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1.0 EXECUTIVE SUMMARY

The South Florida Water Management District (SFWMD) is charged with managing water
resources within its jurisdiction. The Floridan Aquifer System (FAS) is a source of groundwater
that has traditionally been used in the SFWMD’s Upper East Coast (UEC) region, but less so in
the SFWMD’s Lower East Coast (LEC) region due to its brackish water quality. The SFWMD
recognized some time ago that it needed a tool to better manage this groundwater resource.
Towards that end, the SFWMD started a long-term program of installing FAS monitor wells and
equipping new and existing wells with water-level data recorders to develop a suitable dataset for
modeling purposes several years ago. The Phase [ LEC Floridan Aquifer System Model
(HydroGeoLogic, 2006) was the SFWMD’s first attempt at conducting model development and
calibration based in part on this program. The Phase [ Model used the United States Geological
Survey (USGS) computer code SEAWAT 2000 (Guo and Langevin, 2002) that allows simulation
of density dependent flow allowing modeling of freshwater and the brackish groundwater within
the aquifer as well as the seawater boundary conditions of the Atlantic Ocean and the underlying
Boulder Zone. Since that time, additional data has become available coupled with a desire to
expand the model domain to include the UEC Region. The Phase [I modeling effort — referred to
as the East Coast Floridan Model as it now includes both the LEC and UEC regions—was
undertaken by Golder Associates Inc. {(Golder) on behalf of the SFWMD. The Phase 11 Model
builds upon the Phase I modeling work completed in 2006. The tasks assigned to Golder

included;

¢ Incorporating the calibrated Phase I Model into the new and larger model
domain;

* Recalibrating the new and larger Phase Il Model;
e Validating water use data for the UEC and LEC; and,
» Preparing a model documentation report of the entire effort.
The final 2005 calibrated model provides the SFWMD with a tool capable of assisting the

agency with the evaluation of current and future water supply projects within the model study

arga,
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The Phase 1 Model was developed in several phases in 2007 and 2008. The models that were

developed cover different temporal periods of record ranging from one year to six years.

The originat SFWMD scope of work called for the development and calibration of a transient
model covering the period of record from 1999 through 2004, This model was to be validated
using separate 2005 observed data. Golder delivered the 1999 to 2004 transient model to the
SFWMD in February 2008 per the original schedule agreed upon by the parties. Golder notified
the SFWMD that it had discovered numerous inconsistencies in the water supply pumping data
provided to it by SFWMD. These data inconsistencies were due to missing wells, duplicate
wells, incomplete pumping records, and large temporal variations in pumping rate at certain
wells. Golder felt that these data deficiencies reduced the reliability of the 1999 to 2004 model
considerably. In essence, Golder felt that the model was not accurately capturing the “true”
water supply pumping stresses affecting the FAS. Besides the data issues, the 1999 to 2004
model required extremely long computational times {e.g., up to 7 days), especially when
employing the SEAWAT coupled mode. Golder asked SFWMD to consider a contract
modification to perform a more detailed analysis of the water well pumping data. SFWMD
agreed but in turn asked Golder to recalibrate the model using the 2005 dataset and revalidate the
model using the 2004 dataset. After some discussions, all parties agreed to the revised modeling

strategy and recalibration/revalidation efforts.

First, a steady-state pre-development model was developed based upon published reports by the
USGS and pre-development water surface map coverages provided by the SFWMD (Richardson
personal communication, 2007). Typically, the pre-development water levels are 5 to 10 feet
higher than those seen today due to increased FAS withdrawals. The steady-state
pre-development model was used to adjust various hydrogeologic input parameters
(e.g., hydraulic conductivity, effective porosity) and the overall Atlantic Ocean general head
boundary. The parameter distribution from the steady-state model was then used as a starting
point for the original 1999 to 2004 transient model and the revised 2005 transient model. In
addition to providing an initial parameter distribution, steady-state concentration distributions
from the original February 2008 steady-state model were also reviewed and used to provide input
starting concentrations to both the original 1999 to 2004 transient model and the revised 2005

transient model.
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The revised 2005 transient model was developed and focused on the period of record between
January 2005 and December 2005. The revised 2005 transient model used monthly
stress periods to match available well pumping histories. In this report, the transient model
covers the 2005 period of record and is referred to as the “2005 transient calibration model.”
The revised validation model covers the 2004 period of record and is referred to as the

%2004 validation model.”

The domains for all models include all or parts of QOkeechobee, [ndian River, St. Lucie, Martin,
Palm Beach, Broward, and Miami-Dade Counties, Florida. The models were constructed using
hydrogeologic unit geometry and properties compiled by the USGS and the SFWMD. The
models include 14 layers and simulate the FAS only. The deeper so-called “Boulder Zone” is
simulated assuming constant head and constant concentration. Similarly, the Surficial Aquifer
System (SAS) is simulated assuming an average aquifer head and a constant concentration. The
models include specified head boundaries along the northern and western sides for all FAS
aquifers and general head boundaries at the Atlantic Ocean outcrop for the same. The initial
conditions for the models were established using available observation well water level and
watcr quality data as well as results from multiple model simulations. The 2005 transient
calibration model was run several times and the water levels of the last model run time-step were
then imported back into the model to be used as initial heads. A similar exercise was completed

for the 2004 validation model.

The model domain western specified head boundary had to be interpolated using existing well
water level data available from observation wells open to the FAS. Observed water level data
were used directly when it was available for the required period of record. Where the existing
water level data was incomplete, powerful multiple regression techniques were used to fill in
monthly values using “synthetic” data at select wells from 1999 to 2005. Once a complete set of
data for the full period of record was available along the western boundary, linear contouring
was used to interpolate values along the western boundary for each monthly stress period. The
Atlantic Ocean boundary was assigned as a general head boundary and was established using
existing tidal data corrected for vertical elevation datum plus the “geostrophic effect” that has
been documented along the southeastern coast of Florida. Similar to the specified head data, the

general tidal heads were assigned as monthly values. The SFWMD provided pumping well

Golder Associates
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information and water use data for the entire FAS within the study area for the period of time

from 1999 to 2005.

The 2005 transient calibration model was modified many times during the calibration process.
The calibration process included adjustments to the horizontal and vertical hydraulic
conductivity, storage coefficient, effective porosity, dispersivity, boundary conditions (including
both specified head and general head boundaries), and the initial conditions. Calibration against
both heads and concentrations was performed. The calibration process followed conventional
calibration procedures as outlined by the American Society of Testing and Materials (ASTM)
and as adopted in standard practice. The calibration process continued until both the absolute
mean residual and residual mean met the target criterion, or until little further improvement was
expected, For this effort, the original goals for the model were within 2.0 feet for the absolute
mean residual and +/- 1 feet for the residual mean. The initial effort to calibrate the 2005 model
did not achieve both of these goals but after removal of one anomalous data point, the calibration
was deemed satisfactory. The 2005 transient calibration model was adjusted until it was evident
that little addifional improvement could be added. For this 2005 model iteration, the mean

absolute error for the model was 2.28 feet and the residual mean was calculated to be -0.48 feet.

The 2005 transient calibration model was then verified using year 2004 water level, water
quality, and water use data. The initial attempt at model validation resulted in an increase in the
calibration criteria with a mean absolute residual of 3.4 feet and a residual mean of 2 feet.
Therefore, an iterative process was begun to make additional adjustments to the calibrated model
and the validated model until such a time as the mode! calibration criteria were met for both
models or a point of diminishing retums was reached. The final calibration mode! includes a
period of record from 2005 and has a mean absolute residual of 2.52 feet and a residual mean of
0.44 feet. The final validation model includes the period of record from 2004 and has a mean

absolute residual of 2.65 feet and a residual mean of -0.60 feet.

The final 2003 calibrated model is a good first step to simulating the complex FAS in southern
Florida. This model provides the SFWMD a reasonable too!l for simulating current and future
water supply projects within the model domain. Generally, both the 2005 transient calibrated
model and the 2004 transient validation model are accurate to within approximately 2.5 feet

across the model domain. The overall bias of the models is low but generally under predicts the
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actual water levels measured in the field. The model includes considerable uncertainty regarding
the aquifer parameters of both the Avon Park Permeable Zone (APPZ) and the Lower FAS: the
initial water quality in both the APPZ and Lower FAS; and the existing conditions of each
aquifer unit at their respective outcrop locations beneath the Atlantic Ocean. Further field data
collection investigating these issues would likely lead to further improvements in the model.
Numerous model runs have shown that the model is most useful running in SEAWAT
“uncoupled” mode. These model runs can be completed in approximately 30 minutes each for a
one-year simulation period. The short model run time permits many sensitivity and experimental
simulations to be completed in one day. Aliernatively, the user can select the SEAWAT
“coupled” mode. These model runs can be completed in approximately 20 hours each for a
one-year simulation period. Uncoupled mode does allow the user to investigate changes in water
quality over time, however, at least 30 years and possibly up to 100 years (based upon previous
SFWMD modeling and 365 year long modeling completed by Golder) may be required to see
these changes in the model. These long durations would be burdensome to simulate due to
extremely long computational times. It is probably more useful for SEFWMD to run the model in
“uncoupled” mode and evaluate changes in overall model water budget. During 2005 model
calibration and 2004 validation, it was noted that the flux in along the general head boundary
does change with water well pumping of the FAS. Generally, more pumping leads to higher

inward fluxes along the general head boundaries.
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2.0 INTRODUCTION
21 Purpose

The South Florida Water Management District (SFWMD) retained Golder Associates Inc.
{Golder) to prepare a numerical model of the FAS calibrated for the period of record of 1999 to
2005. The original scope of work called for the development and calibration of a transient model
covering the period of record from 1999 through 2004. This model was proposed to be validated
using separate 2005 observed data. Golder delivered the 1999 to 2004 transient model to the
SFWMD in February 2008 per the original schedule agreed upon by the parties. Golder notified
the SFWMD that it had discovered numerous inconsistencies in the water supply pumping data
provided to it by SFWMD. These data inconsistencics were due to missing wells, duplicate
wells, incomplete pumping records, and large temporal variations in pumping rate at certain
wells, Golder felt that these data deficiencies reduced the reliability of the 1999 to 2004 model
considerably. In essence, Golder felt that the model was not accurately capturing the “true”
water supply pumping stresses affecting the Floridan Aquifer System (FAS). Besides the data
issues, the 1999 to 2004 model required extremely long computational times, especially when
employing the SEAWAT coupled mode. Golder asked SFWMD to consider a contract
modification to perform a more detailed analysis of the water well pumping data. SFWMD
agreed but in turn asked Golder to recalibrate the mode! using the 2005 dataset and revalidate the
model using the 2004 dataset. SFWMD generally thought that the water use data for 2005 was
more accurate than data for previous years and therefore would be best for calibration purposes.
After some discussions, all parties agreed to the revised modeling strategy and

recalibration/revalidation efforts.

The final 2005 calibrated model provides the SFWMD with a tool to evaluate cwrrent and future
water supply projects within the model study area. The model domain covers the Upper East
Coast (UEC) and Lower East Coast (LEC) water supply planning areas as shown on Figure 1.
The model also includes Indian River County which is actually focated within the St. Johns River
Water Management District (SJRWMD). The model also includes part of the Kissimmee River

planning area.
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2.2 Project Description

The model domain mcludes the entire scutheastern coast of Florida and extends to the estimated
outcrop of the FAS in the Atlantic Ocean. Figure 2 shows the actual model boundary. The
model includes 14 layers representing the entire groundwater flow system in the study area. The
active area of the model covers approximately 16,000 square miles with only half of this area
included as the landward part of the Florida Peninsula. The remaining half is submerged beneath

the Atlantic Ocean such that discharges from the FAS outlet deep below the sea.

2.3 Modeling Objective

The objective of the model development process was to provide SFWMD a model that can be
utilized to make predictive assessments of future water resources alternatives that include the

FAS.

24 Secope of Work
Golder was tasked with completing the following:

e Attending and participating in an initial orientation meeting;
* Developing GIS coverages during model development;

¢ Preparing a model implementation report;

» Conducting model calibration;

s Preparing a draft model documentation report;

* Preparing a final model documentation report; and

¢ Preparing status reports and attending meetings.

Golder Associates
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3.0 REGIONAL HYDROGEOLOGIC SETTING

R | Location

The study area is located along the southeastern peninsula of Florida and includes all or part of
Osceola, Okeechobee, Indian River, Glades, Hendry, Collier, Monroe, St. Lucie, Martin,
Palm Beach, Broward, and Miami-Dade Counties. For the most part, the model covers
Okeechobee, Indian River, Martin, Palm Beach, Broward, and Miami-Dade Counties. Only
small segments of the remaining counties referenced above are included within the model
boundary. The study area is depicted in Figures 1 and 2 which also show the model boundary

for the project,

3.2 Description

The geology of southern Florida has been shaped by the sea. Florida’s landforms show the
dominant effect of marine forces in shaping the land surface {(Schmidt, 1997). The Florida
Platform has been sculpted by forces connected with the Atlantic Ocean. The Platform has been
in existence for tens of millions of years, and throughout that history it has been alternately
flooded by salt water from the Ocean or exposed as dry land (Schmidt, 1997). At the height of
the last ice age, approximately 20,000 years ago, the Platform was almost twice as big as the
exposed area that we see today. Over the last 20,000 years, sea level has risen approximately
300 feet, inundating much of the shallow Platform and changing the hydraulics of rivers, streams,
and aquifers. South Florida is underlain by Cenozoic-age rocks to a depth of approximately
5,000 feet below land surface {bls) that are generally comprised primarily of sand, limestone,
clay, silt, and dolomite (Meyer, 1989). The oldest rocks at the bottom of the stratigraphic
column are of Paleocene age while the youngest rocks at the surface are of Holocene or

Pleistocene age (Reese, 1994).

Within the platform, lies Lake Okecechobee, the second largest freshwater lake in the
conterminous United States that is whoily within one state (Miller, 1997). Lake Okeechobee lies
in a relatively stable structural area, represented by generally flat-lying sediments that
accumulated in a quiet marginal-marine setting, similar to the modern-day Bahamas. Numerous
wells have been constructed and tested to depths of up to approximately 3,500 feet bls in south

Florida, providing rather extensive information regarding subsurface geology and hydrogeology
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of the area. Many of these were drilled as part of oil exploration studies while others were

mnstalled to provide hydrogeologic or water quality data (Miller, 1986).

3.3 Regional Geology

The regional geology of Florida that pertains to this modeling study includes recent age surface
soils to evaporite beds of Paleocene age. Figure 3a provides a regional geologic/hydrogeologic
cross section from Georgia to south Florida. Figure 3b provides a similar cross section from
west to east across Palm Beach County. A brief summary of each important geologic unit

follows:

3.3.1 _ Surface Soils and Plio-Pleistocene Series

Based upon U.S. Department of Agriculture maps from throughout the model study area, the
surface soils in south Florida are quite complex due to erosion, deposition, and development.
From land surface to a depth of up to 10 feet bls, soils in the northern vicinity of the Lake are
characterized as poorly drained, sandy “spodosols™, currentiy used for pastures, citrus, and urban
development. To the south of the Lake are organic-rich mucky soils underlain by marl, referred
to as “histosols”. These soils are currently used for sugar cane, sod and pasture (USACE and

SFWMD, 2004).

Below the surficial soils, Plio-Pleistocene-aged tan to gray, moderately indurated calcareous
sandstone with intermittent shell beds is present to a depth of approximately 15C¢ feet bis.
Low permeability arenaceous mudstones found at 150 feet bls constitute undifferentiated

Plio-Pleistocene series sediments deposited one to five million years ago.

3.3.2  Miocene Series

The Plio-Pleistocene sediments unconformably overly the dense, phosphatic clays and limey silts
of the Miocene-aged Hawthorn Group. The Hawthorn Group sediments are generally
encountered between 150 and 850 feet bls. The lithology of the Hawthorn Group is composed
primarity of greenish-grey colored phosphatic lime mudstone with minor clay, sand, and

limestone. Locally, moderately productive limestone or sand aquifers may be found.
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However, recent work indicates the Peace River Formation may range in age from late Miocene
to early Pliocene (Reese and Memberg, 2000). Near the base of the Hawthorn Group, the
limestone and phosphate content of these sediments increases, causing the geophysical natural
gamma ray log to record high emissions through this interval. This has resulted in the creation of
distinctive “marker beds” that can be correlated throughout the vicinity of south Florida (Reese
and Richardson, 2004). The Hawthomn is a complicated unit consisting of interbedded and
intermixed carbonate and siliciclastic sediments containing varying percentages of phosphate
grains {Scott, 1988). The upper portion of the Group is typically less well indurated and contains
primarily interbedded sands and clays. The lower portion of the Group is more indurated and
contains primarily carbonates. The carbonates are characterized as vellowish gray to light olive
gray to light brown, micro to finely crystalline, poorly to well indurated, variably sandy, clayey,
and phosphatic, fossiliferous limestones and dolostones. The sands are yellowish gray to olive
gray, very fine to medium grained, poorly to moderately indurated, clayey, dolomitic and
phosphatic. The clays are yellowish gray to light olive gray, poorly to moderately indurated,
sandy, silty, phosphatic and dolomitic. Silicified carbonates and opalized claystone are locally

found.

