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Analysis of Tests of Subsurface Injection, Storage, and
Recovery of Freshwater in the Lower Floridan Aquifer,

Okeechobee County, Florida

By Vicente Quifiones-Aponte, Kevin Kotun, and Joseph F. Whitley

Abstract

A series of freshwater subsurface injection,
storage, and recovery tests were conducted at an
injection-well site near Lake Okeechobee in
Okeechobee County, Florida, to assess the recov-
erability of injected canal water from the Lower
Floridan aquifer. At the study site, the Lower
Floridan aquifer is characterized as having four
local, relatively independent, high-permeability
flow zones (389 to 398 meters, 419 to 424 meters,
456 to 462 meters, and 472 to 476 meters below
sea level). Four subsurface injection, storage, and
recovery cycles were performed at the Lake
Okeechobee injection-well site in which volumes
of water injected ranged from about 387,275 to
1,343,675 cubic meters for all the cycles, and vol-
umes of water recovered ranged from about
106,200 to 484,400 cubic meters for cycles 1, 2,
and 3. The recovery efficiency for successive
cycles 2 and 3 increased from 22 to 36 percent and
is expected to continue increasing with additional
cycles.

A comparison of chloride concentration
breakthrough curves at the deep monitor well
(located about 171 meters from the injection well)
for cycles 1, 4, and test no. 4 (from a previous
study) revealed unexpected findings. One signifi-
cant result was that the concentration asymptote,
expected to be reached at concentration levels
equivalent or close to the injected water
concentration, was instead reached at higher con-
centration levels. The injection to recovery rate
ratio might affect the chloride concentration

breakthrough curve at the deep monitor well,
which could explain this unexpected behavior.
Because there are four high-permeability zones,
if the rate of injection is smaller than the rate of
recovery (natural artesian flow), the head differ-
ential might not be transmitted through the entire
open wellbore, and injected water would probably
flow only through the upper high-permeability
zones. Therefore, observed chloride concentraticn
values at the deep monitor well would be higher
than the concentration of the injected water and
would represent a mix of water from the different
high-permeability zones.

A generalized digital model was constructed
to simulate the subsurface injection, storage, and
recovery of freshwater in the Lower Floridan aqui-
fer at the Lake Okeechobee injection-well site.
The model was constructed using a modified ve--
sion of the Saturated-Unsaturated TRAnsport
code (SUTRA), which simulates variable-density
advective-dispersive solute transport and variable-
density ground-water flow. Satisfactory compar-
sons of simulated to observed dimensionless chlo-
ride concentrations for the deep monitor well we~e
obtained when using the model during the injec-
tion and recovery phases of cycle 1, but not for tl'=
injection well during the recovery phase of cycle 1
even after several attempts. This precluded the
determination of the recovery efficiency values ty
using the model.

The unsatisfactory comparisons of simu-
lated to observed dimensionless chloride concen-
trations for the injection well and failure of the
model to represent the field data at this well could

Abstract 1



be due to the characteristics of the Lower Floridan
aquifer (at the local scale), which is cavernous or
conduit in nature. To test this possibility, Reynolds
numbers were estimated at varying distances from
the injection well, taking into consideration two
aquifer types or conceptual systems, porous media
and cavernous. For the porous media conceptual
system, the Reynolds numbers were greater than
10 at distances less than 1.42 meters from the
injection well. Thus, application of Darcy’s law to
ground-water flow might not be valid at this dis-
tance. However, at the deep monitor well (171
meters from the injection well), the Reynolds
number was 0.08 which is indicative of laminar
porous media flow. For the cavernous conceptual
system, the Reynolds numbers were greater than
2,000 at distances less than 1,000 meters from the
well. This number represents the upper limit of
laminar flow, which is the fundamental assump-
tion for the application of Darcy’s law to free flow.

Results from the study suggest that to simu-
late recovery efficiency for the Lower Floridan
aquifer at the Lake Okeechobee injection-well site
might require the application of a free-flow type
model (conduit flow or fracture flow). This type of
model may produce a more realistic representation
of the actual fluid motion in the Lower Floridan
aquifer and could provide appropriate estimates of
the recovery efficiency.

INTRODUCTION

Lake Okeechobee is the second largest natural
freshwater lake in the United States, encompassing
about 1,813 km? (square kilometers). The lake is the
principal source of potable water for southern Florida
and is part of the flood-control system for the area
(fig. 1). A serious contamination problem to Lake
Okeechobee is posed by phosphate loads from tributary
canals, such as Taylor Creek and Nubbin Slough (fig.
1), which might accelerate eutrophication of the lake
(Lake Okeechobee Technical Advisory Committee,
1986). The Lake Okeechobee Technical Advisory
Committee proposed a study to determine the feasibil-

ity of reducing phosphate loads into Lake Okeechobee.

From April 1991 to September 1994, the U.S.
Geological Survey, in cooperation with the South
Florida Water Management District, corducted a study
to: (1) assess the feasibility of subsurface injection,
storage, and recovery as a mechanism for reducing
phosphate loads in the canal water; (2) examine the
chemical behavior of the canal-water ard native aqui-
fer water mix during subsurface injection, storage, and
recovery, focusing on the fate of orthophosphate; and
(3) estimate the recovery efficiency of injected canal
water from the Lower Floridan aquifer. A report by
Quifiones-Aponte and Whitley (1996, in press) ana-
lyzed the application of phosphate mass-balance
approaches to assess the feasibility of subsurface injec-
tion, storage, and recovery as a tool for reducing phos-
phate loads in the canal water. This repcrt assesses the
recoverability of injected canal water from the Lower
Floridan aquifer.

Purpose and Scope

The purposes of this report are to: (1) describe a
series of freshwater subsurface injectior. storage, and
recovery tests conducted at an injection-well facility
near Lake Okeechobee; (2) present the analyses of the
subsurface injection, storage, and recov=ry tests; and
(3) assess the recoverability of injected canal water
from the Lower Floridan aquifer using field data and
digital model analyses. This report combines informa-
tion and results from a previous study (CH,M Hill,
1989) and the present study to characterize the Lower
Floridan aquifer at the Lake Okeechobee injection-well
site; these characteristics include lithost-atigraphic
units, hydrogeologic units, aquifer properties, potenti-
ometric levels, and ambient water quality. Recovery
efficiencies from actual field subsurface injection, stor-
age, and recovery tests were estimated and are included
in this report to measure the success of a subsurface
injection, storage, and recovery cycle. 2 summary of
the governing ground-water flow and sclute transport
equations is also included with a description of the dig-
ital model development and its application to evaluate
recovery efficiency at the Lake Okeechobee injection-
well site. Finally, simulations were made using a digi-
tal model code (QSUTRA) to study the effects of the
aquifer characteristics on the recoverability of the
injected canal water.

2  Tests of Subsurface Injection, Storage, and Recovery of Freshwater in the Lower Floridan Aquifer, Okeechobre County, FL
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Description of Study Area

The study area is located at existing well
facilities near the northern shore of Lake Okeechobee
at the intersection of State Road 710 and Canal L-63N
in Okeechobee County, Fla. (fig. 1). The facilities were
designed and constructed by CH,M Hill (1989), under
an agreement with the South Florida Water Manage-
ment District, and consist of a canal inlet/discharge
structure to withdraw water from Canal L-63N, chlori-
nation facilities (not used for the present study), a
detention pond, an injection well, pumps, and two
nested monitor wells located about 171 m (meters)
from the injection well (fig. 1). All the wells are char-
acterized by artesian heads. Initial testing at this well
site was conducted by CH,M Hill (1989).

The general hydrogeologic characteristics of the
injection well site are briefly described in the subse-
quent sections, including lithostratigraphic and hydro-
geologic units. The description of the aquifer hydraulic
characteristics focuses on the Lower Floridan aquifer,
which is the hydrogeologic unit considered in this
study.

Hydrogeologic Setting

The geology of Okeechobee County and the
Lake Okeechobee injection-well site has been
described by previous investigators, including Sellards
(1912), Parker and others (1955), Puri and Vernon
(1964), Miller (1986), CH,M Hill (1989), and
Lukasiewicz (1992). The upper 550 m of sediments at
the injection-well site are comprised of the upper part
of the Oldsmar Formation of lower Eocene age, the
Avon Park Formation (formerly termed the Lake City
Limestone) of middle Eocene age, the Ocala Lime-
stone of upper Eocene age, the Tampa Limestone of
Miocene age, the Hawthorn Formation of Miocene age,
the Tamiami Formation of Pliocene age, and the Anas-
tasia Formation of Pleistocene age (fig. 2).

