug tests, the distribution
of the hydraulic conductivity valuesisstrictly the result
of curve-matching, and no hydrologic rationale is
offered to judtify it. It isnoted, however, that the lower
values, ranging to two orders of magnitudelessthan the
higher values, seem to correspond to areas of higher
land-surface altitude. Slight differences between the
simulated and measured water-table altitudes could
have been resolved by additional adjustments of the
selected hydraulic conductivity values, but the addi-
tional effort did not seem to be justified.
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The lack of agreement between simulated and
measured water-table altitudesfor the wet El Nifio win-
ter of 1997-98 probably arises from the use of rainfall
data that underestimated the true amount of rainfall in
this period, as cited in the earlier discussion of the sim-
ulation of the stage in Lake Brooklyn. The lack of
agreement at C-0510in early 1995 suggeststhat the use
of even higher leakance val ues beneath nearby sublake
10 may have been appropriate. The hydraulic conduc-
tivity values used in the area of Brooklyn Bay, appre-
ciably lower than hydraulic conductivity valuesused in
adjacent regions, were selected to allow the model to
simulate the prolonged stage declinein the bay near the
end of the 1990-94 |ow-stage regimein Lake Brooklyn.
Thelack of agreement at C-0444 in 1994-95, however,
suggeststhat the hydraulic connection between C-0444
and Brooklyn Bay may have been better than assumed,
and also suggeststhat the hydraulic conductivity of the
surficial aquifer system in thisregion may have been
higher than estimated. If so, appreciably higher values
of leakance through the confining layers would have
been appropriate beneath Brooklyn Bay.

Differences are noted in the abruptness of
changes of measured head values and in the relation of
the timing of peak measured heads and simulated peak
heads. These differences seem correlated to the depth
of the water table below land surface. In one example
(C-0519), measured water levels change abruptly in
response to rainfall events, and measured and simu-
lated peaks, particularly those for early November
1994, early November 1995, and early March 1998,
approximately coincide. At C-0519, the water table
averages 22-23 ft below land surface during the period
illustrated. C-0519 is located in the region with the
highest specified hydraulic conductivity value. In
another example, the water level measured in C-0506
varies smoothly with few sharp peaks, and lags the
sharp simulated peaks by about 2 months. At C-0506,
the water table averages 45-50 ft below land surface
during the period illustrated. C-0506 is located in the
region with the second-highest specified hydraulic con-
ductivity value.

A sensitivity analysis was performed to assess
the dependence of heads simulated for the surficial
aguifer system to the specification of hydraulic con-
ductivity values. The simulation assuming that 20 per-
cent of rainfall recharged the water table was used as a
control, and hydraulic conductivity values were
increased and decreased uniformly by 25 percent. Gen-
erally, the simulated well locations showing the greater
sengitivitieswerein regions of lower specified hydrau-
lic conductivity values (fig. 39). Exceptionsto thisrule

seem related to the nearness of the simulated well to
boundaries or to simulated lakes.

The successful replication of water levelsin the
surficial aquifer well network may not validate the
assumption of the specified distribution of hydraulic
conductivity values. This distribution could mask
another relation, perhaps a distribution of the amount
of water recharging the water table. The latter process
could vary spatially in relation to the average depth of
the water table below land surface or to spatially vary-
ing geologic controls governing the amount of percola-
tion to the water table. Such considerations highlight
the need for further research into the nature and quan-
titative aspects of processesthat occur inthe subsurface
after rainwater percolates into the sandy soils of north-
central Florida.

Simulating the Head in a Well in the Upper
Floridan Aquifer

The use of a specified-head boundary condition
at a20-mi distance from lateral model boundaries gave
the simulator the capability to simulate an increasein
head within the model boundaries in the model layers
representing the confined aguifers, athough the model
was not constructed to be a precise simulator of the
head distribution in those layers. In the highly general-
ized layers representing the intermediate and Upper
Floridan aguifers, smulated head increases were great-
est beneath the lakes where the highest leakance rates
through the confining layers were specified. For a
quantitative comparison with field data, heads mea-
sured in Floridan aquifer well C-0120 from 1960 to
1998 were used. Well C-0120 (SIRWMD designation)
islocated at the map coordinates of surficial aquifer
system well C-0452 (fig. 4) on the western shore of
Lake Brooklyn, and should, therefore, show the effect
of leakage from the lake through the surficial aquifer
system and underlying confining layers. Headsin well
C-0120 were measured by the USGS through late
October 1993 and have been measured by the
SIRWMD since that time.