The Hawthormn Group provides an effective aquiclude or confining unit separating the SAS
and deeper FAS in the model domain. According to Figure 6.1-1 of Scott (1988), the
top elevation of the Hawthorn Group is approximately located at elevation of -125 to -150 feet
North American Geodetic Vertical Datum 1929 (NGVD29) on the east side of Lake Okeechobee
at Indiantown. Onsite boreholes installed for the Floridian Natural Gas project (east of Lake
Okeechobee in Martin County) confirm this finding and show that the Hawthorn Group is
probably encountered from elevation -135 to -175 feet NGVD29. Using lithologic data alone, it
is difficult to determine the exact top of the Hawthorn Group due to its complex nature. Usually,
gamma-gamma downhole geophysical logs are utilized to identify the exact top of the formation.
Reese and Richardson (2004) identify the top of the Hawthorn Group in the Indiantown, Florida
area at elevation -135 feet NGVD29. Figure 4 depicts the top elevation of the Hawthorn Group

across the entire study area as estimated by Reese and Richardson (2004).
The exact composition of the Hawthorn Group is of considerable importance to the model due to

the potential for recharge or discharge (upward leakage) from the FAS. Regional lithological
data downloaded from the South Florida Water Management District (SFWMD) website
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(DBHYDRO Database) reveal that the entire thickness of the Hawthom Group can be
characterized as highly variable, even over relatively short distances (SFWMD website, 2007).
Two deep lithologic logs were downloaded from the SFWMD website. The first log is from the
Florida Power and Light facility located near Lake Okeechobee in Martin County, Florida. This
log shows the following lithologic sequences for the Hawthorn Group (all referenced to feet
below land surface):

e Silt and Clay: 182 to 228

e  Sand: 228 to 245

*  Clay: 245 to 255

» limestone: 255 to 259

e (Clay and Sand mix: 259 to 282

¢ (Clay: 282 t0 308

e Sand: 308 to 360

s (Clay: 360 toc 392

e Sand: 392 t0 420

¢ Clay: 420 to bottom of hole at 445

For the portion of the Hawthom Group characterized, clay consists of 57 percent of the section
logged while sand and limestone make up the remainder. The second log is from the Allapata
Property located northwest of the Indiantown area. This log shows the following lithelogic
sequences for the Hawthorn Group (all referenced to feet below land surface):

e  (Clay: 220 to 240

o Sand: 240 to 340

e Clay: 340 to 360

s Sand: 360 to 405

s Dolomife: 405 t0 410

* Sand and gravel (possibly soft Dolomite): 410 to 422
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o  Dolomite: 422 to 430
¢ Micritic Limestone: 430 to 450
¢ Dolomite: 450 to 460

¢ Micritic Limestone: 460 to bottom of hole at 482

For the portion of the Hawthorn Group characterized, clay consists of 15 percent of the section
logged while sand, dolomite, and micritic limestone make up the remainder of the section. Based
upon the regional descriptions of the Hawthorn Group (Scott, 1988) and boring logs reviewed for
this report including the two referenced above, it is clear that the Hawthorn Group is an effective
confining unit for the FAS in the model domain due to its composition including low-

permeability clay and micritic limestone.

3.3.3  Oligocene Series

Lying below the Hawthorn Group sediments is the Suwannee Limestone of Oligocene age. It is
described by White (1970) as a “white to tan, pure to slightly argillaceous and arenaceous,
coquinoid to chalky limestone, with some dolostone and dolomitic limestone present.” It is
regionally extensive and can attain a thickness ranging from 120 to 300 feet in south Florida
(Miller, 1986). According to Randazzo and Jones (1997), the Oligocene carbonates are generally
open-marine units dominated by packstones and grain-stones. The boundary between the older
Ocala Limestone and the Suwannee Limestone is difficult to identify due te their similar
lithologic appearance (Randazzo and Jones, 1997). Because of an influx of clastic sediments
from the north {eroded from the Appalachian Mountains), the Suwannee Limestone becomes

sandier toward the top of the section.

3.3.4 Eocene Series

Lying below the Hawthorn Group (or Suwannee Limestone, if present) at a depth of
approximately 600 to 850 feet bls is the Eocene-age Ocala Limestone and Avon Park Formation.
The Ocala Limestone consists of two units. The lower unit is characterized as partially
dolomitized and reflects a peri-tidal to open-marine depositional environment (Randazzo and
Jones, 1997). The upper unit of the Ocala Limestone is generally composed of white to gray

formaminiferal and molluscan packstones and grainstones, with minor amounts of wackestone
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and mudstone. The number and diversity of the foraminifera is high and suggests open-marine,

shallow water, and middle-shelf deposition during the later Eocene (Randazzo and Jones, 1997).

The Avon Park Formation is the oldest geologic unit exposed at the surface in Florida. It is
uncouformable with the underlying Oldsmar Formation and the boundary is generally recognized
by the contrast between older, porous, foraminiferal grainstones and younger dolomitic
wackestones-mudstones (Randazzo and Jones, 1997). The Avon Park Formation is a carbonate
mud exhibiting significant dolomitization in places. It also contains interbedded evaporates in its
lower part with fossils dominated by benthic forms with limited faunal diversity especially cone-
shaped Dictyoconus sp (Duncan et al.,, 1994). Occasional seagrass beds are well preserved in

certain horizons (Randazzo and Jones, 1997),

For purposes of this discussion, these formations (along with the Suwannee Limestone) are
undifferentiated, although the Ocala Limestone is typically recognized as present within the
uppermost 200 feet of the combined section. Below these formations is the Oldsmar Formation,
consisting primarily of dolostones, limestone, anhydrite and gypsum. Below the Oldsmar
Formation is the Cedar Keys Formation of Paleocene age which consists of dolomite, dolomitic
limestone, and massive anhydrite beds. The massive anhydrite beds are present approximately
500 feet below the top of the Cedar Keys Formation and form the base of the Floridan Aquifer
System discussed below (Reese, 2000).

34 Regional Hydrogeology

The hydrogeology in most of South Florida consists of a non-artesian shallow aquifer separated
from a deeper artesian aquifer by several hundred feet of confining strata. The non-artesian
shallow aquifer, generally known as the SAS, ranges from approximately 100 to 300 feet thick in
south Florida. Low permeability sediments of Pliccene-age generally form the base of the SAS.
Figure 3 depicts the degree of aquifer confinement for the FAS in plain view while providing a

hydrogeologic cross-section revealing the primary aquifer zones.

An Intermediate Confining Unit (ICU) underlies the SAS, and is mostly comprised of Hawthorn
Group sediments. Confinement is provided by clays, marls, and micritic limestone that exhibit
very low permeabilities, and isolate the SAS from the underlying FAS. These Miocene-age

confining beds are expected to occur between approximately 150 and 850 feet bls in the study
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area. Locally, the ICU may contain permeable zones including the Tampa Limestone {used in

southwestern Florida for water supply) and the so-called “Mid or Lower Hawthorn™ Limestones.

The rocks that make up the FAS vary greatly in permeability so that the system resembles “layer
cake” composed of many alternating zones of low and high permeability (Meyer, 1989). Vertical
flow between permeable zones probably occurs through sinkholes and fractures; however, the
vertical flow 1s probably small compared with the amount of horizontal flow (Meyer, 1989).
Since the FAS is defined on the basis of its permeability, the top and the base of the aquifer
system do not coincide everywhere with the top or base of rocks of any single geologic formation

or strata of any single geologic age (Miller, 1997).

The FAS can generally be subdivided into several permeable zones, separated by low-
permeability limestones. [t is composed of limestone and dolostone units generally dipping to
the east and south, and contains brackish to saline water. The permeable zones within the FAS
are regionally grouped into upper and lower units, separated by a middle confining unit. These
units are informally designated "Upper Floridan Aquifer”, "Middle Floridan Confining Unit",

and "Lower Floridan Aquifer”.

3.4.1 Hydrogeologic Units

3.4.1.1 Upper Floridan Aquifer

The Upper Floridan Aquifer (UFA) in southern Florida chiefly consists of permeable zones in
the Tampa, Suwannee, and Ocala Limestones and porous zones located in the upper part of the
Avon Park Formation (Meyer, 1989). Figure 5 depicts the top elevation of the UFAS surface in

the model domain.

| Two predominant permeable zenes exist within the Upper Floridan Aquifer. In south Florida,
the uppermost, modestly permeable zone typically lies between 500 and 1,250 feet bils, with
shallower depths usually encountered in the northern portion of the study area. The most
transmissive part of this upper permeable zone usually occurs near the top, coincident with an
unconformity at the top of Eocene formations. The UFA exists under flowing artesian

conditions, so its permeable zones can be defined in a well by using flowmeter and temperature
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geophysical logs (Reese, 1994). Additional permeable zones are observed with depth within the

upper portions of the FAS.

A second permeable interval has been documented within the Avon Park Formation, ranging in
approximate depth in south Florida from 1,000 to 1,500 feet bls (Miller, 1997). The base of the
Upper Floridan Aquifer is located within the Avon Park Formation. Some investigators in south
Florida have termed this the Middle Floridan Aquifer (MFA), but disagreement exists in the
literature regarding this issue. Reese and Richardson (2004) were able to substantiate the
presence and continuity of the unit through an extensive study of core logs, well logs, and
downhole geophysical fogs. The estimated top elevation of this unit within the model domain is
shown on Figure 6. The study results included development of elevation surface maps of the
various aquifers and confining units, definition of permeable zones, development of an aquifer
property database, and preparation of a comprehensive report in support of the Comprehensive
Everglades Restoration Plan (CERP). As a result of the study the UFA was sub-divided into two
units including an upper permeable zone (UFA) and a middle permeable zone (MFA) separated
by an upper middle confining unit (MCU1). Since there is still some controversy regarding the
terminology for the middle permeable zone, for this report it will be called the “Avon Park

Permeable Zone” of the UFA or {APPZ). The middle confining unit is discussed below.

The transmissivity estimated for the UFA ranges from values greater than 1,000,000 square feet
per day (ft*/day) where the aquifer is unconfined to less than 10,000 fi*/day where the aquifer is
thin and thickly confined (Miller, 1997).

The transmissivity of the upper portions of the FAS in south Florida ranges from about 10,000 to
60,000 ft’/day (Bush and Johnston, 1988). Some of this variability may be due to variation in the
thickness of the interval tested, as well as varying hydraulic properties. Bush and Johnston
(1988) provided a range for the storage coefficient for the upper portion of the FAS from 1.0 x

10° to 2.0 x 102, with the most common values in the range of 10° to 10°%.

3.4.1.2 Middle Floridan Aquifer Confining Unit

Miller (1986) observed that portions of the lower Avon Park Formation are fine-grained and have
low permeability, thereby acting as inter-aquifer confining units within the FAS, This confining

sequence -- referred to as the Middle Confining Unit {MCU) -- is expected to occur between
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1,400 and 1,800 feet bls. Miller (1986) reports that few differences exist in the lithologies
between the MCU and the permeable units above and below. The MCU generally separates the
UFA and the Lower Floridan Aquifer (LFA) but includes the APPZ within it according to Reese
and Richardson (2004). Hydraulic connection across this unit has been inferred from sinkholes
and fractures that transect the MCU (Meyer, 1989). The MCU is very important to the overall
groundwater flow within the FAS since groundwater movement in southern Florida is thought to
be mainly upward from the LFA through the MCU, then horizontally toward the ocean through
the UFA (Meyer, 1989). For this study, the MCU has been sub-divided into two separate units
per research by Reese and Richardson (2004); namely, the MCU1 and MCU2. The MCU1
separates the UFA from the APPZ while MCU2 separates the APPZ from the LFA.

3.4.1.3 Lower Floridan Aquifer

The LFA may also contain several permeable and less permeable zones. Three dolostone layers
have been identified by Meyer (1989) within the Oldsmar Formation separated by less permeable
limestone layers. Meyer (1989) reported hydraulic connection between the lower and
infermediate dolostone layers, but a weak connection between the upper and intermediate layers.
The lowest permeable zone is a solution-worked fracture and cavernous interval that occurs in
the Oldsmar Formation, and is also known as the "Boulder Zone”. The Boulder Zone typically
occurs at an estimated depth of 2,500 feet bls, extending to an approximate depth of 3,500 feet
bls. The transmissivity of the Boulder Zone was estimated to be 3.2 x 10°to 2.5 x 107 fi¥day by
Miller (1986) and Meyer (1989). At USGS well G-3234 in central Miami-Dade County, the
thickness of the LFA was estimated to be 380 feet based upon geephysical logging (Reese,
1994). Meyer (1989) identified a LFA thickness of 650 feet at the Fort Lauderdale Wastewater

Treatment plant located in eastern Broward County, Florida.

The hydrogeology conceptualized for this model report relied upon Reese and Richardson (2004)
as the basis of unit surface elevations, unit geometry, aquifer parameters, and initial water
quality. In fact, Golder was provided an initial version of the model for modification under this
contract. Figure 7 details the hydrogeologic correlation table adopted for this model study.
Although Reese and Richardson (2004) developed the most comprehensive database of
hydrogeologic and geologic data in south Florida, it should be recognized thai the various unit

surface maps developed (and adopted in this study) have considerable statistical error associated
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with them due to the kriging algorithm used to interpolate the various maps. It should also be
noted that although there may be multiple permeable zones within the LFA, Reese and
Richardson (2004) mapped onty the highest permeable zone (LF1) and the top of the Boulder
Zone. Consequenily, only those two units are explicitly represented in the model, and any

additional permeable zones are lumped into the Lower Floridan Confining (LC) unit.

According to Reese and Richardson {2004), kriging was utilized to fit or interpolate model
surfaces using the available lithologic elevation data. In order to evaluate the model surfaces,
semi-variograms were developed for each unit of interest and estimates of standard error made
for each. For the UFA model surface, the standard error of estimate is less than 50 feet over
most of the peninsula, and less than 20 feet over much of south Florida. The APPZ model
surface, on the other hand, exhibits a much larger range of error, with standard errors less than 50
feet only in the immediate vicinity of a control point, and ranging from 100 to 200 feet over most
of the peninsula. The model surface thickness of the APPZ as estimated from Reese and
Richardson (2004) is in the same range as the standard error. This is generally a reflection of the
paucity of data for the APPZ as compared to the UFA. The surface for the top of the UFA was
generated based on over 26,000 data points, the APPZ, less than 600. Figure 8§ shows a
comparison of the two model variograms as presented in Reese and Richardson (2004). The
experimental semi-variogram for the model UFA surface is fitted well with a spherical model
while the model APPZ surface has a relatively poor fit using an exponential model. Therefore,

the figure clearly shows that the surface of the APPZ is quite uncertain,

3.4.2 Hvdrogeologic Properties

The hydrogeologic properties within the FAS have been evaluated by numerous investigators.
For the most part, aquifer performance tests and laboratory tests provide the best estimate of
insitu hydrogeologic properties including the horizontal and vertical hydraulic conductivity,
storage coefficient, and the effective porosity.  Reese and Richardson (2004} and
HydroGeoLogic (2006) summarize existing aquifer testing, packer testing, and laboratory
hydraulic testing data available for the FAS. Typically, a majority of the data is available in the
upper units of the aquifer system since water quality in this area is superior for water supply

purposes. For instance, aquifer test data and lab test data was used to develop kriged contour
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maps of aquifer transmissivity for the UFA, APPZ, and LF1 (Reese and Richardson, 2004). For
the UFA, available data included;

¢ 113 fuily penetrating aquifer tests;
* 165 partially penetrating aquifer tests; and,

* 36 aquifer core samples tested in the laboratory.

For the APPZ, available data included:

26 fully penetrating aquifer tests;

52 partially penetrating aquifer tests that included portions of the unit;

9 fully penetrating aquifer tests that included portions of the unit; and,

» & aquifer core samples tested in the laboratory.

For LF1, available data included:
e 29 fully penetrating aquifer tests; and

¢ 22 aquifer core samples tested in the laboratory.

It is clear that data for the APPZ and LF1 are particularly sparse for an area that covers 16,000
square miles. For the APPZ the data density amounts to one hydraulic property test per 168
square miles. That equates to approximately 3 hydraulic property tests for all of Martin County,
Florida or another county of similar size. Similar to the development of the various aquifer
surface elevations discussed above, Reese and Richardson (2004) used kriging to develop
transmissivity or leakance distribution maps for each aquifer and confining unit. Initially, an
inverse distance weighted contouring algorithm was utilized to develop the property distribution
maps. That method produced unrealistic property distribution maps so ordinary kriging was then
used and ultimately adopted. The ordinary kriging maps reveal that the UFA is less permeable

than the APPZ or LF1.

For the UFA, transmissivities generally range from 5,000 ft’/day to 100,000 ft*/day. Based upon
the transmissivity values, the estimated horizontal hydraulic conductivity value for the UFAS
ranges from 25 to 500 feet per day (ft/day). HydroGeoLogic (2006) calculated an average value
of 180 feet per day for the UFA based upon 100 data points. Based upon the standard error of
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the top elevation of the hydrogeologic unit maps discussed above, the mean transmissivity could
be within +/- 3,600 ft*/day (assuming an average hydraulic conductivity of 180 feet per day and
an average thickness error of 20 feet). It should be noted that two aquifer tests conducted in the
UEC and discussed below under “local calibration” below, reveal that the UFA transmissivity

could be almost 200,000 ftzfday in certain portions of the study area.

In general, the APPZ is much more permeable than the UFA within the study area. For the
APPZ, transmissivities generally range from 5,000 ft’/day south and west of Palm Beach County
to over 1,000,000 ﬁzfday in DeSoto and Pinellas Counties, Florida. Based upon the
transmissivity values, the estimated horizontal hydraulic conductivity value for the APPZ ranges
from 25 to 5,000 feet per day. HydroGeoLogic (2006) calculated an average value of 1,100
fi/day for the APPZ based upon 47 data points. Although it is not clear from the HydroGeoLogic
report, Golder assumes that the average referenced is the geometric mean of the data. Based
upon the standard error of the top elevation of the hydrogeologic unit maps discussed above, the
mean transmissivity could be within +/- 165,000 ft’/day {assuming an average hydraulic

conductivity of 1,100 feet per day and an average thickness error of 150 feet).

Only limited aquifer testing data is available for the LF1. According to Reese and Richardson

(2004y.