The Oldsmar Formation, Avon Park Formation,
and Ocala Limestone are present in the Floridan aqui-
fer system (fig. 2). The Ocala Limestone and the upper
part of the Avon Park Formation constitute the Upper
Floridan aquifer, the middle part of the Avon Park For-
mation constitutes the middle semiconfining unit, and
the lower part of the Avon Park Formation and the
upper part of the Oldsmar Formation constitute the
Lower Floridan aquifer (Miller, 1986). The middle
semiconfining unit separates the Upper Floridan
aquifer from the Lower Floridan aquifer within the
Floridan aquifer system. The Oldsmar Formation is

characterized by off-white to light-gray, micritic to
finely pelletal limestone interbedded witl* gray to tan to
light-brown, fine to medium crystalline, commonly
vuggy dolomite (Miller, 1986). The Avon Park Forma-
tion is characterized by pelletal but locally micritic
cream, tan, or light-brown, soft to well-indurated lime-
stone sediments (Miller, 1986) with fauna typical of
Eocene age and also contains large amounts of lignite
and carbonaceous plant material (Puri and Vernon,
1964). Overlying the Avon Park Formation is the Ocala
Limestone containing marine fauna and foraminifera
throughout and chert beds in places. The cavernous
Ocala Limestone produces large volumer of water and
is the source of many springs in Florida that originate
from the Floridan aquifer system (Parke- and others,
1955).

The Tampa Limestone and Hawthorn Formation
are present in a confining unit (about 162 m thick)
between the surficial aquifer and the Floridan aquifer
system (fig. 2) and consist of sand, silts, and limestones
of marine origin. Limestones are predominant in the
lower part of the Tampa Limestone (Puri and Vernon,
1964). At the Lake Okeechobee injectior -well site, the
Tampa Limestone is characterized as a soft loosely
consolidated limestone, rich in phosphorite (fig. 2).
The base of the Tampa Limestone is conridered the top
of the Floridan aquifer system and is identified by
increased consolidation and occurrence of arenaceous
limestone. The Hawthorn Formation overlying the
Tampa Limestone contains many types of deposits,
including carbonate with quartz sand and phosphatic
clayey dolostones. The Tamiami Formation and Anas-
tasia Formation are present in the surficial aquifer (fig.
2). At the Lake Okeechobee injection-well site, the
Tamiami Formation consists of fine silty sand, shell
fragments, low phosphorite, and interbedded clay
(CH,M Hill, 1989). The Anastasia Formation is gener-
ally composed of coquina, quartz sand, calcareous
quartz sandstone, and shelly marl (Sellards, 1912) but
consists of unconsolidated sand with fin= shell frag-
ments at the injection-well site (CH,M IHill, 1989).

Hydraulic Characteristics of the Lower Floridan
Aquifer

The Lower Floridan aquifer at the Lake
Okeechobee injection-well site is charac*erized by two
flow zones under confined conditions isnlated from
each other by an intermediate dolomite confining unit
(CH,M Hill, 1989; and Lukasiewicz, 1992). The upper

4  Tests of Subsurtace Injection, Storage, and Recovery of Freshwater in the Lower Floridan Aquifer, Okeechobe< County, FL
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(1989).

flow zone occurs from about 380 to 419 m below sea
level, the intermediate confining unit occurs from
about 419 to 456 m below sea level, and the lower flow
zone occurs from about 456 to 518 m below sea level
(fig. 2). At local scale, high-permeability zones occur
along some intervals in the upper and lower flow zones
(CH,M Hill, 1989). Local high-permeability zones
were present along two intervals in the upper flow zone
(389 to 398 m below sea level and 419 to 424 m below
sea level) and along two intervals in the lower flow
zone (456 to 462 m below sea level and 472 to 476 m
below sea level).

Field data and model simulation results from
Lukasiewicz (1992) were used to estimate the direction
and magnitude of the regional ground-water flow gra-
dient at the Lake Okeechobee injection-well site. The
direction of flow was estimated at about 45 degrees
northeast from true north and the background hydraulic

gradient was about 0.047 m/km (meter per kilometer).
The four local high-permeability zones occurring
within the upper and lower flow zones were identified
by CH,M Hill (1989) using data from geophysical logs
(caliper, flow velocity, fluid resistivity, and fluid tem-
perature) during pumping conditions. The percent cf
flow from the individual local high-permeability zones
(table 1) was estimated from caliper/velocity (flow
meter) borehole logs conducted during pumping or
flowing conditions (CH,M Hill, 1989).

CH,M Hill (1989) estimated the hydraulic char-
acteristics of the open-hole interval of the injection
well and the middle semiconfining unit above the flow
zones. The estimated transmissivity of the aquifer at
the injection well was about 71,000 m?%/d (meters
squared per day) for the interval between 377 and 599
m below sea level, which is equivalent to an averag=
hydraulic conductivity of 540 m/d (meters per day).

Introduction 5



Table 1. Hydraulic characteristics of the Lower Floridan aquifer at the Lake Okeechobee injection-well site

[Percent of flow estimated using caliper and flow-meter borehole logs]

. Horizontal Horizontal
High- Depth interval ;0 ness  Percent of hydraulic intrinsic
permeability (meters below flow from .. R
(meters) . conductivity permeal ity
zone sea level) this zone
(meters per second) (square m~ters)
1 389-398 9.0 60 548 x 1072 5.57x 107
2 419-424 5.0 11 1.81 x 102 1.84x 107
3 456-462 6.0 22 3.01x 1072 3.06 x 107
4 472-476 4.0 7 1.44 x 1072 1.46 x 107

The hydraulic characteristics of the middle semiconfin-
ing unit were estimated from a packer test conducted at
a depth interval of between 349 and 365 m below sea
level. This middle semiconfining unit (fig. 2) confines
the aquifer considered in the subject study at its upper
limit. Transmissivity values in this unit ranged from
65.6 to 273.2 m%/d, which is equivalent to a hydraulic
conductivity range of between 4.1 and 17.2 m/d.

The hydraulic characteristics of the individual
high-permeability zones of the two flow zones in the
Lower Floridan aquifer at the Lake Okeechobee
injection-well site can be estimated using the following
mathematical procedure:

QT=Q]+Q2+Q3+Q4 (1)

where:
Qris the total flow rate through the well, and

Q; (i = 1,2,3,4) represents the flow components from
the different aquifer high-permeability zones.
For radial flow through each flow zone, Darcy’s
law can be expressed as:

dh

Qi = anrid_ri 2)

where:
r is the radial distance from the pumping well,

T; is the transmissivity in the i-t4 high-permeability
zone,

dh; is the head change in the i-th high-permeability zone,
and

dr is the change in distance from the pumping well.

Assuming a very small difference in head
gradient among the high-permeability zones, dh/dr
= dh/dr, and uniform head distribution in the well-
bore, equation (2) becomes:

_ dh _ h
0, = an(TI +Ty+T,+ T4)a—; = znr'i‘-;7 3)

and:

T = T1+T2+T3+T4

= Kb, +K,b, +F by + Kb, 4

Based on the previous assumptions, Q/Qr =
T/T and T; = K;b;. The average hydraulic conduc-
tivity of each high-permeability interval i can be
estimated if the thicknesses (b;) of the high-perme-
ability zones are known. The hydraulic conductivity
values K; for the four high-permeability zones,
given in table 1, were estimated using the flow
terms Q expressed as a percentage (where Qr =
100), assuming that all flow comes from the four
high-permeability zones, and using th= transmissiv-
ity value estimated at the injection well (71,000
m%/d).

Aquifer matrix permeability (k;. intrinsic per-
meability) values, given in table 1, were computed
using:

k. =
i

&)

O IE

Ki
g

where:
W is the dynamic viscosity of the fluid [M/LT],

p is fluid density [M/L?], and

g is the gravitational acceleration vector [L/T 2.
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Table 3. Summary of results from subsurface injection, storage, and recovery cycles at the Lake Okeechobee
injection-well site

Average Average
Volume of Volumeofwater Storage . . Recovery
Cycle water injected recovered period |n1e<§t|on rate recovery rate efficiency
number (cubic meters) (cubic meters) (days) (cubic meters  (cubic meters (percent)
per day) per day)
CH,M Hil! 344,185 0 17,201 13,693 24
1 686,324 106,200 0 20,186 17,700 15
2 1,294,784 287,162 8 20,552 16,892 22
3 1,343,675 484,400 5 21,043 217,300 36
4 387,275 -- -- 14,549 -- -

! Data from CH,M Hill (1989) test no. 4

2Estimated using flow-meter readings from cycles 1 and 2.

levels in the injection, deep, and shallow monitor wells
rise above land surface due to the artesian condition of
the respective aquifers.

The recovery phase was conducted over a 7-day
period (May 22-29, 1991) when the preestablished
water-quality limit (5,000 pS/cm of specific conduc-
tance, which is equivalent to a chloride concentration
of 1,385 mg/L) was reached at the injection well. Chlo-
ride concentrations in the injection well (and the shal-
low and deep monitor wells) for the injection and
recovery phases of cycle 1 are shown in figure 4. Dur-
ing the recovery phase, an average flow rate of about
17,700 m3/d was maintained (fig. 3B and table 3). The
volume of water recovered prior to achieving the pre-
established chlorlde concentration limit (fig. 4B)
was 106,200 m>, and the estimated recovery efficiency
was about 15 percent (table 3).