Measured and simulated heads in the Upper
Floridan aquifer are compared to one another and to the
stage of Lake Brooklyn (fig. 40). Simulated heads
follow the trend of the measured heads quite well,
although the simulated heads do not quite match the
downward trend of thefield datain thelate 1980’s. The
strong rise in measured head of the wet El Nifio winter
of 1997-98 is not matched because the stage of Lake
Brooklyn was not matched, probably as a result of
underspecifying rainfall amounts for this period of
time. Measured heads also seem to be a subdued
reflection of the stage of Lake Brooklyn.

Numerical Simulation of Lake/Aquifer Interaction 55



120 T T T T T 105 FrA AT I T T

E c-0503 LS=145FT K =200 FT/D C-0500 K=134FT K=125FT/D

115

110

105 920

S NS PN P
©
a

SEREI SRR FEEEE FREE

100 b b b b b, g5 o b b b b

180 A T

E C-0519 LS=143FT K =200 FT/D

130 P
B-0104 LS = 163 FEET K=12 FT/D
125

120

115

115

190 Brecrvn b o D Do

110

140 [ T e

120 B b b b Do

[ C-0520 LS =162 FT K=8FT/D 1 PT ) TYREEEEET] FERTERTAERTE FRURNERTET] FRRRRRTURTE FRURAERIET
135 =

C ] 110 o T T T T T T T T T O T IO T T T T [T T
130 [ 3 E c-0506 LS =149 FT K =175 FT/D

? ] 105
125 [/ —: E

F 3 100 [

95

1
L
>
L
-
<
L
@)
L
> F ] o
(@) F c-0518 LS = 145 FEET K=120FT/D ] 90 b b b o b,
5% 130 F =
— F 115 [ I T e T T
TR E E C-0510 LS=165FT K=175FT/D ]
L E 1 10 |- -
L 120F —_ E ]
pd E ] 105 =
il 100 | E
g 150 [T T T T T T E E
T F C-0521 LS =174FT K=3FTD 7 95 - B
- 145 — - 1
o E b oo b d
W 140 3 90
< ] L I R AR
=z sE 3 F T T T T ]
. E E C-0452 LS =145 FT K=175FTD ]
PEET QLT RTTRTETY PR TRTRTIRTTY FTTETRTNTETI FNTRTTRUTEI SRUTTTRTNT: 15 - =
165 SAAAAAALL) LA LAAAAALAL LAMMALLS) WAL 110 F 4
E Cc-0517 LS=176 FT K=25FT/D ] C ]
160 [~ E 105 | =
155 |- B 100 3
150 |- = g5 Bt b s e o d
145}\/‘/\_//\/\/—\////\ E 115 [ T T T T T T T T T T
E ] E C-0444 LS =160 FT K=25FT/D ]
140 wTERETERTENI FETETRTRRRT FTRUTRTRTRT] FRRRRTRRTN] FRNRETRTRNNT S 110 [ ]
155 [ T 105 | =
E C-0522 LS =163 FT K=15FT/D ] F ]
150 |~ - 100 =
145 |- E 95 [ E
140W E 9 [ E
B TTTTRTIY FTTTRTTIITL FTINTRTIIRTI INTTRTITTTR FTRTTRTIT: S OTTTIVITIN OVTIOTIITN FPVOTTITTINI FTTITIIITN FRVPTOTTOIT
1994 1995 1996 1997 1998 1994 1995 1996 1997 1998

EXPLANATION
LS  LAND SURFACE ELEVATION —— MEASURED WATER LEVEL

K LOCAL HYDRAULIC CONDUCTIVITY =~ —— CALIBRATED MODEL, 20 PERCENT RECHARGE
C-0522 WELL NUMBER —— KDECREASED 25 PERCENT
—— KINCREASED 25 PERCENT

Figure 39. Results of sensitivity analyses in which the hydraulic conductivity values for the surficial

aquifer were uniformly increased and decreased by 25 percent.
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Figure 40. Measured and simulated heads in the Upper Floridan aquifer at the location of well C-0120 and the measured

stage of Lake Brooklyn.