“LF1 is being increasingly utilized for water supply in Orange and Osceola counties. Ten APTs
in the area indicated transmissivity ranging from a low of 82,000 to a high of 688,000 ft'/day.
East of this area, water quality deteriorates rapidly. Because of the poor water quality of the
LET in this area (generally greater than 10,000 ppm TDS), its production capability has not been
tested. Based on the hydrostratigraphic mapping, however, the LFI appears to thin significantly
towards the coast in much of the study area. On cross-section AA' LFI looses almost 90
percent of its thickness between well OR0613 in Orange county, and W-16226 (BR1217), in
central Brevard, a distance of 25 miles. It would be reasonable to expect a corresponding
reduction in permeability. Model derived values for transmissivity of the lower Floridan
exhibited a similar eastward decline (Sepulveda, 2002). A transmissivity of 1,360 f¥/day, was

estimated at BRI217, and used to guide the automated interpolation to a similar conclusion.”
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HydroGeoLogic (2006) estimates the range of hydraulic conductivity values from 9.6 to 1,700
ft/day with an average value of 820 feet/day.

Reese and Richardson (2004) provide a good overall discussion of aquifer data quality issues

related to the map generation effort and how these various issues were resolved.

“Ideally, hydraulic parameter maps would be generated based solely on high quality multi-well
aquifer performance tests fully penetrating a single hydrostratigraphic unit. Single-well APT
tests are generally representative of a smaller portion of the aquifer and provide no storage or
leakance information. Packer tests have the same problems as single-well APTs and are almost
invariably partially-penctrating; their pressure response can also be overwhelmed by friction
loss in the drill stem pipe. Because of technical limitations (difficuliy of achieving complete seal
& low pumping rates) packer tests may also produce permeability estimates that vary by an
order of magnitude from APT results. Core permeability measurements represent a very small
portion of the system, and tend to drastically under-estimate permeability, particularly when
most of the rock permeability is due to secondary rather than primary porosity. The reliability of
the input data was weighted accordingly. Priority was given (o fully penetrating APTs, followed
by partially-penetrating APTs. For the permeable zone maps, packer test data was used only

when nothing else was available” (Reese and Richardson, 2004).

An independent evaluation of the same aquifer data completed for this report shows that there are
multiple semi-variograms that can be used to krig the data. Each of these produces a slightly
different distribution map. Also the error estimates for the aquifers increase with depth based
upon the number of data points available. For instance, the error estimate of APPZ horizontal
hydraulic conductivity ranges from 200 to 1,000 fi/day. This conclusion is similar to the

evaluation made by Reese and Richardson (2004).

Hydrogeologic (2006) summarized the remaining available hydraulic parameter data in a table in
thetr model report. That table is reproduced in this report as Table 1. These data were also the

basis for the imtial hydraulic parameter assignments during model development,
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Table 1. Hydrogeologic Properties of Aquifers and Confining Units in the Study Area

Aquifer Parameter 0?):;:3:;::;5 Minimom | Maximam Average®
ICU Kh (fi/day} 33 0.0001 1,563 152°
ICU Kv (f/day) 20 1.1x10° 1.0 0.12
UFA Kh (ft/day) 100 .45 3,700 180
UFA Kv {ft/day)" 100 0.22 1,850 90
MCI Kh (f/day) 12 1.1x107 0.665 0.19
MC1 Kv (ft/day) 12 55x10° 0.332 9.52 x 10°
MF (APPZ) Kh (fi/day)} 47 3.4 18,000 1,100
MF Kv (t/day)* 47 1.7 5000 550
MC2 Kh (ft/day) 34 0.083 60 9.5
MC2 Kv (ft/day)® 73 1.3x 107 30 3
MCI/MC2 | Kv (ft/day)from L (d") 45 5.8x 10 1.7 0.177
LF Kh (ft/day) 14 2.6 1700 820
LF Kv (f/day)® 19 0.49 830 300
BZ Kh (ft/day) C 8,600 62,000 NA
ICU Porosity C 0.30 0.50 NA
FAS Porosity C Q.05 0.30 NA
IAS Specific Storage (ft) C 1.0 x 10 5.0x 10 NA
FAS Specific Storage (ft™") C 1.6x 10° 5.0x 10° NA
FAS o, (f) C 1,250 5,000 NA
FAS oty (f) C 125 500 NA
Notes:
A Calculated using Kh and Kh / Kv ratio of 2
B Core samples that are more than an order of magnitude less than the minimum APT value
calculated using a KhKv of 2 were disregarded.
C Estimated from typical literature values
D Data include hydraulic conductivity values from aquifers (within the intermediate aquifer system)
which comprise [CU
E Golder assumes that the average refers to the geometric mean value

NA Not Applicable

3.5 Groundwater Levels and Flow

The predominant source of groundwater flow in the FAS in south Florida is precipitation falling

on the land in recharge areas north and west of the study area. Figure 9 depicts the variation in

precipitation across the study area at different gauging stations including Titusville, Fort Pierce,
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Moore Haven, and Miami. Much of this precipitation runs off into nearby surface water bodies
while the rest percolates slowly into the ground into the SAS. According to Fernald and Purdom
(1998), 1 to 45 inches of precipitation recharges into the SAS each year depending upon the
topography and surface soil type. A percentage of this available recharge percolates deeper into
the FAS through remnant sinkhole features or through the Hawthorn Group to the north and west
of the model domain. Figure 10 shows that only limited recharge to the FAS is expected within
the model boundary. According to the literature, up to 1 inch of precipitation per year recharges
the FAS in the northwestern corner of the model boundary. According to the literature, the
remainder of the model study area generally discharges from the FAS to the SAS. According to
Figure 10, up to 2 inches of equivalent precipitation discharges from the FAS through the
Hawthorn Group to the SAS. Table 2 was prepared assuming 0.01, .1, and | inch of diffuse
discharge per year on average from the FAS into the SAS or the Atlantic Ocean across the entire
16,000 square mile active model area. These values provide a useful check on the calibrated

model water budget.

Table 2. Estimates of potential vertical discharge from the FAS to the SAS/Atlantic Ocean

Amount of Equivalent
Discharge from FAS

Discharge Flow Rate

Discharge Flow Rate

(in/ycar) (ft'/day) {Gallons per Day)
0.01 1,018,389 7,617,550
0.10 10,183,890 76,175,500

1.0 101,838,900 761,755,000

Based upon these crude estimates, it is unlikely that the FAS discharge is more than 0.10 inches
per year given the enormous flow estimate using 1.0 inches per year of discharge. Therefore, it
is likely that the total average vertical discharge through the Hawthorn Group from the FAS to
the SAS/Atlantic Ocean is between 1,018,389 and 10,183,890 cubic feet per day (ft’/day).

Most of the recharge to the FAS enters along a high topographic ridge located throughout Polk
and Highland Counties, Florida. Evidence of this recharge to the FAS includes water quality
data and groundwater age data (Hanshaw and Back, 1965 as discussed in Fetter (1988)).
Chloride and total dissolved solids (TDS) data availabie for selected FAS weils in the recharge
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area clearly indicates chemical characteristics similar to precipitation. Investigators at the U.S.
Army Corps of Engineers (USACE) have prepared regional water level and water quality maps
for the UFAS (USACE and SFWMD, 2004). Figure 11 shows concentration of TDS within the
UFA in the recharge zone along with the coarse surface topography of Florida. Although the
data utilized to develop the TDS contours was incomplete within the model study area at the
time, the figure clearly shows that TDS values of 250 milligrams per liter (mg/l} or less are
coincident with the higher land elevations in Polk County and along the Highlands County ridge.

Therefore, freshwater is recharging the FAS in this area.

3.5.1 Spatial Patterns

The recharge enters the aquifer by gravity flow such that the potentiometric surface of the FAS in
the Polk County recharge area is a subducd reflection of the topography. The groundwater then
flows downgradient where the head declines due to frictional losses within the FAS due to the
circuitous nature of the flow. North of Lake Okeechobee the potentiometric surface of the FAS
is below the ground surface, but, as the surface topography drops and flattens south of Lake
Okeechobee the potentiometric surface actually rises above the ground surface. With few
exceptions, this creates flowing artesian conditions throughout the FAS within the model study
area. Groundwater flow in the UFA emanates from the recharge area and flows in all directions.
Much of the groundwater flow exhibits a southernly direction and this water is the source of
supply to the UEC and LEC of Florida. Meyer (1989) presents an estimated “pre-development™
potentiometric surface map of the UFA from May 1980. This figure is approximately
reproduced 1n this report as Figure 12. it can be seen in the figure that groundwater elevations in
the UFA within the model boundary range from 60 to 70 feet in west-central Palm Beach County,

Florida to 40 feet along the Florida east coast.

Fernald and Purdom (1998) provide a potentiometric map of the UFA for 1995 average artesian
pressure.  Although this figure (reproduced as Figure 13 in this report) only provides
groundwater contours for the UEC portion of the model study area, it is clear that pumping has
lowered the UFA water levels by 10 feet or more in St. Lucie County. Numerous potentiometric
maps have been published for the UFA over the last 20 years but there are no similar maps for

the APPZ.
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Using the Meyer pre-development map of the UFA as a starting point and assuming that the
APPZ is significantly more permeable than the UFA within the study area, and that the
upgradient direction in the APPZ is still towards the Highlands ridge recharge area, it is possible
to estimate the APPZ pre-development water levels. This estimated pre-development
potentiometric surface is shown as Figure 14 of this report. Based upon this figure, it is possible
that the heads in the APPZ along the western boundary of the model area were 1 to 3 feet higher
than the UFA heads due to the higher aquifer permeability in the APPZ and UFA well pumping
north of the model boundary. In addition, given the greater depth of the APPZ and its significant

confinement within the study area, it may also be under greater artesian pressure.

3.5.2 Temporal Patterns

Water level data from FAS observation wells throughout the model study area was compiled for
this report. These data were aggregated and contoured within the model boundary for the period
of study from 1999 1o 2005. Figures 15 through 21 depict estimated average water levels
within the UFA for December of each year. Generally, the water levels throughout the model
study area do not vary much year to year. The only exception to this observation occurs within
the UEC area where well pumping is variable year to year which directly affects the water levels
within the UEC. Figure 22 provides a direct comparison of water levels from December 1999
and 2005. This figure demonstrates that the water levels have been stable south of Palm Beach
County. Starting in Palm Beach County and moving north into Martin, St. Lucie, Okeechobee,
and Indian River Counties, water levels have declined between 1999 and 2005. Review of the
50 foot contour reveals that water levels have declined 2 to 5 feet from Palm Beach County north
over the 6 year period contoured. Figure 23 provides further evidence of the water level
reductions that have occurred in the UFA. Figure 23 provides a comparison of estimated pre-
development water levels (pink contours) and December 2005 water levels (blue contours). The
figure indicates that artesian water levels have declined S to 10 feet within the model study area.
In addition to reviewing and evaluating the spatial temporal patterns within the UFA, observation
well hydrographs were studied. Figure 24 shows the location of the various wells analyzed for

long-term trends.

Figures 25 depicts water level hydrographs for UFA wells Romp 28, BR0624, and IR(968.

These wells are located north and northwest of the model study area, Well Romp 28 is located
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south of the Highlands ridge recharge area and water level data reflects regional recharge trends
within the UFA. From 1998 to 2006, the mean water level at Romp 28 increased from
approximately 53 feet NGVD 1929 to approximately 67 feet NGVD 1929, Figure 26 shows the
water level hydrographs and long-term trend lines of the data. The figure clearly shows a
significant upward trend for all three wells, especially Romp 28. In fact the slope of the Romp
28 trend line is 0.0053 feet/day upward. Similarly, IRO968 and BR0624 have upward siopes of
0.0016 and 0.0014 feet/day, respectively. Figures 27 and 28 depict additional well hydrographs
for wells located within the northern portions of the model boundary. The hydrographs clearly
show a mixed picture of long-term trends. For instance, wells IR0992, L-2, and PBF-2 have
slight upward trends with slopes of 0.0004, 0.0001, and 0.0004 feet/day, respectively, while
wells SLF-69 and PBF-7 have downward trends with slopes of 0.0137 and 0.0019 feet/day,
respectively.  Only well SLF-21 shows a more significant upward slope. None of the wells
evaluated have upward slopes similfar to Romp 28, IR0968 or BR0624. Figures 29 and 30 show
well hydrographs for wells located within the southern portion of the model boundary. All of
these wells exhibit slopes that are only slightly upward or flat. Again, there is little similarity in

the upward slopes observed in the upgradient portion of the model study arca.

What do these hydrographs tell us? Certainly, as long as the wells are not near pumping stresses,
the hydrographs farthest from the FAS recharge zone should exhibit the smaliest changes in
water level amplitude year to year as compared to the Romp 28 and in reviewing the various
hydrographs, this is the case. Most of the well hydrographs mimic the water changes (e.g., the
“peaks and valleys”) of Romp 28. For instance, in June of 2004, Romp 28 reveals a large valley
where the FAS water levels drop by 13 feet from the wet season to the dry season. This same
water level drop is exhibited on all well hydrographs with the exception of SLF-69 which
apparently is affected by localized pumping wells. In addition, all of the wells reveal that the
bottom of the trough occurs at approximately the same time indicating that UFA is behaving as a
confined aquifer with changes in pressure transmitted rapidly throughout the system. The degree
of amplitude change from Romp 28 to the other wells is probably a reflection of distance and
localized well pumping. Generally, the smallest changes in amplitude are observed in the far
southern regions of the model domain. Although most wells replicate the water level patterns at
the recharge area, many do not exhibit the long-term upward trends apparent at Romp 28. Most
likely, the cause of this is a long-term decline in the water level within portions of the model

study area. Without the long-term water level decline, it is likely that more wells would exhibit
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steeper long-term upward slopes. The long-term water level decline is likely due to increased
water use within the FAS. Water use data within the study area is discussed further in later

sections of this report.

3.6 Groundwater Quality

The groundwater quality of the FAS is quite complex due to the intermixing of salt-water and
fresh water near the FAS outcrops plus a large vertical mixing component due to leakage
between the various aquifer layers. Similar to the aquifer test data, the amount of observation
well water quality data available for the FAS declines with depth, with the UFA having the most
data and the LF1 having the least. The following sections discuss the spatial water quality

patterns and the temporal patterns within the model study area.

3.6.1 _ Spatial Patterns

Figure 31 displays a contour map of total dissolved solids (TDS) within the UFA. The contour
map was prepared using ordinary kriging of water quality data available for existing observation
wells. Other contouring methods produced similar TDS distributions to ordinary kriging where
sufficient data was available. Since not all of the water quality data is from the same time
period, the figure should be considered a lumped average TDS contour map for the aquifer. As
can be seen on the figure, the TDS varies from less than 2,500 mg/l in the northern and western
portions of the model study area to near ocean water at the UFA outcrop. A majority of the
peninsular portion of the UFA is characterized by TDS ranging from 1,000 1o 5,000 mg/l. One
apparent anomaly is evident in northeastern Broward County. At this location, the TDS is
greater than 10,000 mg/l and the outline of the anomaly is defined by at least 3 separate wells in
the area. The cause of this anomaly is unknown at this time. Figure 32 overlays predominant
groundwater flow direction from the UFA pre-development map and the December 2005 map
discussed previously. It appears that the dominant flow directions have changed since pre-
development time with the flows shifting northward. Increased pumping of water supply and
irrigation wells in the study area may be the cause of this shift. Insufficient data was available to
prepare similar TDS contour maps for the APPZ and LFA. Portions of the APPZ are slightly
more brackish than the UFA due to its depth and the fact that portions of the aquifer cross the
saline water zone identified by Reese (1994) and Reese and Memberg (1999). Data collected by
the SFWMD indicates that the APPZ is actually less brackish than the UFA in a large area from
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Coral Springs, Florida to West Palm Beach, Florida. The LFA includes mostly sea water with
fresher water entering the model study area along the western boundary. The fresh water quickly
mixes with the sea water most likely resulting in TDS values ranging from 10,000 to 20,000 mg/|

in the western and northern areas of the study area.

3.6.2 Temporal Patterns

A number of observations wells were evaluated to determine water quality trends between 1999
and 2005. TDS concentration data was plotted versus time and then the various graphs were
sorted into geographic regions. The wells evaluated are shown on Figure 33. With the
exception of 203-1 and 2-3, all wells had open-hole intervals measuring the water quality of the
UFA. Wells 203-1 and 2-3 are mostly measuring the water quality of the APPZ. Figures 34 and
35 depict TDS trends within the northern portion of the model study area. Well OK0001 is
located in northeastern Okeechobee County and probably represents a reasonable upgradient well
for trend comparison purposes. OK0001 generally has a flat to slightly downward concentration
gradient over time. The remaining wells shown on Figure 35 clearly show flat to slightly

upward TDS trends.

Figures 36 and 37 depict TDS trends within the central portion of the model study area. Well
L.2-PW2 1s located in eastern Hendry County and probably represents a reasonable upgradient
{compared to wells located east and south of L2) well for trend comparison purposes. L2-PW2
generally exhibits a downward concentration gradient over time. Wells located within Palm
Beach County generally also exhibit slightly downward to downward concentration gradients
over time. However, the two Martin County wells exhibit flat (well M-1034) to upward (well

MF-35) concentration gradients over time.

Figures 38 and 39 depict TDS trends within the southern portion of the model study area. Well
L2-PW2 is located in eastern Hendry County and probably represents a reasonable upgradient
well for trend comparison purposes. L2-PW2 generally exhibits a downward concentration
gradient over time. Wells located within Miami-Dade County generally also exhibit slightly
downward to downward concentration gradients over time. However, the two eastern Broward
County weils exhibit flat to upward concentration gradients over time. These data are consistent

with Figure 31 which rcveals a high TDS anomaly located in northeastern Broward County. The
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cause of this anomaly is currently unknown. Plausible explanations could include sali-water
intrusion from the Atlantic Ocean, upconing from deeper aquifers due to unregulated pumnping,

or the existence of trapped connate watcr in the UFA in this tocation.