Cycle 2

Cycle 2 consisted of injection, storage, and
recovery phases. Background water-quality conditions
were not preestablished for this cycle. The buffer zone,
which was created by the mixing of native aquifer
water and residual water injected during cycle 1,
served as reference conditions for cycle 2. This proce-
dure is described in the literature as a “successive
cycle” (Merritt, 1985). Preinjection sampling indicated
that specific conductances and chloride concentrations
were 4,220 pS/cm and 1,100 mg/L in the injection
well, 2,020 pS/cm and 480 mg/L in the deep monitor
well, and 959 puS/cm and 140 mg/L in the shallow
monitor well.

The injection phase of cycle 2 was conductec
over a 63-day period in summer 1991 (June 24 to
August 26), and the volume of water injected was
1,294,784 m>. During this perlod the injection rate
ranged from 19,077 to 21,800 m>/d and averaged
20,552 m’/d (fig. 5A and table 3).

A storage period of about 8 days (August 26 to
September 3, 1991) was allowed before the beginning
of the recovery phase of cycle 2. The recovery phase
was conducted over a 17-day period (September 3-29,
1991) prior to achieving the preestablished water-
quality limit (5,000 pS/cm of specific conductance
which is equivalent to a chloride concentration of 1,385
mg/L). Chloride concentrations in the injection well
(and the shallow and deep monitor wells) for the inj=c-
tion and recovery phases of cycle 2 are shown in figure
6. During the recovery phase, the flow rate ranged from
16,460 to 17,545 m>/d and averaged 16,892 m>/d (fg.
5B and table 3). The volume of water recovered prior
to exceeding the preestablished chlorlde limit at the
injection well (fig. 6B) was 287,162 m? and the esti-
mated recovery efficiency was about 22 percent (tab'e
3).

Cycle 3

Cycle 3 also consisted of injection, storage, and
recovery cycles. Background water-quality conditicns
were not preestablished for this cycle. The buffer zone
water quality established by previous successive cycles
of injection and recovery (described in the previous
section) served as reference conditions for cycle 3. Fre-
injection sampling indicated that specific conductances
and chloride concentrations were 5,020 uS/cm and

Tests of Subsurface injection, Storage, and Recovery of Freshwater 11
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Table 2. Background water-quality data for the canal water and native-aquifer water at the Lake Okeechobee
injection-well site

[Data from CH,M Hill (1989); straddle packer used to conduct tests in monitor well test hole]

Straddie packer Representative Field specific Total Static water-
test depth . . Chloride dissolved
high-permeability R conductance level altitude
Water type interval (milligrams solids
(meters below zones per liter) (microsiemens (milligrams (meters, sea
sea level) (from table 1) per centimeter) per liter) level)
Canal 290 1,140 729
Native aquifer 349-365 Middle semiconfining unit 131 1,155 656 133
383403 1 1,800 7.850 4,000 12.4
401-450 2 2,500 10,890 5,740 12.1
460-497 34 2,920 12,763 6,710 11.9

conditions precluded recovery of meaningful quanti-
ties and impeded the interpretation of the test results in
terms of the recovery efficiency. When the amount
of injected water is small (relative to the size of the
aquifer), the conditions represented by the data do not
actually represent the aquifer, but the well/aquifer
interface. CH,M Hill (1989) could not make any pro-
jections or a conclusive assessment of the recovery
efficiency potential because of the relatively small vol-
ume injected.
Four subsurface injection, storage, and recovery
cycles were conducted for the present study, as was the
case for the study by CH,M Hill (1989). Cycle I con-
sists of injection and recovery phases; cycles 2 and 3
consist of injection, storage, and recovery phases; and
cycle 4 consists only of an injection phase. The injec-
tion, storage, and recovery phases are explained below:
« Injection: Phase in which canal water is injected through
the well into the formation using a pump.

« Storage: Period in which the well is shut-in, and

» Recovery: Phase in which water is withdrawn from the
aquifer (through the injection/recovery well) by natural
artesian flow. A 35.6-cm diameter valve was open,
discharging at rates ranging from 16,460 to 18,532 m’/d.
The water was discharged into a detention pond and later
released into the L-63N canal (fig. 1).

The volumes of water injected ranged from
387,275 to 1,343,675 m° in the present study and
ranged from 94,600 to 344,185 m° in the study by
CH,M Hill (1989). A preestablished water-quality
limit (5,000 pS/cm of specific conductance, which is
equivalent to a chloride concentration of 1,385 mg/L)
was used to end the recovery cycle and determine the
recoverability of water. Recovery was terminated when

Tests of Subsurface Injection, Storage, and Recovery of Freshwater

these water-quality criteria were met at the injection
well. The results of the four injection, storage, and
recovery cycles for the present study are discussed in
the subsequent sections of this report.

Cycle 1

Cycle 1 consisted of injection and recovery
phases. A preinjection phase was conducted for
cycle 1, during which background water-quality
conditions were established when specific conduc-
tance and chloride values were 10,400 pS/cm
and 3,100 mg/L in the injection well, 7,930 uS/cm
and 2,200 mg/L in the deep monitor well, and 1,280
uS/cm and 210 mg/L in the shallow monitor well.
The amount of water discharged from the flowing
well into the detention pond before reaching the
background water-quality conditions was about
1,890 m>. Corresponding constituents in water sam-
ples collected from the injection well and from th=
straddle packer test at an interval of between 383 and
403 m below sea level in the deep monitor well
(table 2) were similar to background chloride and
specific conductance values.

The injection phase of cycle 1 was conducte
over a 35-day period in spring 1991 (April 17 to Ma
22), and the volume of water injected was 686,324 m".
During this period, the injection rate ranged from
16,400 to 21,700 m>/d and averaged 20,186 m>/d (f=.
3A and table 3). The specific conductance and chlo-
ride values in the injected water were 709 uS/cm and
150 mg/L, respectively. All water samples were
collected at the wellhead; the reason being that water
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Subsurface Injection, Storage, and Recovery
Concept

Subsurface injection, storage, and recovery of
freshwater in brackish or saline aquifers is a water sup-
ply storage strategy that has received increased atten-
tion in recent years. The subsurface injection, storage,
and recovery concept is suited for southern Florida
where there is: (1) a surplus of freshwater during the
wet season; and (2) a lack of suitable surface storage
reservoirs because of the cost of land, limits of topog-
raphy, and high rates of evapotranspiration and seep-
age losses. The suitability of a particular aquifer to
store surface water is determined through subsurface
injection, storage, and recovery tests from which the
recovery efficiency (ability of the well/aquifer system
to retrieve some fraction of the injected water) is deter-
mined.

The success of subsurface injection, storage, and
recovery of freshwater is measured by the recovery
efficiency. The recovery efficiency is defined as the
volume of mixed injected and native aquifer waters
recovered that meets a prescribed chemical standard,
expressed as a percentage of the volume of water ini-
tially injected (Meyer, 1989). Most recent studies of
subsurface injection, storage, and recovery have
assumed the recommended level of 250 mg/L (milli-
grams per liter) for chloride concentration as the stan-
dard (Florida Department of Environmental Protection,
1993). However, in this study a limit of 1,385 mg/L of
chloride and a limit of specific conductance of 5,000
pS/cm (microsiemens per centimeter) were established
because the potential use (agricultural irrigation) of the
recovered water tolerates this salinity level. This salin-
ity level is the upper limit that can be tolerated by most
crop types.

Merritt and others (1983) and Merritt (1985)
describe a number of physical mechanisms that control
the recoverability of freshwater injected into the Flori-
dan aquifer system. They determined that buoyancy
stratification, mixing due to hydrodynamic dispersion,
and downgradient displacement of the injected fresh-
water with the native water were the three dominant
processes that affected the recovery efficiency.

Buoyancy stratification is the process in which
the lighter freshwater rises through the aquifer while
moving outward from the injection well and overrides
the denser, native saltwater or brackish water. Buoy-
ancy stratification can be very significant especially
during long storage periods. During recovery, native

saltwater in the lower part of the injection zone is
drawn into the well, whereas freshwater remains in the
upper part of the zone. Buoyancy stratification is con-
trolled by the density contrast between native and
injected waters, permeability of the injection zone, and
thickness of the injection zone (Merritt, 1985). Studies
by Merritt and others (1983) and Merritt (1985) indi-
cate that thin aquifers of moderate permeability are less
affected by buoyancy stratification, and therefore, best
suited for subsurface injection, storage, and recovery of
freshwater. Confinement of the injection zone by low-
permeability hydrogeologic units can also aid in limrit-
ing the upward movement of freshwater.

Hydrodynamic dispersion describes the mixing
of solutes due to molecular diffusion and mechanical
dispersion. Molecular diffusion is the process that
describes the movement of solute particles from are~s
of high solute concentration to areas of low solute con-
centration. The effect of molecular diffusion is inde-
pendent of the fluid velocity. Mechanical dispersion is
caused by mixing of solutes due to variations in fluid
velocities at the microscopic scale. Enhanced mechan-
ical dispersion or macrodispersion is caused by velce-
ity variations resulting from local differences in
hydraulic conductivity. At the relatively large veloci-
ties during injection and recovery, the effects due to
mechanical dispersion are generally far greater than
those due to molecular diffusion. During long-term
storage, however, molecular diffusion may become the
dominant mixing process.