The simulated heads easily could have been
raised and lowered afew feet for abetter overall match
by adjusting the transmissivity assigned to the Upper
Floridan aquifer layer, which would have necessitated
some recalibration of leakance and surficial aquifer
system hydraulic conductivity values. However, such
effort was considered unwarranted, given the highly
generalized nature of the representation of the Floridan
aguifer. The head measured in well C-0120 represents
the effect of all leakage processes allowing water to
reach the Upper Floridan aguifer in the region, many of
which may not be explicitly represented in the model of
the present study. In particular, higher heads have been
estimated south of the study area (fig. 6), suggesting
that additional leakage may occur from other lakes out-
side the model boundaries or through buried karstic
features beneath the present-day (2000) land surface.

The simulation results (fig. 40) do not support
the hypothesisthat aregional or local drawdown of the
Upper Floridan aquifer may have been partly responsi-
blefor the lowered stage of Lake Brooklyn. The bound-
ary conditionsfor the Upper Floridan aquifer remained
constant throughout the simulation period (1957-98).
Yet the model depicts aredlistic declinein head in the
Upper Floridan aquifer layer through the early 1990's,
apparently the result of rather than the cause of the
declinein stage of Lake Brooklyn. Thisresult suggests
that the observed head declinein well C-0120 since
1960 could be explained completely in terms of the
stage decline in Lake Brooklyn.

Analysis of Possible Errors in Areal Leakance and
Bathymetry Specifications

The assignment of confining unit leakance
values of 1 x 10°® d' throughout most of the model

areaand from 1x 103 to 3x 10" d" beneath the lakes
was considered to approximately represent the process
of recharge to the confined intermediate and Upper
Floridan aquifers. Conceptually, it is assumed that
most recharge is localized where karstic processes
have disturbed the confining unit, as under Lake

Brooklyn. The value of 1 x 10 d assigned to the
remainder of the area within the model was at the low
end of therange of values assigned to large areas of the
regional model constructed by Tibbals (1990).
Although Tibbals (1990) used |eakance valuesranging

from 1 x 10 to 3x 10 d'? in an areathat includes
Lake Brooklyn, these values represented the confined
effect of distributed |eakage through the confining unit
and localized |eakage at a higher rate where the confin-
ing unit is breached.

The determination of |eakage rates throughout
the modeled area (fig. 17) is beyond the scope of this
study and would require additional data that are not
available. Nevertheless, an assessment of the effect on
the calibrated model of using thelow regional leakance
value was considered useful for the purpose of under-
standing how the calibrated model was influenced by
this specification and for determining whether prob-
lems that arose in calibrating the model could be
related to this specification. In a sensitivity analysis,
this value was increased by an order of magnitude to

1x10°5d1,
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The resultsincluded a slight (less than 1 ft)
decrease in the simulated stage of Lake Brooklyn
(fig. 41) when that stage had been below the specified
outlet elevation for several yearsor more. Thelow sim-
ulated stage of Lake Magnoliain 1991 decreased fur-
ther, by another 6 ft (not illustrated), but the simulated
stage of Lake Magnolia was unaffected in other time
periods. The simulated head for the Upper Floridan
aquifer increased by aslight amount in some time peri-
ods, but never by morethan 0.5 ft. The most noticeable
changeswere decreasesin water levelssimulated inthe
surficia aquifer system at the locations of observation
wells. The differences ranged from lessthan 0.5 ft in
the part of the areaassigned ahydraulic conductivity of
greater than 100 ft/d to nearly 5 ft at well C-0517,
wherethe specified hydraulic conductivity was 2.5 ft/d.

Thedifferencesin stagesand headsin therevised
simulation were not substantial, and the revised
hydrograph of the stage of Lake Brooklyn (fig. 41)
could be considered an acceptable calibration. If the
regional leakance value were increased further, some
model recalibration would become necessary, most
likely entailing the use of lower leakance values
beneath the lakes. There are no differences in the sen-
sitivity analysis that indicate that varying the regional
leakance value could obviate the necessity of specify-
ing withdrawals to represent surface-water losses
between 1973 and 1989.