Generally, the trends observed in the water quality data are consistent with the long-term water
level data for the UFA. The water level data revealed a long-term increase in water level along
the FAS Highlands ridge recharge zone. The water level rise was evident in most of the wells
reviewed, however, the upward slopes tended to be damped. In addition, a number of wells
located in St. Lucie and Martin, Counties actually showed significant water level declines.
Assuming higher recharge is entering the UFA and APPZ and no other anthropogenic impacts to
the aquifer, the long-term TDS concentration should be downward. However, many of the wells
reviewed for this report have flat to upward concentration gradients, possibly indicating that well
pumping from the UFA or APPZ is counteracting the regional recharge effect. If regional
recharge declines significantly or water use continues to increase in the next few years, it is
possible that UFA water quality may continue to deteriorate. The rate and magnitude of the
water quality change will be controlled by the degree of aquifer confinement, aquifer

transmissivity, and boundary conditions.

3.7 Water Use Data

The SFWMD provided water use data for the entire study area to Golder. The data included well
ID/permit number, well location, cased depth, boitom of well elevation, source (e.g., SIRWMD,
UEC estimated irrigation, public supply, LEC), and average daily pumping rate in million galions
per day (MGD). Over 1,400 pumping wells were included within the model area. Table 3
provides a complete list of all pumping wells entered into the model. Groundwater Vistas™
software was utilized to automatically assign the pumping amount for each well to the proper
model layer by using the cased depth and bottom elevation of the well. Visual Basic programs
were developed to organize the well pumping data and create a data input format compatible with
Groundwater Vistas'"™. As part of the model revisions of the original 1999 to 2004 transient
model, Golder identified data discrepancies with the water use data. As part of the reviscd model
strategy and contract modification, Golder completed a thorough review and validation of the

water use data. Golder identified duplicate wells, incomplete data sets, and anomalous
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information. Golder used the follow strategies to amend and validate the data for input into

tin,

Groundwater Vistas™

¢ Duplicate wells — delete ail duplicates;

s Missing water supply pumping data — Develop estimates of pumping data
based upon long-term pumping averages for a given well; and,

* Anomalous information — Edited fields and data if correct information was
available.

Figures 40 and 41 provide water use graphs (cubic feet per day [cfd]) by source for all pumping
wells within the model boundary. The aggregated water use total graph clearly shows substantial
variation year to year with a low total of 12,000,000 c¢fd in September 1999 to as much as
24,000,000 cfd in December of 2004. Figure 41 includes long-term trend lines for the various
water use components, All components with the exception of the LEC are generally flat to
slightly downward. Since most of the components are estimated irrigation water use in the UEC,
it is logical that irrigation demands could actually be shrinking due to the spread of urban
development within the UEC over the last 5 years. However, the small decline in irrigation use
is more than made up by the increase noted for the LEC public supply data. The mean trend
water use for LEC potable supply increased from just over 4,600,000 cfd in 1999 to nearly
9,000,000 cfd in 2005, This is an increase of nearly 200% in seven years. This long-term trend
could explain the long-term trends exhibited in the water level data and TDS data for the UFA,

especially within the UEC portion of the model.

38 Conceptual Model

The groundwater flow within the FAS along the southeastern coast of Florida is likely quite
complex. Limited data exists within the APPZ, LFA, and Boulder Zone portions of the aquifer
complex. As discussed earlier in this report, precipitation recharges the FAS through Polk
County and along the Highlands County ridge. Recharge flows downward and recharges the
UFA, APPZ, and LFA. Near the recharge zone numerous karst features and preferential flow
pathways have led to a highly permeable flow system. All three FAS aquifer components exhibit
high transmissivities and are highly interconnected. Figure 42 depicts water level hydrographs
for four aquifer zones at the Polk County recharge area. The highest water level is found within

the SAS. The water levels of the Intermediate Aquifer System (IAS), UFA, and APPZ are almost
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identical. Ultimately, the recharge is converted to groundwater flow and travels down gradient
where the potentiometric surface gradually declines due to frictional losses within the aquifer
system. The potentiometric surface declines are a function of hydraulic conductivity of the
aquifer. Therefore, it is reasonable to expect that water levels would exhibit significant
differences depending upon the degree of permeability of each flow zone and the overall aquifer
confinement. In southern Florida, aquifer test data has revealed that the APPZ and the LFA have
higher aquifer transmissivity than the UFA from approximately Palm Beach County northward
and comparable values south of this area. Therefore, in portions of the model domain, the water
levels within the APPZ and LFA could be higher than the UFA. Anthropogenic effects of well
pumping certainly can also affect the overall water levels and vertical gradients between each
aquifer zone. North of Lake Okeechobee, the UFA and APPZ are pumped heavily for potable
water supply and irrigation purposes. However, within the model study area and within most of
southern Florida, the UFA is the primary source of water supply due to the extra expense to
install deeper weils into the APPZ. Golder has assumed that the APPZ is the primary source of
water entering the model/flowing beneath south Florida and that it should have water levels 1 to
3 feet higher than the UFA for the reasons described above. This situation is also borne out by

the ficld data observed at well nests Alligator Alley and Western Hilisboro.

Within southeastern Florida, the freshwater inflow from the FAS meets sea water from the
Atlantic Ocean and results in a large mixing zone. Some freshwater will mix with the sea water
while the rest will likely flow on top of the sea water due to density differences. The discharge
of freshwater into the Atlantic Ocean depends upon the potentiometric head of the freshwater in
the FAS and equivalent freshwater head at the Atlantic Ocean boundary. For this report, an
evaluation of hydrostatic pressures and equivalent freshwater heads was completed to evaluate
potential flows into or out of the various FAS units. Assuming a potentiometric head of 40 feet
in the UFA along the Florida southeastern coast, the hydrostatic head difference (using
equivalent freshwater heads) for the primary FAS aquifers and the Atlantic Ocean (assuming

average head of 0 feet) is as follows:

» UFA +16.5 feet from west to east (e.g., flow out to Atlantic Ocean)
s APPZ +5.9 feet from west to east (c.g., flow out to Atlantic Ocean)
s LFA -1.95 feet inward from east to west (e.g., flow from Atlantic Ocean)

* BZ -5.6 feet inward from east to west (e.g., flow from Atlantic Ocean}
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Assuming a 10 foot reduction of potentiometric head to 30 feet in the UFA along the Florida
southeastern coast, the hydrostatic head difference for the primary FAS aquifers and the Atlantic

Ocean is as follows:

o UFA + 6.5 feet from west to east {(e.g., flow out to Atlantic Ocean)
* APPZ -4.1 feet inward from cast o west (e.g., flow from Atlantic Ocean)
e LFA -12 feet inward from east to west (e.g., flow from Atlantic Ocean)

e BZ -15.6 fect inward from east to west {e.g., flow from Atlantic Ocean)

[t is clear that the FAS will discharge to the Atlantic Ocean if heads remain high but significant
changes occur if the head is reduced 10 feet. This simplistic analysis is helpful to understanding
the complex flow paths at the coast. Figure 43 depicts the Golder conceptual groundwater flow
model of the study area. This model is based upon our understanding of the flow regime as well
as an analysis of equivalent heads at the FAS outcrops. Within the Boulder Zone, flow for most
of southeastern Florida is likely inward towards the peninsula. Within the LFA, the flow will be
inward from the Atlantic Ocean until the LFA head exceeds approximately 21 feet. Within the
APPZ, the flow will be inward from the Atlantic Ocean until the head exceeds 31.5 feet. Within
the UFA, the flow will be inward from the Atlantic Ocean until the UFA head exceeds 23 feet.
This crude evaluation indicates that for the present, the UFA will be dominated by freshwater
flow out rather than sea water intrusion inward. As the sca water travels west within the Boulder
Zone or LFA, it will have a tendency to mix with the freshwater and possibly flow upwards
through confining units into higher aquifer units. Vertical tlow within the FAS has been studied

by several notable authors {Kohout, 1965; Reese, 1694).

Kohout (1965) proposed that thermal convection within the Florida Plateau inland is causing
additional cold sea water flows into the Boulder Zone and possibly the LFA. In theory, the cold
salt water mixes with freshwater water and is heated by thermal convection cetls emanating from
deep geologic zones in the Florida Basement. The fresher and hotter water is then less dense
allowing it to travel upward in the stratigraphic column into the APPZ or UFA. From there it
mixes with recharge water and flows back into the Atlantic Ocean. Meyer (1989) used apparent
carbon-14 age data to show that groundwater closer to the Atlantic Ocean in the Boulder Zone
was younger than water located further to the west. HwdroGeoLogic (2006) discusses more

recent groundwater isotope and noble gas studies undertaken by SFWMD. The apparent age of
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groundwater along a transect from Fort Myers to West Palm Beach revealed relatively young
groundwater likely due to the proximity to FAS recharge areas. Along the transect from Naples
to Fort Lauderdale, SFWMD found evidence for upward movement from the LFA into the
APPZ/UFA as well as inward flow from the Atlantic Ocean and Gulf of Mexico. The transect
from Everglades City to Miami, the data suggests that there is upward flow from the LFA to the
APPZ/UFA and inward flow from the Atlantic Ocean. This age data is consistent with the

conceptual model outlined by Golder on Figure 43.

As part of the development of the conceptual groundwater flow model, basic water and mass
budgets were completed for the FAS within the model study area. Figures 44 and 45 outline
estimated inflows along the western model boundary using existing groundwater elevation data
and assuming hydraulic conductivities as shown (c.g., 50 feet/day for the UFA and 500 to 3,000
feet/day for the APPZ). The source of these recharge flows is Polk County but enter the model in
a westerly fashion due to post-development pumping in the study area. The inflows from the
UFA are estimated to be approximately 630,000 cfd while the inflows from the APPZ are
thought to range from 6,300,000 to 37,900,000 cfd (~ 22,000,000 cfd average). Detailed analysis
of the LFA was not completed since only limited water level data is available, however, the
inflows into the LFA should probably be in the same order of magnitude as the APPZ since the
transmissivity of the LFA is probably similar. Figure 46 presents a plausible hypothetical water
and mass budget at steady-state conditions for the FAS in the model study area of southern
Florida. TDS mixing calculations reveal that average concentrations within the APPZ and UFA
would be approximately 2,000 to 6,000 mg/l based upon the assumed water budget. The actual

TDS concentration in the UFA and APPZ is on the same order of magnitude.
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4.0 PREVIOUS MODEL STUDIES
4.1 Lower East Coast Floridan Aquifer Model - SFWMD

The Lower East Coast Floridan Aquifer Model was developed by the SFWMD in 1999
(SFWMD, 1999). The model was used to evaluate water resources issues within the Lower East

Coast Water Supply Region in southeast Florida.

The model domain covered 16,434 square miles along the southeastern coast of Florida. The
mode! grid included 91,822 cells with a cell size of 5,280 feet by 5,280 feet. The model included
nine layers simulating the SAS (Layer 1), ICU (Layer 2), UFA (Layer 3), MCU (Layer 4),
UFA/APPZ (Layer 5), MC2 (Layer 6), LFA (Layer 7), LC {Layer 8), and the Boulder Zone
(Layer 9). The model was calibrated assuming steady-state conditions using average heads from
1995 to 1997. Water levels data was available in 26 SEFWMD wells and 47 utility wells. The
model used “equivalent freshwater heads™ to account for the water quality gradients within the
FAS. The model used general head boundaries on the exterior of the model and assumed

constant head boundaries in the SAS and the Boulder Zone.

The Lower East Coast Floridan Model includes a majority of the ECFAS Phase Il model domain
such that there is considerable overlap in the two models. The average calibrated horizontal (Kh)
and vertical (Kv) hydraulic conductivities of each layer are presented as follows:

» Layer 1 — Not applicable since it was a constant head boundary;

e Layer2-Kh=025 ft/day and Kv=1 x 107 ft/day;

e Layer 3—Kh= 175 fi/day and Kv = 8 fi/day;

¢ Layer 4 ~Kh=0.09 ft/day and Kv=7 x 10~ fi/day:

¢ Layer 5—-Kh=75 fi/day and Kv = 9 ft/day;

e Layer 6 —Kh =9 fi/day and Kv =2.2 x 107 f/day;

o Layer 7—Kh =99 fi/day and Kv=2.2 x 10+ ft/day;

» Layer 8§~ Kh=0.9 ft/day and Kv=1.7 x 10” fi/day

* Layer 9 - Not applicable since it was a constant head boundary.
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These values equate to approximate aquifer transmissivities of 52,500 ft*/day, 22,500 ft’/day, and
29,700 ft’/day for the UFA, UFA/MFA (APPZ), and LFA, respectively. The model results
revealed that a majority of the flow in the model was vertical. Also, it was noted that

approximately 90% of the inflow recharge into the UFA came from lower FAS aquifer levels.

4.2 “Mega Model” - USGS

The Peninsular Model or “Mega Model” was developed by the USGS in 2002 (Sepulveda, 2002).
The model was prepared to evaluate water resources issues within the Florida peninsula. The

purposes of the model are listed in the report as follows:

® Test and refine the conceptual understanding of the regional groundwater
flow system;

¢ Develop a database to support sub regional groundwater flow modeling; and

* Evaluate effects of projected 2020 groundwater withdrawals on groundwater
levels.

The model domain covers 40,800 square miles along the Florida peninsula from Georgia in the
north to Lake Okeechobee in the south. The mode! grid includes 210 columns and 300 rows with
a cell size of 5,000 feet by 5,000 feet. The model includes four layers simulating the SAS
(Layer 1), IAS and ICU {Layer 2), UFA (Layer 3), and the LFA (Layer 4). The so called
“APPZ”, is included as part of Layer 3 in the Mega Model. The model was calibrated using
average hydrologic conditions from August 1993 to July 1994, The calibration time period
corresponded with a regional synoptic data collection effort carried out by the USGS that
included the collection of water flow, spring flow, river/lake stage, and river base flow data in

the study area.

The base of the model coincides with the 5,000 mg/t isochlor surface. Groundwater flow below
this surface where chloride exceeds 5,000 mg/l was not included in the conceptualization of the
flow system in the study. In addition, groundwater flow across this interface was assumed to be
negligible. Multiple model variables including aquifer transmissivity, leakance, spring/riverbed

conductance, and net recharge were adjusted until the calibration criteria were ail met.
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The Mega Model includes a portion of the ECFAS Phase II study area (current model study area)
including Indian River, Okeechobee, St. Lucie, and Martin Counties, Florida. Therefore, the
remaining discussion of the Mega Model will focus upon those areas where the two models
overlap. The Mega Modet includes figures depicting calibrated transmissivity ranges for the area

of interest. For the UFA, the transmissivity is generally between:

» 10,000 and 50,000 ft’/day for Okeechobee County:

* 50,000 to 100,000 ft*/day for Martin County:

» 50,000 to 500,000 ft%/day for St. Lucie County; and

e 100,000 to 500,000 ft*/day for Indian River County.
One important distinction between the Mega Model and the ECFAS Phase Il model is that the
UFA in the Mega Model includes the APPZ which is a separate layer in the ECFAS Phase II
model. Therefore, the total transmissivity shown for the Mega Model is not directly comparable
to the ECFAS Phase Il model; however, it is still useful for qualitative comparisons. One other
important observation related to the UFA transmissivity distribution is that the calibrated Mega
Model includes bands of low transmissivity along the Florida east coast. In the model domain
that was continued to the FAS outcrop in northeastern Florida; this band has a transmissivity of
3,000 to 10,000 ft*/day. Considering that the UFA in the Mega Model inciudes both the south
Florida UFA and APPZ, this is significant indicating that aquifer changes may occur at the FAS

outcrop beneath the Atlantic Ocean. Perhaps diagenesis or physical plugging of the outcrop has

occurred in these locations.

The Mega Model includes a similar transmissivity distribution map for the LFA. For the LFA
the calibrated transmissivity is generally between:

¢ 300,000 to 500,000 fi*/day for Okeechobee County;

* 300,000 to 500,000 ft’/day for Martin County;

s 300,000 to 500,000 fi*/day for St. Lucie County; and

* 100,000 to 500,000 ft’/day for Indian River County.

The Mega Model includes a similar map displaying leakance of the ICU. For the ICU the

calibrated leakance is generally between 1.0 x 10 and 1.0 x 107 feet/day/foot for Indian River,
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Martin, St. Lucie, and most of Okeechobee Counties. In reviewing the estimated thickness of the
ICU in Reese and Richardson (2004), the corresponding range in vertical hydrautic conductivity

for the ICU would be:

s (.0003 to 0.003 ft/day for Okeechobee County;
e 0.00055 to 0.0055 ft/day for Martin County;
s 0.000375 to 0.00375 fi/day for St. Lucie County; and

e 0.0002 to 0.002 f/day for Indian River County.

A small part of the ICU in Okeechobee County that is located beneath a topographic surface high
(probably a ridge in the SAS) has a range from 6.1 x 10 to 3.0 x 10™ feet/day/foot. This would

equate to a vertical hydraulic conductivity range from 0.183 to .09 fi/day.

4.3 East Coast Floridan Model Phase I - HydroGeoLogic

The East Coast Floridan Aquifer System Model was developed by HydroGeoLogic (2006) in
2006. The model was prepared to simulate the entire FAS within southeastern Florida in order to
examine water resources changes and development that is imminent. The model domain covers
approximately 10,500 square miles covering mostly Palm Beach, Broward, and Miami-Dade
Counties, Fiorida. The model grid includes 51,040 celis with a cell size of 2,400 feet by 2,400
feet. The model includes 14 layers simulating the entire aquifer flow system in south Florida.
The model was calibrated to pre-development conditions as well as steady-state conditions from
1999 to 2005. Calibration included a comparison of observed and simulated groundwater levels
and water quality. The model employed specified head boundaries along the western and eastern
boundaries. The Boulder Zone and the SAS are simulated as constant head and constant

concentration boundaries.