A transition zone is created during the mixing of
the native and injected waters. The extent of the transi-
tion zone depends on the rate of injection, length of
injection period, and the difference in solute concent-a-
tion between the native and injected waters. Becaus=
velocities are higher near the well, most of the mixing
occurs at the start of the injection process. As injection
continues, the transition zone moves outward at cont'n-
ually decreasing velocities, leading to decreasing dis-
persive mixing at the interface between the native and
injected water.

The effect of downgradient displacement of the
injected freshwater body on recovery efficiency
depends on the length of the injection-recovery cycle
and the regional ground-water flow velocities. For sub-
surface injection, storage, and recovery cycles of rela-
tively short duration (with respect to the size (scale) of
the aquifer system), this effect can be considered neg-
ligible because the local hydraulic gradient due to
injection is much greater than the regional gradient.

Introduction 7



Clogging of the aquifer around the injection
wellbore is another factor that can affect the recovery
efficiency. Clogging can be caused by bacterial
growth, suspended sediments in the injected water, and
chemical precipitation of solutes due to reactions
between the injected water and the aquifer matrix or
native water. At the Lake Okeechobee well facilities
(fig. 1), the injection well is open hole from 377 to
509 m below sea level and the aquifer is characterized
as cavernous. None of the aforementioned clogging
problems are likely to occur for such a well-aquifer
system. However, geochemical models can be used to
predict the reactions that would most likely occur dur-
ing rock-water interaction and mixing of injected and
native waters.
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TESTS OF SUBSURFACE INJECTION,
STORAGE, AND RECOVERY OF
FRESHWATER

A series of freshwater subsurface injection,
storage, and recovery tests were conducted at the Lake
Okeechobee injection-well site to assess the recover-
ability of injected canal water from the Lower Floridan
aquifer. The injected water was withdrawn from the
L-63N canal, which collects water from Taylor Creek
and Nubbin Slough (fig. 1). The canal water is com-
posed of runoff and local ground-water discharge from
shallow infiltration. According to Quifiones-Aponte
and Whitley (1996, in press), the injected canal water
and the water in the Lower Floridan aquifer are of sim-
ilar major inorganic composition.

The subsurface injection, storage, and recovery
facilities have been previously described in this report
and consist of an injection well that is 60.96 cm (centi-
meters) in diameter and a nest of two monitor wells,
one shallow and one deep, located about 171 m from
the injection well (fig. 1). The injection well is cased to
a depth of 377 m below sea level and open hole to
509 m below sea level in the Lower Floridan aquifer.

The shallow and deep monitor wells were used to
observe water-quality changes due to mixing of the
injected canal water and native aquifer water in the
Lower Floridan aquifer. The shallow well is 15.2 cm in
diameter and open to the middle semiconfining unit of
the Floridan aquifer system from 292 to 318 m below
sea level. The deep well completed in the Lower Flori-
dan aquifer is 3.8 cm in diameter and is open to the
aquifer from 379 to 539 m below sea level.

Background water-quality data were collected
prior to the subsurface injection, storage, and recovery
cycles. CH,M Hill (1989) used a straddle packer to con-
duct hydraulic testing and collect water samples from
four depth intervals (349 to 365 m, 383 to 403 m, 401 to
450 m, and 460 to 497 m below sea level). These depth
intervals do not necessarily coincide with the high per-
meability zones included in table 1, but some may
include the high-permeability zones. The data, pre-
sented in table 2, indicate that chloride, specific conduc-
tance, and total dissolved solids values were
significantly different between zones and increased with
depth. This suggests that there is some d=gree of semi-
confinement among the high-permeability zones.

Initial testing was conducted by CH,M Hill
(1989) at the Lake Okeechobee injection-well site to: (1)
estimate the maximum feasible injection rate, (2) deter-
mine if pretreatment by chlorination would be necessary
to eliminate potential fecal coliforms in the injected
water, and (3) evaluate the recoverability of the injected
canal water. Results indicated that water can be injected
into the Lower Floridan aquifer through the injection
well at a rate from 18,925 to 37,850 m3/¢ (cubic meters
per day). Chlorination had littie effect or coliform con-
centrations in the brackish environment of the Lower
Floridan aquifer. CH,M Hill (1989) further reported
that water can be withdrawn from the we'l (under the
natural and built-up artesian pressures of the aquifer) at
a rate from 10,976.5 to 16,275.5 m*/d. CH,M Hill also
indicated that the recoverability of the injected canal
water could be enhanced by increasing the volume to
be stored and/or backplugging the deeper saline zone
of the aquifer that is open to the injection well (456 to
509 m below sea level). However, actual testing of this
hypothesis was beyond the scope of the study (CH,M
Hill, 1989). CH,M Hill (1989) indicated that density
might affect the recovery efficiency. Mo-t of their tests
were affected by the relatively small volumes injected,
about 94,600 to 344,185 m? (cubic meters), and the
duration of the storage period (0 to 28 d~ys). Such
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1,400 mg/L in the injection well, 1,410 pS/cm and 300
mg/L in the deep monitor well, and 929 uS/cm and 150
mg/L in the shallow monitor well.

The injection phase of cycle 3 was conducted
over a 65-day period in autumn 1991 (September 23 to
November 27), and the volume of water injected was
1,343,675 m?. During this period, the injection rate
ranged from 17,400 to 21,800 m?>/d and averaged
21,043 m3/d (fig. 7 and table 3).

A storage period of about 5 days (November 27
to December 2, 1991) was allowed before the
beginning of the recovery phase of cycle 3. The recov-
ery phase was conducted over a 28-day period (Decem-
ber 2-30, 1991). Specific conductances and chloride
concentrations at the end of the recovery period were
about 4,700 uS/cm and 1,297 mg/L at the injection
well. Chloride concentrations in the injection well (and
the shallow and deep monitor wells) for the injection
and recovery phases of cycle 3 are shown in figure 8.
The recovery flow rate was not measured because of
mechanical problems with the flow meter, but an aver-
age rate of 17,300 m>/d was estimated using flow-
meter readings from cycles 1 and 2. The specific con-
ductance and chloride data were extrapolated through
time because the chloride concentration limit of 1,385
mg/L was not reached at the end of the cycle. The
volume of water recovered for the preestablished
chloride limit (fig. 8B) was 484,400 m*, and the esti-
mated recovery efficiency was about 36 percent (table
3).

Cycle 4

Cycle 4 was used to define the dynamics of the
aquifer system during the injection phase. Before injec-
_tion, the valve at the wellhead was opened and water
began flowing under natural artesian conditions. This
backflow phase was conducted in an attempt to re=s-
tablish background water-quality conditions. Natural
artesian flow was maintained for 161 days (Januar 27
to July 6, 1992). The natural artesian flow rate
decreased with time during the test from more than
16,000 m3/d to about 6,500 m>/d. This may be an
indication of pressure buildup in the aquifer during the
injection phase. After 161 days of natural artesian flow,
background water-quality conditions had not yet t=en
reestablished at the injection and deep and shallov’
monitoring wells (fig. 9). The attempt to reestablish
background water-quality conditions was abandoned
because at least five additional months might have
been required, and time constraints precluded continu-
ation of the process (fig. 9). As a result, the reference
water-quality conditions for cycle 4 consisted of lower
chloride concentrations than those representing native
aquifer water. The reference chloride concentrations
(estimated from specific conductance readings) were
about 2,700 mg/L at the injection well, 1,750 mg/I. at
the deep monitor well, and 240 mg/L at the shallow
monitor well.

The injection phase of cycle 4 was conducted
over a 26-day period in summer 1992 (July 8 to August
3), and the volume of water injected was 387,275 m?.
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Flgure 10. Chloride concentration breakthrough curves at the deep monitor well for the injection
phase of cycles 1 and 4 from the present study and test no. 4 from a previous study.

An average injection rate of 14,549 m?3/d was main-
tained during this period (table 3). A storage period and
arecovery phase were not conducted for cycle 4 due to
the nature of the test.

Chloride concentration breakthrough curves
were developed for the injection phase of cycles 1 and
4 (at the deep monitor well) from the present study data
and test no. 4 from previous study data (CH,M Hill,
1989). A comparison of the curves (fig. 10) reflects
unexpected differences, especially considering that all
three tests were conducted under similar background
conditions. For example, it is expected that the chloride
concentration curve reach an asymptote at a chloride

concentration equal to that representative of canal
water. Although it could be expected that the asymp-
tote was reached at different times, for a conservative
ion such as chloride, the asymptote should reach the
same canal-water chloride concentration (chloride
concentration of the injected water, approximately 120
mg/L). Several explanations of the hydrogeologic and
hydraulic conditions at the injection well that may help
explain this unexpected behavior are provided below.