Theassignment of depthsin thelakesin columns
of the grid was done with careful attention to detail and
was based on the same data (Clark and others, 1963)
used by Motz and others (1994) to develop aquadratic
relation between stage and volume. The lack of agree-
ment between the stage/volume relation of the present
model using these depth assignments and the quadratic

equation of Motz and others (1994) suggested the need
to test the calibrated model to determine how results
would changeif adifferent stage/volumerelation were
used. For this purpose, the calibrated model was rerun
with revised depth specifications that more closely
approximated the relations of Motz and others (1994)
for Lakes Magnoliaand Brooklyn (figs. 20 and 21). To
accomplish this task, |ake depths in some vertical col-
umns of thegrid (fig. 19) were reduced by 10ft, raising
the specified bottom surface of those sections of the
two lakes, and thus reducing thetotal lake volume asso-
ciated with a specific depth. The entire bottom surface
of Lake Magnoliawas raised 10 ft, and about half of
the bottom surface of Lake Brooklyn was raised 10 ft
in the model representation.

Resultswere similar in many respectsto those of
the previous sensitivity analysisin that they did not
show substantia differences in ssimulated stages or
heads (fig. 41). Stagesin Lake Brooklyn were affected
mainly at simulation times when they were far below
the outl et elevation and decreasing, apparently because
thesurface areaof thelakeat lower stageswaslessthan
before. Simulated stages between 1977 and 1992 were
usually within 1 ft of those of the calibrated moddl. The
stage decrease of 1990 began earlier and was more
rapid, and the two simulations differed by as much as
6 ft inthat year. Lake Magnolia stages (not illustrated)
were unaffected except during the decline of 1990-91.
Inthisperiod, the sensitivity analysisindicated alow of
8 ft below that simulated by the calibrated model.
Simulated headsin the Upper Floridan aquifer were as
much as 1 ft lower than those of the calibrated model in
some time periods. Simulated heads in the surficial
aguifer were virtually unaffected.

REGIONAL LEAKAGE IS 104"

MEASURED STAGE

90

STAGE, IN
FEET ABOVE SEA LEVEL

USING REVISED
STAGE/VOLUME RELATION

[ |
OUTFLOW ELEVATION

LAKE BROOKLYN

1960 1965 1970 1975

1980 1985 1990 1995

Figure 41. Results of sensitivity analyses in which the regional leakance through the confining layers was increased
and the stage/volume relations for Lakes Magnolia and Brooklyn were changed.
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Aswith the previous sensitivity analysis, the
differencesin the revised simulation were not substan-
tial and recaibration of the model might have been
achieved by using lower |eakance values beneath the
lakes. Another result of thisanalysisisthat the revised
simulation does not show changes that would obviate
the need to specify withdrawals that represented
surface-water losses between 1973 and 1989.

SUMMARY

Some karstic lakes in north central Floridainter-
act with the underlying Floridan aquifer system. The
upper part of the Floridan aquifer system, the Upper
Floridan aquifer, is characterized by a high degree of
solution porosity and high permeability. Lakesthat are
not hydraulically isolated from the Upper Floridan
aguifer may exhibit large stage fluctuations as water
drains to the aquifer during dry periods and is replen-
ished in excess of the drainage rate during wet periods.
For example, the stage of Lake Brooklyn, in south-
western Clay County, has varied over arange of
27 ft since July 1957, when the U.S. Geological Sur-
vey (USGS) began taking measurements. After the
most recent and severe stage reduction, the USGS
proposed a study that entailed the use of numerical
ground-water flow models to simulate the interaction
of Lake Brooklyn with the Upper Floridan aquifer and
the fluctuations of stage in the lake that were a part of
that process. A package to represent lake/aquifer inter-
action in the USGS MODFL OW-96 and MOC3D sim-
ulators was prepared as part of this study, and a
demonstration of its capability was considered to be
the primary objective of this investigation.

The most productive source of water in alarger
region that includes the study areaisthe Floridan agui-
fer system, which is overlain by aconfining unit and a
surficia aquifer system of relatively low permeability.
The region of lakesthat is the subject of the present
study lies within the 80-ft contour that demarcates the
center of aregional high in the potentiometric surface
of the Upper Floridan agquifer and probably indicatesan
area of recharge for the Upper Floridan aquifer. The
intermediate aguifer system, considered to be perme-
able strata within the Hawthorn Group, is of consider-
able importance locally to well drillers and home-
owners, asit is one of the principal local sources for
domestic self-supply wells. The surficial agquifer sys-
temisidentified as an upper 50 to 85 ft of unnamed
deposits of clay and coarse clastics of early Pleistocene

age. The surficial aquifer systemisrarely used asa
source of supply because of itslow yield to wells, but
the system is highly important as a source of recharge
to the Upper Floridan aquifer in the area of study.