'The average calibrated horizontal (Kh) and vertical (Kv) hydraulic conductivities of each layer

are presented as follows:

* Layer I and 14 — constant head boundaries;
s Layer 2 (ICU) - Kh= 001 and Kv = 0.0001 fi/day;

* Layer 3/4 (UFA) — Kh = 400 and Kv = 200 fi/day;
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e Layer 5/6 (MCU1) - Kh =.1 and Kv = 0.01 ft/day;

¢ Layer 7/8 (APPZ) — Kh = 75 and Kv = 37.5 ft/day (average conditions in
majority of model domain);

¢ Layer 7/8 (APPZ) in NE Palm Beach County — Kh = 1,200 and Kv = 600
ft/day;

¢ Layer 9/10/11 (MCU2) — Kh = .05 and Kv = 0.005 ft/day;
e Layer 12 (LF1)~Kh = 600 and Kv = 300 fi/day;

e Layer 13 (LFCU1) ~ Kh = 0002 and Kv = 0.00002 ft/day;

For the aquifers, these average values equate to 80,000 ﬁzfday; 15,000 to 180,000 ﬂzfday; and
120,000 ftzf’day for the UFA, APPZ, and LF1, respectively.

4.4 East-Central Floridan Aquifer Model

The East-Central Florida Aquifer Model (ECF) was developed by the SIRWMD (McGurk and
Pressley, 2002). The model was prepared to simulate pre-development conditions, modern day
post-development conditions, and future development conditions based upon increased water

supply demands within the model study area.

The model domain covers 7,568 square miles. The model grid includes 33,757 cells with a cell
size of 2,500 feet by 2,500 feet. The model includes four layers simulating the SAS (Layer 1),
UFA (Layer 2), UFA/APPZ (Layer 3), and the LFA (Layer 4). Confining units were included as
leakance arrays in MODFLOW. The model was calibrated assuming average 1995 steady-state
conditions. Calibration included comparison of observed and simulated groundwater levels as
well as stream or spring flow. The model used general head boundaries laterally around the
model exterior. The bottom of the model generally coincides with the freshwater-saltwater

interface.

The average calibrated horizontal (Kh) and vertical (Kv) hydraulic conductivities of each layer

are presented as follows:

¢ Layer | —Kh =20 ft/day and Kv = 0.001 to0 0.1 ft/day;

¢ Layer 2 - Kh = 50 to 5,000 f/day and Kv = 0.25 to 50 ft/day;
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¢ Layer 3—Kh=50to 5,000 ft/day and Kv =0.01 to 1.5 {t/day;
* layer4-Kh=15to 500 fi/day and Kv=0.01to 0.1 ft/day;
These values equate to approximate aquifer transmissivities of 15,000 to 1,500,000 fr'/day;

15,000 to 1,500,000 ft’/day; and 4,500 to 150,000 ft’/day, for the UFA, APPZ, and LFA,

respectively.

4.5 CERP Model ~ U. S. Army Corps of Engineers (USACE)

The USACE and the SFWMD are currently developing a large numerical model of the Florida
peninsula from Qrlando to Key West, Florida using the FEMWATER/WASH 123D groundwater
modeling code. The model is a finite-element formulation with a mesh spacing of approximately
5,000 feet and simulates the entire FAS (Bitner et al.,, 2007). This preliminary model was
utilized to examine various hydrogeological conceptual models that have been put forward by
various authors. The tests included the following:

e Permeable fracture zones;

¢ Regional horizontal anisotropy;

* Low permeability on the Ocean floor;

¢ Disequilibrium from past high sea level stands;

* Increase vertical hydraulic connection between aquifer units; and,

The effects of temperature and pressure on fluid density and viscosity.

The study found that regional horizontal anisotropy and temperature/pressure effects on fluid

density preduced the best match to regional water levels.
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5.0 MODEL DEVELOPMENT
5.1 Conceptual Model

The conceptual modet discussed previously in this report and presented in Figures 43 to 46e was

utilized as a basis for constructing the numerical model.

5.1.1__ Surficial Aquifer System - SAS

The SAS is generally a discharge sink according to the conceptual mode! of southern Florida.
Diffuse upward leakage flows from the FAS and mixes with SAS water or discharges directly
into the Atlantic Ocean. A small portion of the SAS located along a topographic ridge within
Okeechobee, Indian River, and St. Lucie Counties, Florida discharges water into the FAS
through the ICU. The total recharge from this ridge feature is thought to be relatively small as
compared to the low-rate, diffuse upward lcakage from the UFA over the remaining model area.

The numerical model simulates the SAS as a constant head and constant concentration boundary.

5.1.2 Intermediate Confining Unit - ICU

The ICU is substantial confining unit that separates the SAS from the FAS in the model domain.
A low vertical permeability in this unit is required to maintain the high artesian pressures in the
FAS throughout the model study area. Due to its lower permeability, flow through this urit is

expected to be on the low side of regional estimates published in the literature.

5.1.3 Floridan Aquifer System - FAS

The FAS is the main pathway for groundwater flow below the ICU. The UFA, APPZ, and LFA
all provide flow to the total aquifer system. Based upon estimated transmissivities of the
aquifers, the conceptual model indicates that a majority of the flow through the aquifer system
arrives by way of the APPZ and LFA, while considerably less water flows in from the UFA.
However, the discharges to the Atlantic Ocean are probably controlled mostly by the UFA due
vertical density stratification. In addition, geologic cross sections reveal that the projected

thickness of the APPZ and LFA at the Atlantic Ocean is much less than the UFA.
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5.1.4  Boulder Zone - BZ

The BZ is a paleokarst zone that is the lowermost permeable zone of the flow system in the FAS.
Because of its karst nature, the BZ likely has enormous transmissivity and is believed to be
hydraulically connected to the Atlantic Ocean and the Gulf of Mexico. Because of its high
permeability and depth, the BZ contains predominantly seawater. Due to the cold, dense
seawater and possibly convective heating, it is likely that the BZ provides some salinity fo the

LFA which is located above it in the FAS system.

5.2 Description of Model Codes

The numerical models developed for SFWMD and documented in this report use SEAWAT2000
which is an integrated combination of the original MODFLOW code and the MT3DMS code.

All three codes are discussed further below.

221 MODFLOW

MODFLOW 2000 is a computer program that numerically solves the three-dimensional
groundwater flow equation for a porous mediuvm using a finite-difference method (McDonald and
Harbaugh, 1988)}. It includes a number of solvers to facilitate the iterative solution process that
depends upon the chosen convergence criteria. MODFLOW is a widely used program for
constant-density groundwater flow problems. Key factors in MODFLOW’s popularity in the
modeling community are its thorough documentation, modular structure, which makes it easy to
modify and enhance, and the public availability of the software and source code. It is in the

public domain and has been widely used and tested.

5.2.2 MT3IDMS

MT3DMS is a computer program for modeling multi-species solute transport in three-
dimensional ground-water systems using multiple solution techniques, including the finite-
difference method, the method of characteristics (MOC), and the total-variation-diminishing
(TVD) method (Zheng and Wang, 1998). MT3DMS is one of the most common solute transport
models used in the United States since it links to MODFLOW 2000 by utilizing the flow solution
of MODFLOW. MT3DMS includes several contaminant transport solution algorithms including
Method of Characteristics (MOC), third order total variation diminishing (TVD), and a standard
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finite-difference method with central-in-space or upstream weighting,. MT3DMS includes the
capability of modeling multiple transport processes including advection, hydrodynamic
dispersion, adsorption, and chemical reactions (e.g., exponential decay). As with any solute
transport code, MT3DMS is sensitive to the overall model resolution, transport time-step size,

and dispersivity selected as part of the model input process.

823 SEAWAT

The SEAWAT program (Guo and Langevin, 2002) is a combination of MODFLOW and
MT3DMS (Zheng and Wang, 1998) designed to simulate three-dimensional, variable-density,
groundwater flow and solute-transport. The program was developed by modifying MODFLOW
subroutines to solve a variable-density form of the groundwater flow equation and by combining
MODFLOW and MT3DMS into a single program. SEAWAT reads and writes standard
MODFLOW and MT3DMS input and output files, allowing most of the existing pre- and post-
processors to facilitate application of the program to a wide range of practical problems. One
advantage of SEAWAT is that because it uses MT3DMS to represent solute-transport, the
program contains several diverse methods for solving the transport equation including the MOC,
TVD scheme, and a standard finite-difference method with central-in-space or upstream
weighting. The version of SEAWAT-2000 used for the model development effort cannot
account for heat transport or for temperature-dependent fluid properties. A newly released

Version 4.0 of the code does have this capability.

53 Model Discretization

The final numerical model grid includes 542 rows and 192 columns with 14 layers. The
numerical model grid includes 1,456,896 total cells with 1,084,630 active cells. The Phase II
model is about 40% larger than the HydroGeoLogic (2006) model that had 714,520 active cells,

corresponding to the inclusion of the UEC Planning region into the model domain.

5.3.1 Horizontal Resolution

The model horizontal resolution is 2,400 feet by 2,400 feet for each grid cell. For the entire

modet domain, this covers an area of 21,501 square miles. Of this area, approximately 16,000
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square miles are active including offshore cells within Layer 1 {e.g., offshore portions of the

SAS). The remaining cells are set as inactive.

5.3.2 Vertical Resolution

The model inciudes 14 layers vertically as follows:
s Layer1-—SAS
e Layer2—ICU
e Layers3 & 4-UFA
¢ Layers 5 & 6 — MCUI
¢ lavers 7 & 8- APPZ
e Layers9, 10&11-MCU2
s [Layer12-LF|

* Layer 13 — LFCU1 {composite of all confining and permeable zones between
LF1 and BZ}

s Layer14-BZ

Based upon a bottom elevation of -3000 feet and a top elevation of 25 feet, the total model
thickness s 3,025 feet on average. Each of the layers have variable thickness with the confining
units typically thicker than the aquifer flow zones. The aquifer flow zones are typically 150 to
300 feet thick, making the aquifer flow zones much thinner than corresponding confining units.
Figure 46e displays the various vertical layers along with assigned model boundary conditions

for each layer.

5.3.3 Temporal Resolution

The original transient calibration model is run from 1999 to 2004 with monthly stress periods
and 5 day flow time steps. Each flow time step is approximately 6 days long so that each stress
period covers approximately 30 days. When running the 1999 to 2004 model using
SEAWAT2000 in “uncoupled mode”, the model can be run in 3.5 hours on a 3.6 Mhz Intel
processor computer with 4 GB of resident memory. When running the model using SEAWAT in

“coupled mode”, the model runs in 6 days. It should be noted that coupled model run-times can
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be less than 6 days but the flow and mass balance errors are typicaily higher. Due to the long
computational times and the incorporation of more accurate water use data, the revised modeling
strategy included calibration against only 2005 water levels/TDS and validation against 2004
data. A revised steady-state model was also prepared for the project. The revised steady-state
model uses pre-development boundaries and does not include any pumping wells. It runs for 365
days using constant boundary conditions. The revised steady-state model was only used to
compare simulated water levels versus observed pre-development water levels since
concentration changes are only manifested after a mmimum of 30 years. The stcady-state model
takes approximately 30 minutes to run in “uncoupled mode” and 20 hours in “coupled mode.”
The original pre-development steady-state model ran for 363 years and was used to help with the
assignment of initial concentrations in the deeper aquifers. The 2005 transient calibration model
and 2004 transient validation model take approximately 30 minutes to run in “uncoupled mode”

and 20 hours in “coupled mode.”.

54 Hydraulic Properties

Golder initially used the hydraulic parameter distribution provided by the SFWMD and then
adjusted the parameters during model calibration. Golder recalibrated the hydraulic parameters
starting with the distribution estimated by Reese and Richardson {2004). Golder adjusted the
hydraulic parameters locally and regionally. In localized regions around specific wells, Golder
adjusted each hydraulic parameter (e.g., hydraulic conductivity, storage coefficient, effective
porosity) within plus or minus one-third an order of magnitude of the observed field data where
possible. For example, if the minimum and maximum horizontal conductivities were 10 and 100
feet per day, the calibrated range could be as low as 6.67 feet per day and as high as 333 feet per
day. In addition, Golder made additional regional changes of the hydraulic parameters across the
model domain. For these larger, more significant parameter changes, Golder checked to ensure
that the geometric mean of calibrated values is within three standard deviations of the geometric
mean of the observed field data. In this way, the calibrated model should be able to better match
the field data during calibration while achieving lower residuals and mean error. For the aquifers
and coufining units, the ratio of vertical hydraulic conductivity to horizontal conductivity was set
to 1:10 at the start of model calibration. During the model calibration process the minimum ratio

permifted was 1:100 and the maximum !:5.
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During the model calibration effort, it became evident that horizontal hydraulic conductivity
parameters needed to be raised outside of the ranges originally planned. This is conceptually
justified by the fact that SEAWAT2000 assumes porous media conditions (laminar {flow) and is
incapable of simulating secondary porosity features (that may lead to turbulent flow) typically
observed in limestone terrains such as Southeast Florida. Golder decided that hydraulic
conductivity ranges would be maintained as closely as possible, within the UFA while the APPZ
could be increased outside of those ranges in certain model areas since there considerably more
uncertainty in the overall hydraulic properties. Where possible, Golder attempted to honor
existing aquifer test results in the APPZ (e.g., at wells L2 and South Bay) Table 4 provides a
comparison of the imitial SFWMD hydraulic conductivity zones used in the model (mostly based
upon literature information) and the final Golder calibrated selections. Figures 46a, 46b, 46¢
and 46d provide maps depicting the hydraulic properties of the UFA, MCUI1, APPZ, and LFA,
respectively. Istimates of aquifer transmissivity in each zone can be developed by assuming that

the average thickness of the UFA is 200 feet, APPZ is 150 feet, and LF1 is 200 feet, respectively.
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Table 4. Comparison of Initial SFWMD Hydraulic Properties and Final Golder Calibrated

Values
Hydrautic
Conductivity Zone Kh (ft/day) Kv (ft/day) Kh (fi/day) Kv (ft/day)
Number or Layer SFWMD SFWMD Golder Golder
Layer 2 0.01 001 0.0003 10 0.04 .000003 to .004

Layer 3/4 - Z11 75 8 55 5.5
Layer3/4 -7 12 20 2 20 2
Layer 3/4 - 713 40 3 52 5.2
Layer 3/4 - Z14 80 8 90 9

Layer 3/4 - Z15 150 15 725 72.5
Layer 3/4 - Z16 150 15 3.33 33
Layer 3/4 - Z17 75 7 5 3

Layer 5& 6 0.5 0.05 .00001 to 25 000001 to 2.5

Layer 7/8 — Z1 150 15 550 55
Layer 7/8 — 72 250 25 600 60
Layer 7/8 — 73 50 5 450 45
Layer 7/8 — Z4 100 10 300 30
Laver 7/8 - Z5 250 25 3,500 350
Layer 7/8 — 726 100 10 A 01
Layer 7/8 — 27 20 2 15 1.5
Layer 7/8 - 78 10 1 18 1.8
Layer 7/8 — 79 100 100 100 100

Layer9, 10 & 11 0.5 .05 0.018t0 0.15 0.0018 te 0.015
Layer 12— 718 500 50 500 50
Layer 12— 2719 100 10 300 30
Layer 12 — Z20 100 10 450 45
Layer 12~ Z21 300 30 150 13
Layer 12 - 2722 300 30 200 20
Layer 12 - Z23 300 30 275 27.5
Layer 12 - 724 360 30 300 30

Layer 13 1 .1 00075 10 0.003 | 0.00075 to 0.0003

For the model, the mean horizontal hydraulic conductivity of the UFA is approximately 50 ft/day

and 1,250 ft/day for the APPZ. These values equate to transmissivities of 10,000 ft*/day and

187,500 ft*/day, respectively.

55 Initial Conditions

The initial conditions for the 2005 transient calibration model were developed using water levels

from December 2004 and average TDS concentrations from 2005 for the entire model. These
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values were adjusted during model calibration. Based upon the modeling results, the initial
water levels for the model were updated several times to reduce the model sensitivity to them.
Generally, the initial water levels were modified by importing water levels from the last model
time step from the 2004 validation run. In this way, the initial heads converged to the optimal
value after several iterations. The initial concentrations were based upon existing TDS data from
the USGS, SFWMD, USACE, and the SIRWMD. Much of the existing field data is temporally
disjointed such that the initial concentrations should be considered a crude average for each unit.
Due to limited TDS data available for the APPZ and the LFA, the initial concentration of these
two units were generalized, This was somewhat problematic during calibration since the model

results indicated that the model was sensitive to these initial values.

5.6 Boundary Conditions

5.6.1 __Specified Heads

Inland Boundary - Golder used a specified head boundary along the western and northern model
boundaries. Golder used the wells shown in Figure 47 to establish the boundary values in the
UFA along the western and northern model boundaries. These wells were used to establish water
levels at each boundary cell and each time step for both the calibration period and the
verification period. Since some of the wells have missing data during the calibration and/or
verification periods, Golder also utilized a multivariate-normal missing value imputation
algorithm, which is part of a commercial statistical software package called NCSS 2000™ 1o fill
in the missing data. This algorithm estimates missing data by regression of the observed values
against available data from other wells. For this analysis, seven wells with complete or nearly
complete records were used as baseline wells for the regression. The locations of these wells are
shown in Figure 48. The hydrographs for the baseline wells and the estimated (i.e., imputed)
data and the actual data for several wells are shown in Appendix A. Once the UFA boundary
was established for the entire modeling period of record, the remaining aquifer boundaries were

established.

The boundaries for the APPZ and LF1 were established as scalars of the UFA boundary. That is,
each of the other aquifer boundaries was a scaled reflection of the UFA boundary. It was
assumed that the APPZ had a head 1 to 3 feet higher than the UFA boundary in portions of the
study arca including the area south of well L2 and north of Alligator Alley. Well nests at L2 and
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Alligator Alley reveal that head in the APPZ was | to 2 feet higher than UFA head. Afier a
number of calibration tests, the best results were obtained using an APPZ boundary assigned as 1
feet greater (on average) than the UFA boundary. The LF1 was thought to have heads lower than
the UFA due to its higher TDS concentrations and great depth. After a number of calibration
tests, the best results were obtained using a LF1 boundary assigned as approximately 40 feet
lower than the UFA boundary. It should be noted that during the model calibration effort, it was
found that the boundary concentration for each aquifer was also very important, especially when
employing SEAWAT2000 coupled mode. It was found that several combinations of boundary
concentration and starting boundary heads could produce similar boundary inflows. In the UFA,
where the water is generally fresher than the APPZ or LF1, this issue is less of a problem, but, it
1s a serious issue in the deeper aquifers since the available concentration data along the western

boundary is quite limited.