1. Background chloride concentrations increased signifi-
cantly with depth in the four high-permeability,
relatively independent zones of the Lower Floridan
aquifer. Chloride concentrations were 1,800 mg/L from
389 to 398 m below sea level (high-permeability zone 1),
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2,500 mg/L from 419 to 424 m below sea level (high-
permeability zone 2), 2,900 mg/L from 456 to 462 m
below sea level (high-permeability zone 3), and 2,900
mg/L from 472 to 476 m below sea level (high perme-
ability zone 4). These differences in background concen-
trations may have contributed to the anomalous patterns
of the breakthrough curves (fig. 10).

2. Water-level altitudes, representative of the high perme-
ability zones, were estimated from measurements using
a straddle packer (CH,M Hill, 1989) (table 2) and indi-
cated a hydraulic gradient from the upper to the lower
high-permeability zones. These data suggest that water
from the upper high-permeability zone (1,800 mg/L of
chloride concentration) might be flowing through the
wellbore into the lower high-permeability zones (2,920
mg/L of chloride concentration). Hence, a mixing of the
waters from the different high-permeability zones would
occur, and the chloride concentration at which the
asymptote of the breakthrough curve is reached would
change (affected by the degree of mixing between the
waters from the different zones).

3. The fact that the average injection rate for cycle 4
(14,549 m /d) was less than the natural artesian
discharge rate (16,000 to 17,000 m’/d) may have
produced a greater degree of mixing at the deep monitor
well (fig. 11). Figure 11A shows that if the injection rate
(QINJECTED) were equal to or greater than the natural
artesian flow (QNATURAL), all four high-permeability
zones would transmit the injected water to the deep
monitor well, and therefore, the chloride concentration
value observed at the monitor well would be similar to
that of the injected water. However, if QINJECTED
were less than QNATURAL, the head differential might
not be transmitted through the entire open wellbore, and
injected water would probably flow only through the
upper high-permeability zones (fig. 11B). As a result,
chloride concentration values observed at the deep
monitor well would represent a mix of water from the
different high-permeability zones (fig. 11B), and
therefore, would be higher than the concentration of
the injected water.

ANALYSIS AND SUMMARY OF TEST
CYCLES

Four subsurface injection, storage, and recovery
cycles were conducted at the Lake Okeechobee injec-
tion-well site. Cycle 1 included injection and recovery
phases; cycles 2 and 3 included injection, storage, and
recovery phases; and cycle 4 included only an injection
phase. The injection phases of each cycle were con-
ducted over selected time periods in 1991 and 1992,
and the volumes of water injected ranged from 387,275
to 1,343,675 m>. The injection rate for cycles 1,2,and
3 was similar and averaged about 20, 600 m>/d. The
injection rate for cycle 4 was 14,549 m 3/d.

The recovery phases of cycles 1, 2, and 3 were
conducted during variable time periods in 1991 when
the preestablished water-quality limit was achieved at
the injection well. The preestablished water-quality
limit (5,000 puS/cm of specific conductance, which is
equivalent to 1,385 mg/L of chloride concentration)
was achieved for cycles | and 2 and projected for cycle
3. The aver 3ge recovery flow rate ranged from 16,892
to 17,700 m°/d for the three cycles. The volume of
water recovered prior to achieving the pre=stablished
water-quality limit ranged from 106,200 to 484,400
m?, and the resulting recovery efficiency ranged from
15 to 36 percent.

The variability of the injection and recovery
rates is shown in figures 3, 5, and 7 and can be due
to several factors. Three of these factors include
measurement device error (flow meter), change in
background pressure, and electrical powe~ failure
(for the case of injection).

A comparison of the recovery efficiency for
cycles 1, 2, and 3 in this study and test no. 4 from a pre-
vious study (CH,M Hill, 1989) has been made, and the
results are shown in figure 12. The recove-y efficiency
for successive cycles 2 and 3 increased from 22 to 36
percent and is expected to continue increzsing with
additional cycles. Cycle 1 and test no. 4 were con-
ducted under similar background conditions (back-
ground conditions equal to native-aquifer water
counditions or no residual injected water from a previ-
ous test). The volume of water injected for cycle 1 was
686,324 m and the volume injected for test no. 4 was
344,185 m?. Results indicated that the recovery effi-
ciency was 24 percent for test no. 4 and 15 percent for
cycle 1, suggesting that the recovery efficiency
decreases with increasing injected volume= of water for
tests conducted with no residual injected water from
previous tests (background conditions equal to native-
aquifer water conditions). All of these results are in
agreement with those from previous studies by Tibbals
and Frazee (1976) and Quifiones-Aponte and others
(1989).

Cycle 4 was conducted in 1992 to define the
dynamics of the aquifer system during the injection
phase. A comparison of chloride concentration break-
through curves at the deep monitor well (about 171 m
from the injection well) for cycles 1 and 4 and test no.
4 reflects unexpected differences, especially consider-
ing that all three tests apparently were conducted under
similar background conditions. One majo- difference
was that the asymptote, expected to be reached at
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Figure 12. Chloride concentrations in the injection well during the recovery phase of
cycles 1, 2, and 3 from the present study and test no. 4 from a previous study.

concentration levels equivalent or close to the injected
water concentration, was instead reached at higher con-
centration levels.

Analysis of chloride concentrations in water at
the injection-recovery well and at the deep monitor
well (figs. 4, 6, and 8) indicates that flow through the
Lower Floridan aquifer is not representative of a sim-
ple uniform-isotropic outflow of freshwater in a con-
fined aquifer followed by a similar type of backflow.
For the simple freshwater case of uniform-isotropic
outflow and backflow within a porous media, changes
in chloride concentration in water at the monitor well
during recovery would precede changes in chloride
concentration at the injection-recovery well. At some
time during recovery, conditions at the monitoring
well would return to background levels of chloride
concentration because the bubble of injected water
would clear the monitor well location while some
freshwater still remained around the injection-recovery
well. However, chloride concentrations returned to
background levels at the injection-recovery well prior
to achieving background conditions at the deep moni-
tor well (figs. 4, 6, and 8). This suggests that the aquifer
system is not characterized by a simple uniform-
isotropic type flow, but instead responds as a conduit or
cavernous type flow system. This hypothesis is
illustrated by figure 11 and supports the corresponding
discussion of cases where QINJECTED is less than
QNATURAL. Figures 4, 6, and 8 also show that there
were no significant changes in chloride concentration
in water recovered from the shallow monitor well

during the study, indicating that the injected freshwater
did not reach this location vertically.

At the beginning of the recovery pl'ase of cycle
1, chloride concentrations in water at the deep and
shallow monitor wells were similar (fig. 4B). How-
ever, for cycles 2 and 3 (at the beginning of the tests),
the chloride concentration in water at the deep moni-
tor well was lower than in water at the shallow
monitor well (figs. 6B and 8B). Additionally, the
chloride concentration in water at the de=p monitor
well water at the beginning of cycles 2 an13 was very
similar to concentrations in water at the injection-
recovery well (figs. 6B and 8B), indicating that
injected water reached the deep monitor well during
cycle 1 operations.

SIMULATION ANALYSIS OF
SUBSURFACE INJECTION, STORAGE,
AND RECOVERY OF FRESHWATER

The movement of solutes through porous media
is controlled by both advection and hydrc dynamic
dispersion. Advective transport describes the move-
ment of solute particles along the average direction of
fluid flow at a rate equal to the mean pore-water
velocity. Hydrodynamic dispersion descr’bes the
spread of solute particles along and transverse to the
direction of average fluid flow in response to molecular
diffusion and mechanical dispersion.

The following variable-density advective dis-
persive solute-transport equation was modified by
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Quiflones-Aponte and Wexler (1995) for saturated
flow and conservative solute species from a more
general form presented by Voss (1984):

C‘) .
—%)- = —Ve(npvc) +V0[np(Dd 1+Dm) ove] +Q ¢ (6)

where:

n is the apparent porosity of the aquifer [dimension-
less],

¢ is volumetric solute concentration in aquifer fluid
ML),
t is time [T],
V is the gradient operator [1/L],
v is the average pore-water velocity [L/T],

Dy is the molecular diffusion coefficient [L%/T],

1 is the identity tensor (ones on diagonal, zero else-
where),

D,, is the dispersion tensor [L2T),

(' is the volumetric injection rate per unit area of aqui-
fer [L/T], and
¢ is volumetric solute concentration in the injected
fluid [M/L3].

In equation (6), the term Q' ¢’ represents only
sources of fluid. Withdrawals of fluid from the aquifer
are not considered in equation (6) because the concen-
tration of solute in the fluid being withdrawn, ¢’, is
identical to the solute concentration c in the aquifer.

The average pore-water velocity (v) needed to
solve equation (6) can be determined by:

v = —

3

)

where ¢ is specific discharge (flow rate per unit cross-
sectional area) [L/T).

The rate of ground-water flow (specific dis-
charge) is represented by Darcy’s law:

q=-k (Vp- pgzyu (8)
where:
k is the intrinsic permeability of the aquifer materials
L,
p is the fluid pressure [M/LT2], and
z is the altitude above a reference datum [L].