Thelakesin the study area are karstic in origin.
Rainfall is the source of water to these lakes, and may
be acquired by direct capture of precipitation, by over-
land runoff after precipitation, by ground-water seep-
age from surficial aguifer systems recharged by
percolation of rainfall, or by inflow from streams fed
by seepage from ground water or flow from other lakes.
Blue Pond and L akes Lowry, Magnolia, Brooklyn, and
Geneva, which arethelakesimportant to thisstudy, are
interconnected by streams that share the collective
name of Alligator Creek. As part of this study, three
gaging stations equipped with continuous recorders
were established on sections of Alligator Creek, aug-
menting earlier streamflow measurements made by St.
Johns River Water Management District at eight loca-
tionsin the basin. Based on data from the stream gages
on the upper and lower ends of Alligator Creek
between Lakes Magnolia and Brooklyn, there were
only dlight gains and losses during the period Novem-
ber 1994 to September 1997, which included periods of

both high and low flow (0.1 to 41.5 ft3/s).

In the Lake Package developed for use in this
study, | ake stage variesinteractively with ground-water
levels. The stage of each lake is updated for each
MODFLOW time step by a budget process that takes
into account ground-water seepage, precipitation upon
and evaporation from the lake surface, stream inflows
and outflows, overland runoff inflows, and augmenta-
tion or depletion by artificial means. The MODFLOW
Stream Package was modified to provide a means for
representing the interchanges of water between the
streamsand | akes. The L ake Package hasthe capability
to simulate the occurrence of drying and rewetting in
parts of lakes or of entirelakes. Another capability pro-
vided by the packageisto simulate both the division of
alake into separate lakes with drying, and the coales-
cence of several |akes (separated by areas of low land-
surface altitude) into a single lake with rising stage.

The modeled area was discretized laterally into
24 columns and 31 rows. The axisof coordinates of the
model was aligned 39 degrees from north-south so that
the model domain would encompass L akes Magnolia
and Brooklyn but exclude other large lakes. The verti-
cal discretization of the model consisted of five upper
layers representing the surficia aquifer system, and
two lower layers, each separated from the next higher
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layer by a confining layer, representing the intermedi-
ate and Upper Floridan aquifers. Because L ake Brook-
Iyn consists of 10 deep pools separated by shallow
sandbars, and divides into separate pools when the
stage decreases, the method used by the L ake Package
to represent |ake coal escence and separation requires
that each pool be identified as a separate lake (* sub-
lake") in the input specifications. Specified-head
boundary conditions on the perimeter of the grid were
assigned to the five upper layers representing the surf-
icial aquifer system. Model computations for |ake
stages and surficial aquifer system heads were insensi-
tive to the choice of constant boundary-head valuesfor
the surficial aguifer system layers.

In the first calibrated model, recharge to the
water table, specified as a monthly rate, was set equal
to 40 percent of the monthly rainfall rate recorded at
Gainesville, or at Lake Brooklyn beginning with Feb-
ruary 1992. L ake evaporation was specified as average
monthly pan evaporation at Gainesville modified by
literature values for monthly pan-to-lake coefficients.
The streamslinking thelakes were represented asthree
stream segments using the MODFL OW Stream Pack-
age. The specified rate of inflow to the uppermost
stream segment was set equal to outflows from Lake
Lowry estimated from lake stage and the 1994-97 rat-
ing table. To match heads measured in the surficial
aguifer wells, the assigned hydraulic conductivity val-
ues were zoned, and ranged from aminimum of 4 ft/d
to a maximum of 400 ft/d. Spatially uniform values of
transmissivity were specified for the intermediate

(10,000 ft2/d) and Upper Floridan (100,000 ft%/d) aqui-
fers. For purposes of this study, virtualy all leakage to
the confined aquifers was assumed to occur from the
surficia aquifer system through the confining layers
directly beneath the deeper parts of the lake bottoms. A

leakance coefficient value of 0.001 d"1 was used under

Lake Magnoliaand avalue of 0.005 d"* was used for
most of Lake Brooklyn. With these values, the conduc-
tance beneath Lake Brooklyn was about 19 times that
beneath Lake Magnolia.