For the SAS and the BZ, a constant specified head and concentration was assigned in the model.
For the SAS, the specified head reflected the surface topography while the TDS was assigned a
value of 350 mg/l on the landward portion of the model to reflect potable water while a value of
35,000 mg/l was utilized in the Atlantic Ocean. For the BZ, water levels and the TDS
concentration were the same as the Atlantic Ocean outcrop. Initially, the BZ head was assigned a
transient month to month value based on the Atlantic Ocean average monthly tidal elevation
{(plus adjustment for geostrophic current); however, the model was found to be unstable due to
the rapidly changing pressure waves within the highly permeable BZ. Therefore, the BZ was
assigned a constant head and constant concentration. In order to establish some consistency
between the constant value in the BZ and the transient value along the general head boundaries
for each aquifer at the Atlantic Ocean, the BZ head was chosen as the highest tidal head observed
in the LFt during the model year (either 2004 or 2005). In this way, the BZ always had the
highest boundary head during the model simulation. This is likely the case anyway since the BZ

also is thought to contain the coldest and densest seawater.

3.0.2  General Head Boundaries (GHB)

Ocean Boundary - the monthly tide values (relative to mean sca level) for the coastal tide stations
shown in Figure 49 were applied at the ocean boundary. The boundary water level at the various

aquifer outcrops will reflect the average Atlantic Ocean tidal signature observed at the coast.
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These average values were corrected to reflect values in a consistent model vertical datum
(NGVD 1929). Lastly, the values were adjusted with a correction factor (< 1-foot) added to
account for the effect of the geostrophic pressure gradient with the largest correction factor
applied to the LFI and the smallest UFA. These values were the basis for the general head
boundary assignment at the Atlantic Ocean outcrops of the FAS. Figure 1 in Appendix B
provides the tidal data at each station and an average for all stations. The boundaries for all
layers are shown on Figure 46e. During model calibration, the main parameter that was adjusted
for the GHB was the conductance value. For the final 2005 transient calibration model and 2004
validation model, the conductance is generally highest in the LF1, while the UFA and APPZ are

variable with values ranging from .1 to 125.

5.6.3 Wells

As discussed previously, the various pumping wells were included in the model based upon data
provided by the SFWMD. Each well record included a location, cased depth, well depth, and
monthly pumping value. The wells were organized in a database and visual basic scripts were
developed to format the input data so they could be imported into Groundwater Vistas™ software
as “analytical wells”. Using the cased depth and the total well depth as proxies for the well open

U

interval, Groundwater Vistas" automatically calculates the distribution of well pumping
based upon aquifer transmissivity for the model layers within the open interval of the well. Qver

1,400 separate pumping wells were included in the model and are listed on Table 3.

5.6.4 _ No Flow Boundaries

No flow boundaries were assigned in those areas of the model where the FAS does not exist in
the Atlantic Ocean. Basically, in each aquifer layer all cells east of the Atlantic Ocean general
head boundary were assigned as inactive cells. An exception to this is the SAS cells in the
Atlantic Ocean which are constant head and concentration. This assignment permits upward
leakage to occur from the UFA to the Atlantic Ocean. For each confining unit model layer, all
cells east of the estimated confining unit outcrop were assigned as no flow cells. The boundaries

for all fayers are shown on Figure 49e.
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6.0 MODEL CALIBRATION

Model calibration was conducted in several phases during the primary contract period and the
modification period. During the original modeling effort calibration included long-term transient
mode! runs {approaching pseudo steady-state) over a 365 year period, long-term transient model
runs from 1999 to 2004, and “local-scale” calibration at six selected aquifer testing locations.
Numerous groundwater observation wells were utilized during the calibration effort. Tables 5
and 6 list all of the water level and water quality wells used during the calibration effort. After
the modeling strategy was modified, Golder completed additional calibration of a new steady-

state model and a revised 2005 transient model.

Figure 50 depicts water level observation well (and well cluster) lecations within the model
domain utilized for model calibration purposes. A review of the figure reveals that the number of
wells available for calibration purposes decreases from north to south across the model domain.
In addition, many of the wells in the northern portion of the model domain provide water levels
that are very similar in nature. Also, a majority of the available wells are monitoring the UFA.
The number of APPZ and LFA wells with available monitoring data is limited. Golder utilized
alt available wells within the model domain regardless of the period or record, even though many
of the wells had only sparse data sets. Much of the observation well data provided to Golder
does not begin until 2002. A number of wells did not begin collecting water level data until late

2004/early 2005. This is one limitation to model calibration that cannot be improved.

In order to augment the calibration data available for the full period of record, Golder used
multiple regression techniques similar to those discussed previously under boundary conditions.
The intent was to provide additional “synthetic” calibration data at a few wells in order to
provide a better period of record for comparison against computed values in the model. The
statistically generated synthetic data was not used to calculate final calibration statistics or
metrics but was useful in honing the model parameters in different regions of the model domain.
Golder also generated potentiometric head maps of observed data for 2004 and 2005 and used

these to compare against simulated head maps.

Calibration to observed water quality data was challenging due to the paucity of long-term

records. Fortunately, a review of the available data indicated that water quality changes do not
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occur rapidly within the FAS. Water quality comparisons between observed data and computed
data were completed using contour maps and select water quality time vs. concentration graphs at
those wells where a longer period of record was available. Similar to the water level data, more
calibration data were available for the UFA than for the APPZ or LFA. The LFA is also
problematic due to steep concentration gradients that exist in the aquifer. Since the model only
simulates the LFA using one model layer, it is generally not possible to adequately match the

observed concentrations in the LFA with a reasonable degree of confidence.

6.1 Calibration Strategy and Management

The calibration strategy during the modification period was multi-faceted, As described above,
both long-term pre-development transient model runs and transient runs from 2005 were utilized.
In addition, local-scale calibration was completed at six locations where there was available
aquifer performance test information. The calibration effort was entirely iterative and hundreds

of model runs were compteted for the project.

Primary calibration efforts were focused upon the 20035 transient period that included over 1,400
pumping wells. The wells provide significant stress on the model and allow beiter time-history
matching between simulated water levels and observed water levels. The calibration effort took
several months to complete and during this time the overall calibration criteria steadily improved.
At the same time, model runs were completed using a pre-development model run over a 1 year
time period. This pre-development model was only used to compare simulated heads versus
observed heads. This model supplemented results obtained from earlier catibration runs using
the original 365-year pre-development steady-state model.  Although the 365-year pre-
development model is likely not at true steady-state since water levels at the Atlantic Ocean
boundary have been increasing over the last 20,000 years, it is run long enough to approach a
pseudo steady-state. This model was used to set initial concentrations for the transient model.
The results from both the 1 year and 365 year model results were compared to the
pre-development water level model discussed earlier in this report. The purpose was to evaiuate

the overall shape of the water level contours, their magnitude, and their general location.

The local-scale modeling was done to examine data previously collected by the SFWMD and

confirm hydraulic parameters at the six chosen locations. In most cases, the local-scale modeling
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confirmed previous estimates of aquifer parameters. At two sites, Tropical Farms and Port
St. Lucie, the refined local-scale modeling produced estimates of aquifer parameters greater than
those previously calculated. One possible explanation for these differences is that the APT
solution used in the original reports was designed for homogeneous and isotropic conditions,
whereas, the actual sites may be influenced by fractured rock or karst limestone. The modeling

results are discussed further below.

6.2 Calibration Targets and Criteria

Golder followed general standards recommended in the ASTM documents listed in the SFWMD
scope of services and referenced in this document for the evaluation of residuals. Typically, the
calibrated model residual should be a small percentage of the observed water level range across
the modei domain. For the Phase Il model, obscrved heads vary from 65 to 0 feet NGVD 1929.
Five percent of this observed difference would be +/- 3.25 feet. For most models, this value
would be an acceptable residual. However, Golder used +/- 2 feet for both the mean residual and
the mean absolute residual; similar to the Phase I model completed by HydrGeoLogic (2006). In
the perfect model calibration scenario, the mean absolute residual water level would be 2 feet or
less, while the mean residual would approach O indicating that the crror between the observed
and simulated water levels are equally distributed as positives and negatives around 0. Table §

lists all of the water level targets used for the model calibration,

Water quality data from various observation wells is generally limited to single observation
events. Also, many of the observation wells have completed zones across multiple aquifers
or layers within the model. Table 6 lists all of the water quality targets used for the
model calibration. Observations in the APPZ and LF1 can be variable due to proximity of
underground source of drinking water (USDW defined as portions of an aguifer with TDS
concenirations of less than 10,000 mg/l) boundary where concentrations of total dissolved solids
increase rapidly over short horizontal and vertical distances. For these reasons, assignment of a
residual target for total dissolved solids is problematic. Golder believed that data available and
aquifer conditions in the UFA would permit the best calibration while the LF1 calibration will be
difficult. Therefore, for water quality calibration purposes, the residual target was +/- 250 mg/]
for wells screened within the UFA, +/- 500 mg/l for the APPZ, and +/- 2,500 mg/l for the LFA.

After numerous modeling runs were completed it was found that these goals were likely too
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aggressive and unrealistic. The final calibrated model was able to achieve +/- 700 mg/l for the

UFA, +/- 1,500 mg/] for the APPZ, and +/- 5,000 mg/] for the LFi.

Golder also reviewed the overall water budgets for each model run to ensure that the totals were
similar in magnitude to the conceptual model values calculated and discussed earlier in this
report. Some of the model runs resulied in extreme water budgets that included too much model
inflow or excessive model outflow. In addition, Golder utilized other typical calibration metrics
including mean error, mean absolute error, and root mean squared error to achieve the best model

calibration.

6.2.1 OQualitative Targets

In addition to the quantitative target goals, other qualitative measures were assessed. These
include the overall shape of the water level or water quality contours as wells as the contour

gradients in different locations.

6.3 Calibration Process

Golder followed accepted calibration procedures to calibrate the model. The calibration was
completed through both manual parameter adjustment and automated parameter estimation
methods (e.g., PEST or UCODE). Use of automated parameter estimation methods was time
consuming due to lengthy model run times. Model calibration was completed using 2005
observed data as outlined in the SFWMD scope of services for the contract modification, Golder

utilized several steps in the calibration process.

Originally, Golder ran the Phase II model in pseudo steady-state mode in order to calibrate the
starting water quality (e.g., TDS values across the model domain} and contaminant transport
parameters. The model was run for 365 years using steady-state pre-development hydraulics
{with no pumping wells included) and transient concenirations. A longer period of time was
considered for this modeling scenario but due to rising Atlantic Ocean levels from 5,000 years to
present, the actual boundary assignments are difficult to assess. Therefore, it was assumed that
the average boundary over the last 365 years has remained relatively unchanged and it would
provide a suitably long period of time to evaluate concentration changes in the FAS from

seawater intrusion due to density effects. The concentration computed at the end of the model
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simulation period was compared to observed concentrations in 2005 to reveal net differences.
Then both hydraulic parameters and contaminant {ransport parameters (e.g., effective porosity
and dispersivity} were adjusted to achieve the best correlation to observed data. This original
steady-state model was supplemented with a pre-development steady-state model that was run
over 2 1-year pertod using constant concentration and water level boundaries. This steady-state

mode! was used more often in the process due to its relatively short model run duration.

Since neither steady-state model contained sufficient stresses from pumping wells, calibration of
the hydraulic parameters focused upon the long-term transient model that was run for 2005. This
model was run numerous times as various parameter adjustments were made to the model in

order to obtain the best match to observed data.

The 2005 transient model results were used as the starting point for transient calibration of the
hydraulics using the “uncoupled mode™ of SEAWAT2000. In uncoupled mode, SEAWAT2000
calculates the density field from initial concentrations and does not adjust the density during the
transient simulation. The uncoupled mode can introduce small errors into the flow field;
however, the computation time is much reduced as compared to the SEAWAT2000 coupled
mode. In coupled mode, SEAWAT2000 re-calculates the density field at every transport time
step based upon the TDS value in each cell. Then the flow field is re-calculated in a similar
fashion. Due to the transient step-wise coupling, the computational times can be extremely long,
[n model tests of the Phase II model provided by the SFWMD, the uncoupled run times were
generally less than 30 minutes each for a I-year simulation period, whereas, the coupled run
times were longer than 20 hours each. Consequently, the number of coupled model nins was
minimized. Therefore, Golder relied upon transient calibration using the uncoupled mode. A
small number of coupled model runs were completed at the end of the calibration period to
ensure that the best calibration was achieved and to evaluate the extent and importance of errors

introduced during uncoupled operation.

Local scale calibration efforts as outlined in Task 4 of the original scope of work were performed
paralle to the overall model calibration effort. The local scale modeling results were used to
locally refine the model hydraulic parameters including transmissivity, storativity, and vertical
hydraulic conductivity {where feasible based upon the local scale model data available). For the

most part, the local scale mode] calibration resulted in transmissivity and storativity estimates
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similar to those calculated by those who conducted the original aquifer tests. Tropical Farms and
Port St. Lucie meodeling resulted in hydraulic property values larger than those calculated
previously. Both MODFLOW modeling and newly developed analytical tools were utilized to

develop final estimates at each site. The results for each site are provided as follows:

* Turkey Point UFA T = 10,000 to 44,000 ft*/day, S = .0008, Kv of
MCU = .00022 ft/day;

e Tropical Farms UFA/APPZ T = 185,328 ﬁgfday, S = 0.000175, Kv of
MCU = 0.00099 to 0.003 fi/day;

* Port St. Lucie UFA/APPZ T = 195,000 fi'/day, S = 0.0005, Kv of
MCU = 00025 fi/day;

» Lake Lytal UFA T = 40,000 ft/day, S = 0004, Kv of
MCU = 0.0018 ft/day;

e L-30 Site UFA T = 8,000 ftday, S = 0.0015, Kv of
MCU = 0.000347 ft/day;

* C-13Site UFA T = 17424 fiY/day, S = 0.0001, Kv of
MCU = 0.000028 fi/day;

Figures showing observed and simulated drawdown versus time are shown on Figures 51 to 56.
Figure 56b shows the local calibration values for horizontal hydraulic conductivity versus the
regional model calibration values. Generally, regional-scale model calibration indicated different
hydraulic values than those indicated at the local-scale; however, the values usually are within
the same order of magnitude. For instance, aquifer tests at Tropical Farms revealed a highly
permeable zone in the UFA/APPZ with estimated hydraulic conductivity values of 707 to 1,100
feet per day whereas the calibrated model estimates the conductivity in this area to be 725 feet
per day. Similarly, aquifer tests at L30 and C13 estimate conductivity values of 80 to 90 feet per
day whereas the calibrated model estimates a lower value of 90 feet per day. The vertical
conductivity values estimated for the underlying confining units are generally considerably
higher in the regional model as compared 1o the local-scale modeling. This may be due to a

number of circumstances including scale-effects that are likely captured in the regional model.
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6.4 Calibration Results

6.4.1 Water Levels

The model calibration was completed over a period of several months and included numerous
iterations. For the original six-year transient model versions started at version “A” and ended at
version “S”. The validation model was renamed version 1b at the end of the process. Simulated
water levels were compared to observed water levels for both the pre-development pseudo
steady-state model and the long-term calibration model. Figures 57a and b depict the final
pseudo steady-state model results compared to the pre-development contours discussed earlier.
The results show that the location and shape of the 60 feet contour is generally comparable while
the location and shape of the 50 feet contour is not. The model results show that the simulated
50 feet contour is located further to the east than the pre-development contours developed by the
USGS. A better match was obtained by lowering the horizontal hydraulic conductivity values of
the UFA and APPZ; however, this resulted in poor calibration results for the 2005 transient
calibration model and 2004 validation model. Although the calibration results from the steady-
state models were not entirely discounted, Golder relied upon the post-development models for

final calibration.

The results of the 2005 transient calibration model for December 2005 are shown on Figure 58.
Figure 59 compares all 816 out of 828 water level targets using simulated model water levels
versus observed water levels. One well, WASASUH2 was removed from the analysis since the
water levels appeared anomalous. The red line on the graph is the theoretical best fit 45 degree
line where the slope would be equal to 1. The black line is the actual best fit line for the data
with a slope of 0.986 and a R* coefficient of 0.89. These results are considered quite good and
result in the following calibration statistics (with all wells):
e Absolute Residual Mean = 2.74 feet;

¢  Residual Mean = 0.86 feet;

¢ Standard Error = 0.046 (or 4.6%);
With well WASASUH2 removed from the analysis the following calibration statistics result:

¢ Absolute Residual Mean = 2.52 feet;
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* Residual Mean = 0.69 feet;

e Standard Error = 0.042 (or 4.2%);

The absolute residual mean value is positive indicating that the simulated model results are
typically biased low as compared to the observed results. There are a number of possible
explanations for this and these are discussed below. The residual mean is close to zero
indicating a small relative bias between all calibration points. Figures 60 to 95 provide
hydregraphs for select wells throughout the model domain. Both the actual and simulated

hydrographs are shown on these figures.