The variable-density flow equation is developed
using Darcy’s law (8) and the principle of conservation
of fluid mass:

o(rp) _ _v.
T Velpg) £Q, 9

where:

O), is the mass of fluid injected (+) or withdrawn (-)
per unit time per unit volume of aquifer [M/L3T].

A generalized digital model was constructed to
simulate the subsurface injection, storage, and recov-
ery of freshwater in the Lower Floridan aquifer at the
Lake Okeechobee injection-well site. The model vras
constructed using a modified version of the Saturated-
Unsaturated TRAnsport (SUTRA) code (Voss, 19°4),
which simulates variable-density advective-disper-ive
solute-transport and variable-density ground-water
flow. This modified version of SUTRA for a regular
rectangular grid, QSUTRA (Quifiones-Aponte anc
Wexler, 1995), reduces computer storage and time,
allowing for more-detailed discretization. Like the
original code (SUTRA), QSUTRA uses the Galerkin
finite-element technique (Voss, 1984) to compute the
solution of the ground-water flow and solute-transport
equations. The ground-water flow equation (9) is
solved using the Incomplete Cholesky-Conjugate Gra-
dient method (Kuiper, 1987), and the solute-transport
equation (6) is solved using the Line Successive Over-
relaxation method (Young, 1954).

The simulations of freshwater injection, storage,
and recovery in the Lower Floridan aquifer were made
using the radial flow option of the QSUTRA code.
Because of a lack of information on the spatial variabil-
ity of the hydraulic and transport characteristics, sev-
eral assumptions had to be made: (1) the effect of the
background hydraulic gradient is negligible, (2) th=
aquifer is divided into vertically adjacent layers charac-
terized in the model as homogeneous with respect to
their hydraulic and transport characteristics, (3) the
hydraulic and transport characteristics are homoge-
neous along the radial direction of flow, and (4) th=
aquifer characteristics are isotropic along the horizon-
tal (radial) direction.

Model Concept and Construction

The conceptual model represents a generalized
version of the Lower Floridan aquifer at the Lake
Okeechobee injection-well site (fig. 1). It was devel-
oped on the basis of data obtained from geophysical
logs, straddle packer tests, pumping tests, and injection
tests during a previous study (CH,M Hill, 1989).
According to the data by CH,M Hill (1989) and sev=ral
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Figure 13. Generalized conceptual model of the Lower Floridan aquifer at

the Lake Okeechobee injection-well site.

assumptions described previously, a generalized repre-
sentation of the aquifer conditions at the site can be
produced using a cylindrical coordinate system. This
representative system can be justified for the case of
injection or pumping from a single well where regional
hydraulic gradients are small and aquifer hydraulic and
transport characteristics are isotropic.

As previously discussed, the Lower Floridan
aquifer can be visualized as containing four relatively
independent high-permeability flow zones: high-
permeability zone 1 (389 to 398 m below sea level),
high-permeability zone 2 (419 to 424 m below sea
level), high-permeability zone 3 (456 to 462 m below
sea level), and high-permeability zone 4 (472t0 476 m
below sea level). The high-permeability zones are
characterized by fracture or cavernous type flow and
are partly isolated from each other by hydrogeologic
units of relatively low hydraulic characteristics. Sixty
percent of the flow travels along high-permeability
zone 1, 11 percent travels along high-permeability
zone 2, 22 percent travels along high-permeability
zone 3, and 7 percent travels along high-permeability
zone 4 (fig. 13 and table 1). A very small percentage of
the flow is transported as diffuse flow throughout the
semiconfining units that are present between the high-
permeability zones.

Water samples collected using a straddle packer
(CH,M Hill, 1989) indicated large differences in total
dissolved solids, chloride concentrations, and water

level altitude between the representative high perme-
ability zones (table 2). High-permeability zone 1 had

a total dissolved solids concentration of about 4,000
mg/L, a chloride concentration of about 1,800 mg/L,
and a water-level altitude of 12.4 m. High-permeability
zone 2 had a total dissolved solids concentration of
about 5,740 mg/L, a chloride concentration of about
2,500 mg/L, and a water-level altitude of 12.1 m.
High-permeability zones 3 and 4 had a total dissolved
solids concentration of about 6,710 mg/L, a chloride
concentration of about 2,920 mg/L, and a water-level
altitude of 11.9 m. Although the high-permeability
zones are relatively close to each other, th= differences
in water-quality data and water-level altitude indicated
some degree of confinement between the zones.
Additionally, an analysis of a water samr'e collected
from 349 to 365 m, which represents a segment of the
middie semiconfining unit (fig. 2), indicated that the
total dissolved solids concentration was 656 mg/L and
the chloride concentration was 131 mg/L (table 2). This
result suggests that the degree of hydraulic connection
among the high-permeability zones is relatively small.

Grid Design

A cylindrical coordinate finite-element grid was
constructed (fig. 14) to study the subsurface injection,
storage, and recovery cycles in the Lowe~ Floridan
aquifer at the Lake Okeechobee injection-well site. The
model grid represents a radial extension of 6,288 m out
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Figure 14. The cylindrical coordinate finite-element grid of the Lower Floridan aquifer at the injection-well site.

from the injection well into the aquifer. The grid is
finer in the vicinity of the injection well to avoid errors
associated with numerical dispersion (artificial disper-
sion due to inadequate discretization) and large differ-
ences between sides of a model-grid element. Elements
represent a 2-m thickness and 2-m length near the well
but vary elsewhere. Elements represent 4-m lengths at
a distance of 100 m from the well, 8-m lengths at a dis-
tance of 120 m from the well, and lengths as much as
2,048 m beyond a distance of 160 m. Element thickness
varied from 2 to 8 m, with 4-m thick elements provid-
ing a transition. Elements representing 8 m of aquifer
thickness are used for the first 11 and last 11 rows of
the model grid. Elements representing 2 m of aquifer
thickness are used for 50 rows of the grid, correspond-
ing to the aquifer interval that would be affected by
injected canal water. Elements representing 4 m of
aquifer thickness are used for 6 rows of the grid and
correspond to a transition between the element rows
representing thicknesses of 2 and 8 m (fig. 14).

Boundary and Initial Conditions

Boundary and initial conditions were deter-
mined for the generalized model of the Lower Floridan
aquifer at the Lake Okeechobee injection-well site.
Boundary conditions were set from r=0to r= 6,288 m

atz =280 m and z = 580 m below sea level, the limits
of the finite-element grid (fig. 14). Specified pressure
nodes were set at the top and bottom of the Lower
Floridan aquifer with specified chloride concentration
for any inflow across these boundaries (upper and
lower limits of the modeled zone). Specified presstres
were set equal to hydrostatic pressure (P = hpg). The
chloride concentration was set equal to the concentra-
tion of the native water at these boundaries, which was
obtained from in-situ samples. The boundary condition
at the well (r = 0) was applied by specifying the mass
flux equal to the injection rate. The flux was distributed
among the boundary nodes along the length of the
injection zone using an analysis from packer test d~ta
(fig. 13 and tables 1 and 2). The analysis showed that
the flow distribution was 60, 11, 22, and 7 percent for
high-permeability zones 1, 2, 3, and 4, respectively'.
The aquifer hydraulic characteristics (K and k) were
determined in a similar manner using field determined
transmissivity values and procedures described earlier
in the report. A chloride concentration corresponding
to the injected water during injection was specifiec at
the well boundary (r = 0). A flux-average chloride
concentration (weighted average concentration using
flux as weighting factor) for water withdrawn during
recovery was calculated using simulated chloride cnn-
centration values at boundary nodes representing t-e
well (fig. 14, r = 0). The vertical lateral boundary
(external boundary) was represented as a no-flow/
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no-transport condition with the assumption that this
boundary is sufficiently far away from the area of inter-
est. At the upper and lower model limits, the constant
pressure and concentration boundaries can be justified
because of the distance from the injection source and
the permeability gradients that exist throughout the
300-m thickness.

The initial pressures were assumed to be hydro-
static (P = hpg) and set equal to the equivalent fresh-
water head that corresponded to static conditions prior
to injection. Initial chloride concentration was set equal
to solute concentration in the native aquifer water at the
different flow zones and boundaries (table 2). The fluid
deusity p was assumed to depend only on solute con-
centration C and was calculated by the model based on
initial solute concentrations and the following func-
tional relation between density and solute concentra-
tion at each node:

p=p,+(p,-p) [(C-C)/(C,~Cc)]  (10)
where:
p; is density of injected water [M/L3],

Py, is density of native water [M/L3],

C; is solute concentration in injected water
[M/L3], and

C,, is solute concentration in native water [M/L].

Time Steps

To avoid numerical dispersion associated with a
large time-step size, initial time-step sizes were set at
or less than 100 seconds. The time-step size was
increased during the injection phase so that the injected
water front (neglecting dispersion) moved a constant
distance with each successive time step. In the
simulation of the mixing of two water bodies in a radial
flow field, it is important to require that the time step,
At, satisfies the condition:

VT?;[ «a, (11)
where o is the longitudinal dispersivity of the aquifer
[L] (Kipp, 1987).