The principal parameters used for calibration
were the hydraulic conductivity and specific yield of
the surficial aquifer system (primarily affecting the
heads simulated in the surficial aguifer system), andthe
values of leakance through the confining layers
between the surficial aguifer system beneath the lakes
and the intermediate and Upper Floridan aquifers (pri-
marily affecting the lake stages). The simulated stage
hydrograph for Lake Brooklyn matched the measured

stages reasonably well in early and late time periods,
but was clearly an unsatisfactory match in the interme-
diate time period. To resolve this discrepancy, the
hypothesis was proposed that |osses of surface water
from Alligator Creek above Lake Brooklyn or from
Lake Brooklyn itself occurred between 1973 and 1989
when therewas sufficient streamflow. The hypothetical
water |osses were large and increased with time, rang-

ing from 2.5 ft3/sin 1973-78 to a high of 12.5 ft¥/sin
1985-86. The water |osses were not allowed to exceed
the amount of streamflow, and were of zero magnitude
when streamflow ceased during dry periods. The
resulting simulation of |ake stages matched the mea-
sured lake stages accurately in most time periods. Pos-
sible explanations for a substantial loss of water from
either the creek or the lake include either naturally
occurring phenomena such as karstic processes or
losses caused by human activities. No documented
evidence exists to support either of these explanations.

The calibrated model incorporating the assump-
tion that 40 percent of precipitation recharged thewater
table was revised to incorporate a new assumption that
only 20 percent of precipitation recharged the water
table (the second calibrated model). Recalibration of
the model required that estimated hydraulic conductiv-
itiesin the surficial aguifer system be reduced by
approximately 50 percent and that leakance values for
the confining units under deeper parts of the lakes also
be reduced by nearly 50 percent. The stages simulated
with the new parameter assumptions, but including the
hypothetical withdrawals, were an excellent match of
the measured values.

The stage of Lake Magnoliawas simulated quite
accurately, but without specifying a high leakance
under the lake, the 7-ft stage decline measured in early
1991 could not have been simulated. The relation of
lake stage to the specification of outlet altitude and to
other parameters describing characteritics of the
downstream channel was considered in three sensitiv-
ity analysesto test specificationsfor: (1) outlet altitude;
(2) roughness coefficient; and (3) stream width. Results
of the three analyses show a substantial effect on the
stage of Lake Magnolia. Simulated changes in stream-
flow rates between L akes M agnoliaand Brooklyn were
negligible. The results show that streamflow tendsto
be controlled by the amount of water available in the
originating lake, and is not appreciably affected by out-
flow altitude or channel characteristics of thereceiving
stream. This result has important implications for
efforts to augment the volume of water contained in
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Lake Brooklyn. Efforts to improve the characteristics
of Alligator Creek likely have had only atemporary
effect on the amount of water reaching Lake Brooklyn
by streamflow.

Water levels measured in wells of the surficial
aguifer system network were approximately matched.
The distribution of hydraulic conductivity valuesis
strictly the result of curve-matching, but it is observed
that the lower values, ranging to two orders of magni-
tude less than the higher values, seem to correspond to
areas of higher land altitude. Differences in the abrupt-
ness of measured head value changes, and in the rela-
tion of the timing of peak measured and simulated
heads, seem correlated to the depth of the water table
below land surface. The successful replication of water
levelsinthe surficial-aquifer well network may not val-
idate the specified distribution of hydraulic conductiv-
ity values. This distribution could, in fact, mask
another relation, perhaps an areal variation in the
amount of water recharging the water table.

Simulated heads in the Upper Floridan aquifer
layer follow the trend of the measured heads, although
the ssimulated heads do not quite match the downward
trend of thefield datain the late 1980’s. The boundary
conditions for the Upper Floridan remained constant
throughout the simulation period (1957-98). Yet, the
model depicts arealistic decline in head in the Upper
Floridan aquifer layer through the early 1990's. This
result suggests that the observed head decline in well
C-0120 since 1960 could be explained entirely interms
of the stage declinein Lake Brooklyn and may not indi-
cate aregional trend.

The primary purpose of the study was to demon-
strate the application of the USGS Lake Packageto a
reasonably complex field problem. This objective was
accomplished. Results of this study can provide guid-
anceto local water managers and to other hydrologists
in applying quantitative methods to hydrologic prob-
lemsinvolving the interaction of lakes and aquifers.
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