6.4.2  Water Quality

Figure 96 compares 205 water quality TDS targets for the UFA using simulated model values
and the observed values with one observation well removed. The red line on the graph is the
theoretical best fit 45 degree line where the slope would be equal to 1. The black line is the
actual best fit line for the data. Originally with all wells the line had a slope of 1.02 and a R®
coefficient of 0.72. In reviewing the model resuits, one well (CS-M2) provided a large amount
of the total error. If this well is removed, the best fit slope is reduced to .95 and the R?
coefficient becomes 0.90. These results are considered satisfactory and result in the following

calibration statistics for the UFA wells:

¢ Absolute Residual Mean = 0.019 (665 mg/);
¢ Residual Mean = -0.0039 (-137 mg/l);

* Standard Error = 0.019 {or 1.9%);

For the APPZ and LFA wells within the model domain the calibration statistics are worse as

follows:

APPZ

Absolute Residual Mean = 0.059 (2,065 mg/1);

Residual Mean = 0.032 (1,120 mg/l);

Standard Error = 0.059 (or 5.9%);
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LFA
e Absolute Residual Mean = 0.296 (10,360 mg/l);
¢ Residual Mean = 0.274 (9,590 mg/1);

s Standard Error = 0.296 (or 29.6%);

A vast majority of the overall error is in the APPZ and LFA. It is assumed that the error could be
reduced if the LFA was broken into additional vertical layers to allow better simulation of the
brackish to saline water transition zone. Also, additional monitoring wells in the APPZ and LFA

would allow preparation of a better set of initial concentrations for each aquifer.

6.5 Model Validation

Model validation was compieted using 2004 obscrved data as outlined in the SFWMD scope of
services and similar to the methods described by HydroGeoLogic (2006). The 2004 information
available for calibration comparisons was not as great as 2005 but still representative. After
simulating the 2005 validation period, the model calibration statistics were re-calculated and
compared to the calibrated model values. The models were adjusted until both the calibrated
model and validated model calibration statistics either met all requirements or until a point of
“diminishing returns” was achieved. For the final validation model developed in this effort, all
of the calibration criteria were not met but after numerous modeling iterations it was found that
no improvements could be made. Therefore, the model was considered finished at this point of

diminishing returns.

The results of the 2004 transient validation model for December 2004 are shown on Figure 97.
Figure 97 compares ali 800 out of 812 water level targets using simulated model water levels and
the observed water levels. One well, WASASUH2 was removed from the analysis since the
water levels appeared anomalous. The red line on the graph is the theoretical best fit 45 degree
line where the slope would be equal to 1. The black line is the actual best fit line for the data
with a slope of 1.02 and a R? coefficient of 0.80. These results are considered good and result in

the following calibration statistics (with all wells):

* Absolute Residual Mean = 2.91 feet;
¢ Residual Mean = -0.29 feet;
» Standard Error = 0.049 (or 4.9%);
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With well WASASUH2 removed from the analysis the following calibration statistics result:

¢ Absolute Residual Mean = 2.65 feet;
* Residual Mean = -0.6 feet;
¢ Standard Error = 0.044 {or 4.4%);
The water quality data was basically the same as that calculated in the calibration model runs.

Figures 98 to 107 provide select well concentration versus time graphs that compare simulated

TDS values and observed TDS values,

The final calibrated 2005 model had a flow mass balance error of 0.5% while it had a mass solute

error of -2%. The water budget flow components (in cfd) are shown in the following;

Storage In: 2,653,872 Storage Out: 620,835

Well In: 0 Well Out; 19,748,415
Constant Head In: 39,799,025 Constant Head Out: 21,752,938
GHB In: 45,967 GHB Out: 165,004

Total In: 42,498,864 Total Out: 42,287,192

For the constant head inflow cells 5.6 % came in through the LF1, 80.6% came in through the
APPZ, and the remainder came in from the UFA (2.9%), and the BZ/SAS (10.9%). The SAS
was a constant head sink for approximately $,673,800 cfd while the Atlantic Ocean outcrop GHB
was a sink for 165,004 c¢fd. An important observation is that a majority of the flow within the
lower layers in the model is vertical. For cxample, for the LF1 the constant head inflow amounts
to 2,233,091 ctd while vertical inflows sum to 8417375 cfd. This means that the ratio of
horizontal inflow to vertical inflow is 3.77. For the APPZ, the pattern is different with constant
head inflow equal to 32,102,486 cfd while vertical inflows sum to 3,259,450 cfd. For the APPZ,
this means that the ratio of horizontal inflow to vertical inflow is 9.85. For the UFA, horizontal
counstant head inflow s 1,171,717 ofd while the vertical inflows are 23,372,812 c¢fd. The overail
conceptual model discussed previously is consistent with the model calibration results. A
majority of the inflows come in through the LF1 and APPZ. Generally, much of the water that

inflows into the APPZ flows upward into the UFA. Much of the inflow is withdrawn through
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well pumping; the remainder flows to the Atlantic Ocean or through diffuse upward leakage into

the SAS or Atlantic Ocean.

6.0 Discussion of Calibration and Validation Results

During the calibration and validation process a number of issues were discovered that probably
require additional evaluation. First, the calibrated model indicaies that regions of the APPZ are
highly permeable. The calibrated model required portions of the APPZ to have a horizontal
hydraulic conductivity of 3,500 ft/day, which is much higher than field data has revealed to date.
In fact, the best model calibration was arrived at by setting the maximum conductivity greater
than 4,000 fi/day. Based upon the reported and estimated water use values utilized in the model
and the fact that observation wells near the Atlantic Coast indicate UFA heads as high as 50 feet,
Golder believes that highly permeable zones within the UFA and/or APPZ are likely. Recent
aquifer performance testing at the FPL West County Energy Center (in Central Palm Beach
County) revealed transmissivities greater than 300,000 ft*/day for at least one well. Also, one

well was abandoned entirely due to the presence of unstable karst zones encountered.

The second area is within southern St. Lucie and Martin Counties. In reviewing hydrographs in
this model region, the simulated water levels are considerably lower than the observed water
levels. The water use data in this area may not be entirely complete or correct. For instance,
permitted water allocations were utilized where there was no reported pumping data. This may
result in pumping in the model that is in excess of the actual pumping, resulting in “groundwater
mining” of the UFA and hence, lower water levels. This arca is also characterized by a
temperature anomaly reported by Reese (2004). The temperature ancmaly reveals that multiple
UFA wells in St. Lucie and Martin Counties have water temperatures 3 to 5 degrees Celsius
greater than other regional wells. Since the numerical model cannot simulate temperature effects
on the density field, the predicted water levels may not be accurate in this area. During model
calibration, it became evident that the apparent concentration of the APPZ in this area needed to
be lowered. This change is equivalent to the actual effect of higher temperatures in this area.
The actual cause of this anomaly is not entirely known but could be related to numerous flowing
wells in this region. Flowing wells that have been cut off below ground may still be contributing

different water quality to the UFA.
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As part of the revised modeling strategy and coniract modification, Golder completed a thorough
review and validation of the water use data from 1999 to 2005 with a particular emphasis on
2004 and 2005. Although, Golder believes that the water use data inputs were generally
improved by this effort, the data still may contain inaccuracies. Generally, for wells where only
the annual water allocation is known, it is likely that the actual water use is different than
assumed by Golder for the model. In essence, the model probably represents a high-bias for
water well pumping in these instances. There is not an immediate way to address this issue but it
is recommended that SFWMD consider additional monitoring and data collection in intensively
pumped areas in Martin and St. Lucie Counties. Collecting more accurate water use information
in this area would very likely improve the overall model in the future. Also, flowing wells in this

region may contribute to the water use uncertainty here.

Lastly, the specified concentration boundary along the western edge of the model and the initial
concentration in the APPZ and LFA are very important. Small changes in boundary
concentration or initial concentration can result in large differences in the overall model water
budget. Lack of data in this area is especially problematic for the APPZ and LFAS. Additional
data collection in these areas is highly recommended to improve the accuracy of water quality

estimates in these areas.
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7.0  SENSITIVITY ANALYSIS AND REPORT

Golder performed a model sensitivity analysis as outlined in the previously submitted Model
Implementation Report (Golder, 2007). The sensitivity analysis was completed in 2 phases. The
initial sensitivity analysis was completed on the 1999 to 2004 transient model. The final
sensitivity analysis was completed using the 2005 transient model. Both sets of sensitivity

results are provided in Appendix C.

A full sensitivity analysis was completed as required in the SFWMD scope of services and as
outlined in ASTM guidelines. Both hydraulic and contaminant transport parameters were tested

for model sensitivity including:

¢ Horizontal hydraulic conductivity;

Vertical hydraulic conductivity;
» Effectlive porosity;

s Storage coefficient; and

Dispersivity.

Golder varied each calibrated parameter by one-half and two times such that model calibration
statistics will be shown in five columns in the final report including:

¢  One-half calibrated parameter;

¢ Three-fourth calibrated parameter;

s (Calibrated parameter;

* One and one-half calibrated parameter; and

¢ Twice calibrated parameter.

[n addition to the various model parameters, the model initial conditions and boundary conditions

were tested for sensitivity. The various sensitivity results are presented in Appendix C.
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8.0 SUMMARY AND CONCLUSIONS

The Phase 11 modeling effort — referred to as the East Coast Floridan Model as it now includes
both the LEC and UEC regions—was undertaken by Golder Associates Inc. (Golder) on behalf
of the SFWMD. The Phase II Model builds upon the Phase I modeling work completed in 2006,
The tasks assigned to Golder included:

* Incorporating the calibrated Phase I Model into the new and larger model
domain;

¢ Recalibrating the new and larger Phase Il Model,
e Validating water use data for the UEC and LEC; and,

® Preparing a mode! documentation report of the entire effort.

The final 2005 calibrated model provides the SFWMD with a tool capable of assisting the
agency with the evaluation of current and future water supply projects within the model study

area.

The model was calibrated using 2005 water use data and observation well data. The model
simulates the actual heads within the FAS to +/- 2.5 feet. This degree of accuracy should provide
the SFWMD a useful tool to simulate future water conditions within the model domain. Water
use data used in the model is thought to have a high bias since estimates assumed wells were
pumping even if the actual water use data was missing. Therefore, the model likely represents a

conservative tool for water use planning and impact evaluation purposes.

The model can be run in either uncoupled or coupled mode. Although localized changes in water
quality cannot be distinguished using uncoupled mode, regional changes in water budget can be
determined. For example, comparing the Atlantic Ocean inflows for the 2005 and 2004 models
is informative. For 2005, a year with high water use of almost 20,000,000 cfd, the GHB inflows
are 45,967 cfd. For 2004, a year with water use at approximately 16,000,000 cfd, the GHB
inflows are 28,908 cfd or only 62% of 2005 inflows. Therefore, for future water supply
evaluations changes in GHB inflows might provide one good metric for comparisons. In
addition, given that changes in water quality at specific pumping wells are probably due to

upconing {a very localized 1ssue), the model resolution will not permit adequate evaluations of
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this scenario anyway. Lastly, due to the long computational times using the coupled mode, the

user cannot adequately evaluate many alternatives or sensitivity cases.
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9.0 QUALIFICATIONS AND RECOMMENDATIONS

The recommendations contained in this report are based on the calibrated model, hydrogeologic
characteristics described within this document, the data provided by SFWMD, and our

experience with similar subsurface conditions and model development efforts.

This report has been prepared for the exclusive use of the SFWMD for its water supply program.

No other warranty, expressed or implicit, is made.

We trust that this report adequately summarizes the results of the model development effort
conducted for the southern Florida UEC and LEC planning areas. Should any point require
additional clarification or if we can be of any further service, please do not hesitate to contact the

undersigned.

GOLDER ASSOCIATES INC.
L{,a/w%/uc N

Quanghee Yi, P.E.
Hydraulic Engineer

Jonathan E. Shaw, P.G.
Senior Consultant/Associate

ZPhD P.E.

Christopher J. Br
Senior Consultant

/@Wﬂ W

Gregory M. Powell, Ph.I3., P.E.
Senior Consuliant/Associate
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TABLE 3
FLORIDAN AQUIFER SYSTEM WATER USE DATA
East Coast Floridan Aquifer System Model, Phase 11
Upper and Lower East Coast of Florida
Permit por X 4 ﬁvage Top | Bottom
A Number IR Coordinate | Coordinate Pum];;?‘f}ﬂatc Layer | Layer

06-00038-W29889 | 06-00038-W | 29889 253787 657609 20611.5 3 -
06-00038-W29891 | 06-00038-W | 2089] 252737 656809 31164.7 2 R
06-00038-W29905 | 06-00038-W| 29905 254187 H56109 25007.5 2 4
06-00082-W25926 | 06-D0082-W| 25926 270838 765209 22114.2 2 3
06-00954-W 155607 | 06-00954-W 15560 266504 644868 12872.3 3 4
06-01634-W27346 | 06-01634-W| 27346 276488 757776 885850.2 3 4
10524 7309 10524 7309 178437.62 | 1229973.5 111343.7 2 3
10524 7310 10524 7310 17781451 | 1228885.9 111343.7 2 3
10524 7311 10524 7311 17780744 | 1227889.7 111343.7 2 3
10524 7312 10524 7312 177821.76 | 1229974.3 111343.7 2 3
10524 7313 10524 7313 176812.3 | 1227663.4 111343.7 2 3
10524 7314 10524 7314 176583.6 | 1228716.5 111343.7 2 3
10524 7316 10524 7316 163176.16 | 12816343 108326.5 2 4
10524 7317 10524 7317 163183.7 | 12824854 108326.5 2 4
10524 7318 10524 7318 162665.36 | 1280873.8 108326.5 2 4
10705 7220 10705 7220 177071.15 | 1243880.6 201344 2 2
10705 7221 10705 7221 I77181.11 | 12418708 20134.4 2 &
10705 7222 10705 7222 174863.81 | 1256462.5 20134.4 2 3
10705 7230 10705 7230 175428.8 | 1252059.8 81587.8 2 3
10705 7231 10705 7231 176052.26 | 1254178.9 81587.8 p. 3
10705 7232 10705 7232 171825.36 | 12548708 81587.8 2 3
10705 7236 10705 7236 171631.52 | 1256614.2 201344 2 3
10705 7245 10705 7245 176779.39 | 1252308.7 20134.4 2 3
10705 7249 10705 7249 168615.97 | 1250481.9 20134.4 2 Z
10705 7250 10705 7250 175177.14 | 1247478 20134.4 2 2
10705 7252 10705 1252 168560.33 | 1252547 20134.4 2 3
10705 7253 10705 7253 17047419 | 1250293.4 20134.4 2 2
10705 7255 10705 7255 16917418 | 12544579 201344 2 2
10705 7256 10705 7256 164608.62 | 1252492 4 20134.4 2 2
10705 7257 10705 7257 166503.38 | 1252596.2 20134.4 2 2

1-1 156375.43 | 1143587.3 48.5 2 4

11-1 176859 1189530.4 33 2 4

12-1 179733.13 | 1191885.6 5.1 2 4
13-00005-W121824 | 13-00005-W | 121824 146074 446975 32152.2 2 4
13-00060-W 106431 | 13-00060-W | 106431 241832 632581 23574.7 3 -
13-00060-W 106432 | 13-00060-W | 106432 241435 632565 23574.7 3 4
13-01556-W 103603 | 13-01556-W | 103603 270892 592281 115945.8 3 4

FM: Model Well Data Summary_Tables3 5 6 final.xlsx
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TABLE 3
FLORIDAN AQUIFER SYSTEM WATER USE DATA
East Coast Floridan Aquifer System Model, Phase 11
Upper and Lower East Coast of Florida
Permit ik X Y Avierage Top | Bottom
Well ID Number Facility I Coordinate | Coordinate Pum?;?f} Ratg Layer | Layer
13-1 133428.7] 1092663.2 10.3 2 7
14-1 180212.77 | 1189932 0.3 2 4
201-1 172912 1198391.3 0.0 2 8
202-1 134766.4 1 146591 4.0 2 3
202-2 136022.46] 1146606.6 12.7 2 6
203-1 016223 | 1181238.9 23.6 2 3
204-1 113689.24] 1111849.1 12.5 ] 6
204-2 11325722 1106733 10.8 2 [§]
204-3 111352.23 | 1109158.9 6.8 2 &
204-4 10994075 1111746.4 1.3 2 f
205-1 103388 1197685.3 0.0 2 [
205-2 102864 1198196.3 0.0 ) (4]
205-3 102690 1199112 0.0 2 3
205-4 102899 1201769.9 288 2 &
205-5 105872 12036909 0.0 i 5
205-6 105050 | 199962.3 0.6 2 7
205-7 106413 1199348.4 0.0 2 (4]
2-1 136948 1164132.8 0.0 2 4
2-2 138593.26 | 1164117.2 5.8 2 5
2-3 140513 1163510.3 4.1 2 7
29-10 161730 1211637.3 0.0 2 3
20-11 161901.97 | 1214426.5 101.6 2 5
29-12 16157214 | 12142724 12.6 2 3
29-13 159080 12142942 3.2 2 3
29-14 158963.57 | 1214297.3 116.1 2 4
29-15 160394 1215554.2 0.0 2 3
20-1A 158921.91 | 1203775.9 110.2 2 5
29-2 157682.64 | 1206290 128.9 2 3
29-3 15770336 120899].2 41.1 2 5
29-4 159478 12062578 0.0 2 3
29-5 16034776 | 1209002.8 104.8 2 3
20-6 159024.91 | 1209146 9.3 2 3
29-7 158946 1211657.8 0.0 2 5
29-8 159445 12116164 0.0 2 4
20-9 16037506 | 1211642.3 44.4 2 4
3-1 137895.12| 1135286 534.9 2 (i)
3-1 15371934 | 1146113.6 54,9 2 4