The time step must be of such size to permit the
simulated movement of the injected water front inside
a model element without an abrupt transition from one
element to the next. For the radial coordinate system,
water velocity increases as the water particles move

closer to the well, and therefore, the time-step size must
be increased during injection and decreased during
recovery to meet the stability criterion etablished by
equation (11).

The final time-step size from the injection phase
was used and maintained uniformly for the entire sim-
ulation of the storage period. During the recovery
phase, the time-step size was gradually reduced from
its maximum value as the injected water front moved
closer to the well.

Calibration and Testing

The calibration and testing of the rmodel was per-
formed by changing the model variables within realis-
tic limits, until a satisfactory comparisor between the
observed and simulated solute breakthrough data was
obtained. Initial model variables were se* according to
data presented in tables 1 and 4. Other model constants
are listed in table 5. A vertical anisotropy (kg/ky) ratio
of 100:1 was assumed for the high-perm-=ability zones
and the semiconfining units that are present between
the zones. For the semiconfining units, a horizontal
intrinsic permeability value (k) of 1.53 x 107! m?
(square meters) and a vertical intrinsic p>rmeability
value (k) of 1.53 x 10713 m? were assigned. These val-
ues were derived using equation (5), a ky/ky ratio of
100:1, and data from a CH,M Hill (198¢) straddle
packer test in the middle semiconfining unit (349 to
365 m below sea level). The porosity for the semicon-
fining units between the high-permeability zones was
assumed to be 0.15. The apparent effective porosity
value listed in table 4 for the high-permeability zones
was the result of calibration trials. Altho1gh conceptu-
ally this apparent effective porosity valu= (5 percent)
seems to be too low for the high-permeal-ility zones, it
was the highest value (combined with th= calibrated
intrinsic permeabilities) to yield acceptable results in
modeling the chloride concentration breakthrough
curve at the deep monitor well.

Because the open intervals of the injection and
monitor wells include more than one node, composite
chloride concentration values representa‘ive of the
wells were computed using simulated chloride
concentrations at nodes representing the well. The
computation was determined using a weighted average
value (with permeability as a weighting factor) from
nodes representing the open interval of the monitor
wells and a flux-weighted average concetration value
from nodes representing the injection well. Composite
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Table 4. Aquifer characteristics used in the model of the Lower Floridan aquifer at the Lake Okeechobea
injection-well site.

Horizontal Vertical Specilfic pressure

Apparent

perl';'lieg;:;illty (Dn:ept‘:risn;zms: permeability permeability effective storativity bgngitut_ii?al Iir ansveraa
zone sea level) (square (square porosity (kilograms per meter  dispersivity  dispersiviy
meters) meters) (percent)  per second squared™) (moters) (meters)
1 389-398 5894x §0°  5894x 10" 5 136 x 10710 1.0 0.1
2 419-424 1.945x 107 1.945 x 107! 5 1.36 x 10710 1.0 N
3 456-462 3242x10° 3242 101! 5 136x 10710 1.0 N
4 472476 1547 x10°  1.547x 107" 5 136 x 10710 1.0 N

Table 5. Fluid, solute, and rock matrix properties used in the simulations

[kg/m/s, kilograms per meter per second; kg/m3, kilograms per cubic meter;

m?/s, square meters per second; (kg/mosecz)‘l, kilograms per meter per second

squared"]
Property Value

Dynamic viscosity of native water, in kg/m/s 0.001
Dynamic viscosity of injected water, in kg/m/s  0.00089
Density of native water, in kg/m> 1,004.4
Density of injected water, in kg/m3 1,000.1
Coefficient of molecular diffusion, in m%/s 50x 10710
Fluid compressibility, in (kg/mosecz)'l 4.4x1071°
Rock matrix compressibility, in (kg/mesec?)”! 12x10710

chloride concentration values determined using the
flux-weighted method are more accurate than compos-
ite concentration values from the permeability-
weighted method. However, at the time of this study,
the computer model (QSUTRA) does not provide for
the computation of flux-weighted average concentra-
tions at nodes representing an observation well.

Satisfactory comparisons of simulated to
observed dimensionless chloride concentrations for the
deep monitor well were obtained when using the model
to simulate the injection and recovery phases of cycle 1
(fig. 15) using the parameters listed in table 4. Several
attempts were made, changing the hydraulic and trans-
port parameters by two or three orders of magnitude
and changing the boundary conditions. Different
combinations of no-flow and specified pressure
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boundary conditions were tested for the model limits.
However, no acceptable comparison of simulated to
observed dimensionless chloride concentrations for the
injection well during the recovery phase of cycle 1 was
obtained (fig. 16). A dimensionless version of chlo-ide
data obtained in the field (observed data) compare to
dimensionless chloride data obtained from four cali-
bration attempts (simulated data) for the injection well
is shown in figure 16. The simulated data in figure 16
represent model results using the parameters in table 4
and represent the simulated values for different
longitudinal and transverse dispersivities (a; = 1.0 m
andar=0.1m,a; =20mando;=2.0m,a; =1.0m
and o7 =1.0m, and o;, = 1.0 m and a; = 0.6 m).

Although many other calibration attempts were
made, only the results for which the model input
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Figure 15. Observed and simulated dimensionless chloride concentration breakthrough
curves at the deep monitor well during the injection and recovery phases of cycle 1.
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Figure 16. Observed and simulated dimensionless chloride concentrations in the injection well

during the recovery phase of cycle 1.

variables were close to the parameters listed in table 4
are presented in this report. It was suspected that the
cavernous/conduit nature of the Lower Floridan aqui-
fer would allow for very high velocities (relative to typ-
ical ground-water velocities) to develop near the
injection well. Such velocities would preclude an
appropriate representation of flow and solute transport
using the QSUTRA model, which is based on porous
media assumptions. Porous media type models are
based on Darcy’s law which assumes a linear propor-
tionality between specific discharge (discharge per unit
measured of aquifer thickness) and hydraulic gradient.
This proportionality is characteristic of laminar
ground-water flow. The Reynolds number, defined
below, is used to determine limits between laminar and
turbulent flow regimes. For turbulent flow, the linear
proportionality between specific discharge and hydrau-
lic gradient is not valid. Where turbulent flow occurs, a
porous media based flow model would compute
hydraulic gradient distributions smaller than actual
field gradients. Therefore, to test for the occurrence of
turbulent flow, Reynolds numbers were estimated for
different distances from the injection well using two
different conceptual models, porous media and
cavernous conceptual models. The Reynolds number
(R,) is defined as the ratio of inertial forces to viscous
forces:

R =24 (12)

where:
d is a characteristic length (in this case, thickness of
flow zone for cavernous conceptual system o~

k2 [the square root of the intrinsic permeability]
for the porous media conceptual system) [L], and

V is the fluid kinematic viscosity [L%/T).

Reynolds numbers were only estimated for high-
permeability zone | (9-m thick), which constituted 60
percent of the flow (fig. 13). The Reynolds numbers
were estimated for two different conceptual systems in
radial or cylindrical coordinates, a cavernous system
and a porous media system (table 6). To estimate Fey-
nolds numbers of actual field conditions at differert
distances from the injection source, it was necessar:’ to
determine or approximate the actual pore-water ve'ac-
ity at the different locations, the effective thickness of
the flow zone (cavernous conceptual system) or intrin-
sic permeability (porous media conceptual system),
and the fluid kinematic viscosity.

The actual radial ground-water flow velocity at
a location from the injection source (the deep monitor
well, located 171 m from the source) was determin=d
from a chloride concentration breakthrough curve. This
was accomplished by identifying the inflection point of
the chloride concentration breakthrough curve, which
usually coincides with the 50 percent concentratior
change from native to injected water. Data from test no.
4 by CH,M Hill (1989) was used to estimate the pore-
water velocity at the deep monitor well (fig. 17 and
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Table 6. Sectional area, velocity, and Reynolds number estimated at different distances from the injection
source

Reynolds number Reynolds number
Radius Area' Actual velocity cavernous porous media
(meters) (square meters) (meters per second) conceptual system conceptual system
(dimensionless) (dimenslonles~)
0.1 0.0919 1.29961 13,539,167 112.3
25 2298 .51984 5,415,667 449
5 4596 .25992 2,707,833 224
1 9191 .12996 1,353,917 11.2
2 1.84 .06498 676,958 5.6
4 3.67 .03249 338,479 2.8
6 5.51 .02166 225,653 1.8
8 7.35 .01624 169,240 1.4
10 9.19 .01300 135,392 1.1
12 11.02 .01083 112,826 .94
16 14.7 .00812 84,620 .70
20 18.4 .00650 67,696 .56
30 27.6 .00433 45,131 37
40 36.8 .00325 33,848 28
50 459 .00260 27,078 22
100 91.9 .00130 13,539 1
171 157 200076 7917 .066
200 184 .00065 6,770 .056
500 460 .00026 2,708 .022
1,000 919 .00013 1,354 011
5,000 4,596 .00003 271 .0022

'The cavernous conceptual system is 2nrb - correction factor and the porous media conceptual system is 2nrbn - correction
factor where r is the radial distance from the injection source, b is the thickness of the flow zone, and # is the apparent pcrosity
of the aquifer (dimensionless). The correction factor was applied to adjust the thickness area of the flow zone in order to
approximate actual field velocities. The correction factor was determined using the actual ground-water flow velocity estimated
at the deep monitor well located 171 meters from the injection well.