FM: Model Well Data Summary_Tables3 5 6 final xlsy
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TABLE 3
FLORIDAN AQUIFER SYSTEM WATER USE DATA
East Coast Floridan Aquifer System Model, Phase 1
Upper and Lower East Coast of Florida
Permit e X Y ﬁvage Top | Bottom
g Number il Coordinate | Coordinate PumF;?;Ram Layer | Layer
3-2 137877.29 | 1133999 45.0 2 (3]
3-3 137885.06 | 1132806.6 357 2 2
35-1 14199307 | 1125948 132.2 2 6
35-2 141482 1124542.7 2.4 2 2
36-1 13340579 | 1098018 23.0 2 8
36-2 133362 1098768.2 0.0 2 8
4-1 133456.53] 10903949 66.7 2 T
43-00028-W 13273 | 43-00028-W 13273 131318 1021236 53111.3 2 [§]
43-00030-W21072 | 43-00030-W | 21072 256509 1081490 8102.2 2 8
43-00030-W21073 | 43-00030-W | 21073 254857 1080941 4209.2 2 4
43-00030-W21074 | 43-00030-W 21074 253983 1078655 18704.0 2 3
43-00039-W29691 | 43-00039-W 20691 93167 1062893 6.0 2 f
43-00066-W 124045 | 43-00066-W | 124045 269370 1033437 94835.7 5 7
43-00066-W 124046 | 43-00066-W | 124046 267305 1033361 37621.7 5 7
43-00071-W13329 | 43-00071-W 13329 129635 1020240 54674.7 3 5
43-00082-W28827 | 43-00082-W 28827 233952 1094667 5.6 2 3
43-00093-W23992 | 43-00093-W 23992 152039 1057191 114082.1 2 i
43-00093-W4183 | 43-00003-W 4183 163608 1084011 28520.5 2 ]
43-00093-W4184 | 43-00093-W 4184 166968 1085026 28520.5 2 [§]
43-00093-W4185 | 43-00093-W 4185 164238 1082797 28520.5 2 (5]
43-00093-W4 186 | 43-00093-W 4186 160408 1076474 28520.5 2 f
43-00093-W4187 | 43-00093-W 4187 150879 1069337 28520.5 2 6
43-00093-W4188 | 43-00093-W 4188 161378 1071352 28520.5 2 6
43-00093-W4189 | 43-00093-W 4189 168208 1087605 28520.5 2 3]
43-00093-W5290 | 43-00093-W 5290 144609 1067584 114082.1 2 6
43-00093-W5291 | 43-00093-W 5291 149539 1061661 114082.1 2 [§]
43-00093-W5292 | 43-00093-W 5292 158408 106E410 1 14082.1 2 &
43-00093-W5293 | 43-00093-W 5203 161588 1061035 1140821 2 ]
43-00093-W5294 | 43-00093-W 5204 170738 1088319 114082.1 2 5
43-00093-W5295 | 43-00003-W 5295 172708 1086716 114082.1 2 5
43-00093-W5296 | 43-00093-W 5296 170858 1083986 1 14082.1 2 5
43-00093-W5297 | 43-00093-W 5297 170738 1088319 114082.1 2 5
43-00093-W5298 | 43-00093-W 5298 170708 1086716 1 14082.1 2 5
43-00093-W5299 | 43-00093-W 5299 170858 1083986 1140821 2 5
43-00093-W5300 | 43-00093-W 5300 172788 1083761 1 140821 2 5
43-00093-W5301 | 43-00093-W 5301 171178 1081920 1140821 2 5
43-000102-W45311 | 43-00102-W | 45311 224054 1101564 1417158 4 5
FN: Model Well Data Summary_Tables3 3 6_finalxlsx Golder Associates Page 3ol 18
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TABLE 3
FLORIDAN AQUIFER SYSTEM WATER USE DATA
East Coast Floridan Aquifer System Model, Phase Il
Upper and Lower East Coast of Florida
Permil i X Y ﬁv::mge Top | Bottom
g Number AL Coordinate | Coordinate Pum{p;;f}kam Layer | Layer
43-00102-W45312 | 43-00102-W | 45312 223572 1102761 162554.4 3 3
43-00102-W45314 | 43-00102-W | 45314 225231 1104042 120554.0 4 &
43-00102-W45315 | 43-00102-W| 45315 225087 1103821 131773.2 -4 5
43-00102-W45316 | 43-00102-W| 45316 226735 1103338 119000.2 4 (3]
43-00102-W45317 [ 43-00102-W | 45317 224604 1099746 119000.2 4 [§]
43-00117-W13334 [43-00117-W 13334 172773 1025561 10796.0 2 6
43-00117-W13335 [ 43-00117-W 13335 184028 1045351 94029 2 (i
43-00117-W 13336 | 43-00117-W 13336 184053 1041364 11701.4 2 ]
43-00117-W13337 | 43-00117-W 13337 184031 1030713 11144.2 2 i)
43-00117-W25383 | 43-00117-W| 25383 183982 1035864 11144.2 ] 6
43-00122-W 13338 | 43-00122-W 13338 152197 1010878 T8680.4 2 6
43-00122-W 13339 | 43-00122-W 13339 152110 1006806 835979 2 i
43-00122-W 13340 | 43-00122-W ] 13340 152084 1002836 122938.1 2 f
43-00122-W 13341 | 43-00122-W 13341 130377 1035769 137690.6 2 &
43-00122-W 13342 | 43-00122-W 13342 141633 1017272 142608.2 2 6
43-00122-W13343 | 43-00122-W 13343 141435 1013938 95891.7 2 [i]
43-00122-W13344 | 43-00122-W 13344 141454 1011276 147525.7 2 i
43-00122-W13345 | 43-00122-W 13345 141536 1004801 125396.8 2 6
43-00122-W 13346 | 43-00122-W 13346 152337 1014610 835979 2 ]
43-00122-W24366 | 43-00122-W | 24366 141573 1008725 103268.0 2 6
43-00130-Wo798 | 43-00130-W 6798 246412 1100951 787.0 2 8
43-00130-W6799 | 43-00130-W 6799 244687 1101751 5621.6 2 3
43-00131-W7452 | 43-00131-W 7452 246335 1100925 588.4 2 8
43-00131-W7453 [ 43-00131-W 7453 244534 1101722 4203.0 2 3
43-00146-W 1187 | 43-00146-W 1187 256660 1077048 18328.3 2 4
43-00146-W 1188 | 43-00146-W 1188 255905 1079948 18328.3 2 4
43-00159-W15153 | 43-00159-W 15153 138885 1036099 73680.0 2 7
43-00172-W 13347 | 43-00172-W 13347 131328 1027816 72263.4 2 ]
43-00190-W 10285 | 43-00190-W| 10285 119034 1066821 2871.5 2 3
43-00190-W 10287 | 43-00190-W 10287 LIRTI0 1058185 5743.0 2 6
43-00190-W10289 | 43-00190-W 10289 1 18550 1056513 5743.0 2 5
43-00190-W1029] | 43-00190-W 10291 117393 1064357 34458 2 (1]
43-00260-W4790 | 43-00260-W 4790 154769 1027531 8939.4 2 5
43-00328-W25750 | 43-00328-W | 25750 249401 1091924 24377.5 2 4
43-00328-W25751 | 43-00328-W| 25751 249613 1091461 24377.5 4 4
43-00360-W26827 | 43-00360-W| 26827 192037 1045411 670435.0 2 6
43-00360-W26828 | 43-00360-W | 26828 192037 1041311 67045.0 2 (i)
Golder Associates Page 4 of 38
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TABLE 3
FLORIDAN AQUIFER SYSTEM WATER USE DATA
East Coast Floridan Aquifer System Model, Phase [I
Upper and Lower Easl Coast of Florida
Permit i X Y Av.eragf: Top | Bottom
WElLID Mumber RacilitnlD Coordinate | Coordinate Fum]E;;dg] e Layer | Layer

43-00360-W26829 | 43-00360-W | 26829 192037 1035110 67045.0 2 3
43-00360-W26830 | 43-00360-W| 26830 192037 1037411 67045.0 2 [i]
43-00362-W13015 | 43-00362-W 13015 142672 1030496 521.7 2 (4]
43-00485-W25752 | 43-00485-W | 25752 250474 1091869 13476.1 2 4
43-00485-W25753 | 43-00485-W | 25753 249603 1091105 188665 2 4
43-00501-W 15608 | 43-00501-W 15608 135887 1037705 149921 2 (1]
43-00503-W 15657 | 43-00503-W 15657 139695 1041747 11095.0 2 5
43-00574-W8675 | 43-00574-W| 8675 141937 1046510 2049.6 2 -+
43-00625-W 15725 | 43-00625-W 15725 145839 1033544 20131.8 2 5
43-00651-W10310 | 43-00651-W 10310 108506 1069860 30967.6 2 6
43-00656-W 13360 | 43-00656-W 13360 138504 1043225 20119.5 2 3]
43-00659-W8213 | 43-00659-W 8213 114609 1074006 1532.8 2 ]
43-00734-W 15828 | 43-00734-W 15828 254204 1078269 7066.4 2 3
43-00734-W 15529 | 43-00734-W 15829 253936 1078053 2829.0 2 4
43-00734-W 15830 | 43-00734-W 15830 257542 1076132 30811.1 2 4
43-00734-W24523 | 43-00734-W | 24523 253916 1077815 28766.4 2 4
43-00751-W2098 | 43-00751-W 2098 249838 1090561 2205.2 2 4
43-00866-W6SRT | 43-00866-W 6587 140830 104591 1 51342.4 2 3
43-00923-W23755 | 43-00923-W | 23755 103075 1053481 0499 2 5
43-00923-W23756 | 43-00923-W| 23756 104313 1053373 1361.6 2 5
43-01000-W27476 | 43-01000-W| 27476 247072 1080975 2377.9 2 4
43-01369-W 122836 | 43-01369-W| 122836 114527 1056174 1676.0 2 4
43-01369-W122839 | 43-01369-W | 122839 113367 1054611 1676.0 2 4
43-01369-W 122840 | 43-013609-W | 122840 111249 1056830 1676.0 2 4
43-01369-W122976 | 43-01369-W | 122976 112308 1056880 1676.0 2 4
43-01521-W 146758 | 43-01521-W| 146758 248237 1098920 1560.3 3 3
44-00001-W4635 | 44-00001-W 4635 222584 404090 616394 2 4
44-00002-W 109037 | 44-00002-W | 109037 222192 404217 37279.0 2 2
44-00002-W3i941 | 44-00002-W 3041 221819 404090 24627.7 2 3
44-00002-W3042 | 44-00002-W 3942 222004 404005 24627.7 2 4
44-00002-W3943 | 44-00002-W 3943 222215 404579 328369 2 4
44-00284-W 105560 | 44-00284-W | 105560 156799 308279 33934 4 5
47-00009-W 10314 | 47-00009-W 10314 7134287 | 1115100.5 48742.0 2 [
47-00009-W 10315 | 47-00009-W 10315 T1942.88 | 1112840.5 48742.0 2 6
47-00009-W 10316 | 47-00009-W 10316 68176.89 | 1110815.5 487420 2 (i
47-00017-W 15835 | 47-00017-W 15835 68082 1204859 715.6 2 4
47-00017-W 15835 | 47-00017-W 15835 68080.57 | 1204859.6 1297.0 2 4
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TABLE 3
FLORIDAN AQUIFER SYSTEM WATER USE DATA
East Coast Floridan Aquifer System Model, Phase II
Upper and Lower East Coast of Florida
Permit e X Y A!.rf:rage Top | Bottom
Rl Number GAcIIbCID Coordinate | Coordinate Pum}::?:l;,] gl Layer | Layer
47-00017-W15836 | 47-00017-W 15836 68002 1203589 715.6 2 (3]
47-00017-W24524 | 47-00017-W | 24524 BRI 1202281 715.6 2 4
47-00017-W24524 | 47-00017-W | 24524 68109.57 | 1202281.6 1420.9 2 4
47-00023-W 16963 | 47-00023-W 16963 72039.57 | 1199984.6 401374 3 i
47-00023-W 16964 | 47-00023-W 16964 T4565.57 | 1198416.6 40137.4 3 6
47-00023-W 16965 | 47-00023-W 16965 74565.57 | 1196604.6 40137.4 3 6
47-00023-W 16966 | 47-00023-W 16966 73237.57 | 11951226 40137.4 3 [§]
47-00023-W 16967 | 47-00023-W | 16967 74802.57 | 1193820.6 401374 3 6
47-00023-W 16968 | 47-00023-W 16968 T3387.58 | 1192169.6 40137.4 3 i
47-00023-W16969 | 47-00023-W 16969 75683.6 | 1185168.6 401374 3 f
47-00023-W16970 | 47-00023-W 16970 76673.61 | 1183780.6 40137.4 3 f
47-00023-W16971 | 47-00023-W 16971 76641.63 | 1178189.5 40137.4 3 6
47-00023-W 16972 | 47-00023-W 16972 TJO082.59 | 11902916 40137.4 3 (4]
47-00023-W16973 | 47-00023-W 16973 68966.59 | 1191669.6 401374 3 6
47-00036-W 10338 | 47-00036-W 10338 26412.76 | 1138460.5 62667.8 2 i
47-00038-W 16397 | 47-00038-W 16397 22038.7 | 1156105.5 21306.7 2 7
47-00038-W 16400 | 47-00038-W 16400 2323971 | 1151489.5 18975.5 2 ]
47-00043-W3006 | 47-00043-W 3006 12169.58 | 11932325 39907.1 2 2
47-00043-W3007 | 47-00043-W 3007 11498.59 | 1190058.5 39907.1 4 10
47-00043-W3008 | 47-00043-W 3008 13990.58 | 1193248.5 39907.1 3 9
47-00043-W3009 | 47-00043-W 3009 15027.6 | 1185694.5 39907.1 2 2
47-00043-W3010 | 47-00043-W 3010 0276.59 | 1188171.5 39907.1 2 2
47-00043-W3470 | 47-00043-W 3470 11590.59 | 1187916.5 39907.1 3 9
47-00043-W3471 | 47-00043-W 3471 14249.59 | 1188516.5 39907.1 3 8
47-00044-W 12984 | 47-00044-W 12984 52617.71 | 1157578.5 235245.0 2 b
47-00051-W 16993 | 47-00051-W 16993 85039 1211600 22983.1 | [§]
47-00051-W 16993 | 47-00051-W 16993 85037.56 | 1211600.6 44923.2 | i
47-00051-W 16994 | 47-00051-W 16994 85039 1208920 22983.1 2 f
47-00051-W 16994 | 47-00051-W 16994 85037.56 | 1208920.6 449232 2 ]
47-00051-W 16995 | 47-00051-W 16995 84993 1206308 22983.1 | (]
47-00051-W16995 | 47-00051-W 16995 84991.56 | 1206308.6 44923.2 l 6
47-00051-W 16996 | 47-00051-W 16996 84993 1203697 22083.1 2 -
47-00051-W 16996 | 47-00051-W 16996 84991.56 | 1203697.6 44923,2 2 4
47-00051-W 16997 | 47-00051-W 16997 84903 1202322 22933.1 2 4
47-00051-W16997 | 47-00051-W 16997 84991.56 | 1202322.6 44923.2 2 4
47-00051-W 16999 | 47-00051-W 16999 80436 1211409 22083.] 2 (1]
47-00051-W 16999 | 47-00051-W 16999 B0434.56 | 1211409.6 44923.2 2 (4]
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TABLE 3
FLORIDAN AQUIFER SYSTEM WATER USE DATA
East Coast Floridan Aquifer System Model, Phase I1
Upper and Lower East Coast of Florida
Permit o X X' hv!:mge Top | Bottom
NAIIE Number Bty LD Coordinate | Coordinate Pumz;g; Rato Layer | Layer
47-00051-W17003 | 47-00051-W 17003 79633 1211463 22933.1 2 6
47-00051-W 17003 | 47-00051-W | 17003 79631.56 | 1211463.6 44923.2 2 6
47-00051-W17004 | 47-00051-W | 17004 77250 1211484 22983.1 2 B
47-00051-W17004 | 47-00051-W | 17004 77248.57 | 1211484.6 44923.2 2 B
47-00051-W17005 | 47-00051-W 17005 79610 1209080 22983.1 2 6
47-00051-W17005 [47-00051-W | 17005 T9608.56 | 1209080.6 44923.2 2 (4]
47-00051-W17006 | 47-00051-W | 17006 79610 1208782 22983.1 2 6
47-00051-W 17006 | 47-00051-W | 17006 79608.56 | 1208782.6 44923.2 2 O
47-00051-W17007 | 47-00051-W | 17007 79784 1203558 22983.1 2 4
47-00051-W 17007 | 47-00051-W | 17007 T9782.56 | 1203558.6 449232 2 4
47-00051-W1T008 | 47-00051-W 1 7008 79633 1202277 22983.1 2 |
47-00051-W1T008 | 47-00051-W| 17008 79631.56 | 1202277.6 44923.2 2 4
47-00051-W 17010 | 47-00051-W | 17010 75068 1208374 22983.1 2 &
47-00051-W 17010 | 47-00051-W | 17010 75066.57 | 1208374.6 44923.2 2 ]
47-00051-W17012 | 47-00051-W| 17012 74387 1211486 22983.1 2 6
47-00051-W17012 | 47-00051-W )] 17012 74385.57 | 1211486.6 44923.2 2 6
47-00051-W17014 | 47-00051-W | 17014 74410 1208805 22983.1 2 4
47-00051-W17014 | 47-00051-W 17014 74408.57 | 1208805.6 44923.2 2 4
47-00051-W17015 | 47-00051-W ] 17015 74364 1204430 22983.1 3 4
47-00051-W 17015 | 47-00051-W ] 17015 74362.57 | 1204430.6 44923.2 3 o
47-00051-W1T7016 | 47-00051-W | 17016 72108 1203909 22983.1 2 f
47-00051-W17016 | 47-00051-W| 17016 72106.57 | 1203909.6 449232 2 f
47-00051-W17017 | 47-00051-W 17017 74466 1203257 22983.1 2 4
47-00051-W17017 | 47-00051-W| 17017 74464.57 | 1203257.6 44923.2 2 4
47-00051-W24036 | 47-00051-W| 24036 B639| 1209034 22983.1 | 4
47-00051-W24036 | 47-00051-W| 24036 86389.56 | 1209034.6 449232 | 4
47-00051-W29336 | 47-00051-W | 29336 74364 1206171 22983.1 2 7
47-00051-W29336 | 47-00051-W | 29336 74362.57 | 1206171.6 44923.2 2 7
47-00059-W32