ZActual field velocity estimated from a concentration breakthrough curve at the deep monitor well (fig. 17).
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table 3). These test data were selected for velocity
determination because the subject test background con-
centration (native water concentration) was well estab-
lished. This is important in determining the actual
inflection point of the breakthrough curve (50 percent
concentration change). The estimated pore-water
velocity at the deep monitor well was 0.000760 m/s
(meter per second). The area perpendicular to the flow
for the case of radial flow is defined as 4 = 2nrb where
A is the area, r is the radial distance from the injection
source, and b is the thickness of the flow zone. The
effective area was first estimated at the location of the
deep monitor well for which a velocity value was pre-
viously determined. The effective area was estimated
by using the relation:

Q=v: Aeﬁ”' correction factor (13)
or:
- 0
A .= 14
eff v correction factor (14)

where Q is the flow through the flow zone. The correc-
tion factor was applied to the areas determined for
different distance  to obtain an effective area (4, for
each location, and the effective area was used alone
with flow rate to determine velocities at the different
distances.

For the case of the porous media conceptual sys-
tem, the square root of the intrinsic permeability of the
high-permeability zone 1 (table 1) was used as the
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characteristic length as recommended by Bear (1977).
Fluid kinematic viscosity in this zone was assumed as
8.639x 107 m%s (square meters per second) at a water
temperature of 26.7 degrees Celsius. For the case of the
cavernous conceptual system, an effective thicknes~
was determined using the same correction factors that
were applied to the area to determine 4,5and used in
equation (12) as the characteristic length.

For the porous media conceptual system, the
Reynolds numbers were greater than 10 at distances
less than 1.42 m from the injection well (fig. 18). T is
number (Reynolds number equal to 10) represents the
upper limit of laminar porous media flow, which is the
fundamental assumption for the application of Darcy’s
law to ground-water flow (Bear, 1979). At the deep
monitor well located about 171 m from the injection
well, the Reynolds number was about 0.08 which indi-
cates laminar ground-water flow (porous media flow)
at that location (fig. 18). The Reynolds number was
about 100 at a distance of 0.1 m from the injection well
(fig. 18). Thus, application of Darcy’s law to grourd-
water flow is not valid at this distance nor is the trans-
port solution, which is affected by the head gradient in
the advection terms of the governing solute-transport
equation. This may explain why the QSUTRA model
produced good results for the deep monitor well,
but was not able to produce acceptable results for the
injection well. For the cavernous conceptual system,
Reynolds numbers less than about 2,000 that are repre-
sentative of laminar flow in circular tubes (Rouse,
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1956, p. 174) were obtained at distances greater than
800 m (fig. 18). The Reynolds number was greater than
2,000 at distances less than 1,000 m from the injection
well. This number represents the upper limit of laminar
flow.

SUMMARY AND CONCLUSIONS

A series of freshwater subsurface injection, stor-
age, and recovery tests were conducted at an injection-
well site near Lake Okeechobee in Okeechobee
County, Florida, to assess the recoverability of injected
canal water from the Lower Floridan aquifer. Initial
testing at the Lake Okeechobee injection-well site was
previously conducted by a private consultant, and some
of their results have been included as part of the U.S.
Geological Survey study. At the study site, the Lower
Floridan aquifer is characterized as having four local,
relatively independent, high-permeability flow zones
(389 t0 398 m, 419 to 424 m, 456 to 462 m, and 472 to
476 m below sea level). The transmissivity of the
aquifer at the injection well was estimated to be about
71,000 m?/d from 377 to 509 m below sea level (equiv-
alent to an average hydraulic conductivity of 540 m/d).

Four subsurface injection, storage, and recovery
test cycles were conducted at the Lake Okeechobee
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injection-well site. Cycle 1 included inje~tion and
recovery phases; cycles 2 and 3 included injection,
storage, and recovery phases; and cycle 4 included only
an injection phase. The volumes of wate~ injected
ranged from 387,275 to 1,343,675 m? an the average
injection rates ranged from 14,549 to 21,043 m>/d for
all the cycles. The volumes of water recovered, prior to
achieving (or projecting) the preestablist=d water-
quality limit (5,000 uS/cm of specific conductance,
which is equivalent to about 1,385 mg/L of chloride
concentration), ranged from 106,200 to 484,400 m>
and the average recovery flow rates rang=d from
16,892 t0 17,700 m?/d for cycles 1, 2, anc 3. Therecov-
ery efficiency for successive cycles 2 and 3 increased
from 22 to 36 percent and is expected to continue
increasing with additional cycles. Cycle 1 and test no.
4 (from a previous study) were conducted under similar
background conditions (background conditions equal
to native-aquifer water conditions or no residual
injected water from a previous test). The volumes of
water injected were 686,324 m? for cycle 1 and
344,185 m” for test no. 4. The recovery efficiency was
24 percent for test no. 4 and 15 percent for cycle 1,
indicating that the value decreases with increasing vol-
umes of injected water. All these results are in
agreement with those from previous studies.
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Cycle 4 was conducted to define the dynamics of
the aquifer system during the injection phase. A com-
parison of chloride concentration breakthrough curves
at the deep monitor well (about 171 m from the injec-
tion well) for cycles 1 and 4 and test no. 4 reflects
unexpected differences, especially considering that all
three tests were conducted under similar background
conditions. One major difference was that the concen-
tration asymptote, expected to be reached at concentra-
tion levels equivalent or close to the injected water
concentration, was instead reached at higher concentra-
tion levels. One factor that may explain the unexpected
differences suggests that the ratio of injection to recov-
ery rates could affect the chloride concentration break-
through curves at the deep monitor well. For cases
where the injection rate is smaller than the natural arte-
sian flow rate, the head differential might not be trans-
mitted to the deeper high-permeability zones. The
injected water would probably reach the deep monitor
well only through the upper high-permeability zones,
and the chloride concentration values observed at this
well would represent a mix of water from the different
upper and lower high-permeability zones. Hence, the
asymptote would be reached at a higher chloride con-
centration level in cases where the injection rate is
smaller than the natural artesian flow rate.

A generalized digital model was constructed to
simulate the subsurface injection, storage, and recov-
ery of freshwater in the Lower Floridan aquifer at the
Lake Okeechobee study site. The model was con-
structed using a modified version of the SUTRA code
(QSUTRA). QSUTRA uses the Incomplete Cholesky-
Conjugate Gradient method to solve the ground-water
flow equation and the Line Successive Overrelaxation
method to solve the solute-transport equation. A
cylindrical coordinate finite-element grid was con-
structed to study the subsurface injection, storage, and
recovery cycles in the Lower Floridan aquifer, and
boundary and initial conditions were determined for
the generalized model.

The calibration and testing of the model was per-
formed by changing the model variables within realis-
tic limits, until a satisfactory comparison between the
observed and simulated solute breakthrough data was
obtained. Satisfactory comparisons of simulated to
observed dimensionless chloride concentrations for the

deep monitor well were obtained when using the mcdel
during the injection and recovery phases of cycle 1, but
not for the injection well during the recovery phase of
cycle 1 even after several attempts. This precluded the
determination of the recovery efficiency values by
using the model. The cavernous or conduit nature of
the Lower Floridan aquifer at the local scale permits
very high velocities (relative to typical ground-water
velocities) to develop near the injection well. Such
velocities could explain the unsatisfactory compari-
sons of simulated to observed dimensionless chloride
concentrations for the injection well and failure of the
model to represent the field data at this well. To test this
possibility, Reynolds numbers were estimated at vary-
ing distances from the injection well, taking into con-
sideration two aquifer conceptual systems: porous
media and cavernous.

For the porous media conceptual system, the
square root of the permeability value was used as a
characteristic length to estimate Reynolds numbers.
The Reynolds numbers were greater than 10 at dis-
tances less than 1.42 m from the injection well. Thus,
application of Darcy’s law to ground-water flow might
not be valid at this distance. At the deep monitor well
located about 171 m from the injection well, the Rey-
nolds number was about 0.08 which is representative of
laminar porous media flow conditions.

For the cavernous conceptual system, the thik-
ness (9 m) of high-permeability zone 1 was used ar a
characteristic length to estimate Reynolds numbers.
The Reynolds numbers were greater than 2,000 at dis-
tances less than 1,000 m from the well. This number
represents the upper limit of laminar flow, which is the
fundamental assumption for the application of Darcy’s
law to free flow.

In conclusion, the simulation of recovery eff*-
ciency for the Lower Floridan aquifer at the Lake
Okeechobee injection-well site might require the appli-
cation of a free-flow type model (conduit flow or
fracture flow model). This type of model may produce
a more realistic representation of the actual fluid
motion in the aquifer and will provide appropriate esti-
mates of the recovery efficiency.

Summary and Concluslons 31
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