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Executive Summary

A steadystate groundwater flow modelvas developedo support regional water supply planning,
minimum flows and minimum water levels, and water use permitting evaluatifmnsvaterbodiesin the
easternportion of theNorthwest Florida Water Management District (DistoactNWFWMD. Ths report
documents the work performed to date to construct and calibrate Hesstern District Model (EDM)
version 1.0 The work rélects the combined effort of District staff andxternal contractors Datasets
developed by the St. Johns River Water Management Digf@dRWMD)Suwannee River Water
Management District,Florida Gedogical Survey, and U.S. Geological Sumveye also utilized to
construct the model.

The model area encompasses approximatéy874 square mileand includes the easterhorthwest
Florida Water Management Distrjgbart of the Suwannee River Water ManagarhDistrict (SRWMD),
and all or parts of 12 counties in southwest Geor§ig\rel). Predominant land uses in thmodelarea

are mixed forest (41.5%), row crops and pastuf22%) and forested wetlands (19.3%). Urban and
developed lands comprise less than 7% of the model domain.

The EDM is fully thredimensional and includes five layers that collectively represent the surficial
aquifer system, the intermediate confining itirfor intermediate aquifer system), and the freshwater
portion of the Floridan aquifer system. The Floridan aquifer is discretized into three geologic units
representing permeable Miocerage limestoneformations Oligoceneage limestone formations and

the Ocala Limestone. Only the freshwater portion of the Floridan aquifer is simulated where total
dissolved solids are estimated to be less than 10,000 milligrams per liter (mg/L). The thickness of the
freshwater portion of Floridan aquifer system rangesni less than 50 feet to more than08 feet

across the model area.

¢KS 3ANRBdzyRgl GSNJ FEt2¢g aeadasSy Aa Y2RStSR ddwWy3a (KS
code, a finitedifference model thasimulates laminar flow in the saturated portion of the ader. The

EDM consists of 350 row200 columnsand five layers comprisirig32,499 active cells. The EDM uses a

uniform grid cell sizef 2,500 feetby 2,500 feet.The grid is oriented slightly northeast to southwest,

parallel to theprimary direction of groundwater flow in the Floridan aquifetateral boundaries were

selected to correspond with physical features, where possMitedel datasets were developed for three
steadystate periodsthat representhydrologic conditions and pumping stresses undegrage (2009),

dry (2011), and wet (2014) conditioms the NWFWMD Thegoal of simultaneously calibrating three

differing steadystate models is to achieve a robust set of model parameters with the capability to
simulate heads and fluxes across varyingroladic and pumping conditions.

Model layer elevations were developed following an extenso@mpilation and evaluation of
hydrogeologic datdrom multiple sourcesncluding geophysical logithologic and hydrostratigraphic
interpretations drillers and geologiss logs,and District database Data were used talevelopraster
surfacesof the elevations othe tops and bottoms of geologic unitsayer elevations were adjusted,
where needed, to provide minimum thicknes of 10 feet. A digital elevation model (DEM) of land
surface wasdevelopedto assign elevations to the uppermost active model laykiter all layer



elevations were assigned, the bottom of the model was truncated to the base of the freshwater zone
based on thalepth to the 10,000 mg/Ltotal dissolved solidsSTOD$ surface.

TheEDMsimulatesrecharge, swallet inflows, evapotranspiration from the saturated zone, groundwater
withdrawals, spring discharge, atite exchange of water betweethe groundwater system ankhkes
perennial and intermittentstreams, coastal wetlandsand the Gulf of Mexico Recharge rates are
predominantly a function of precipitation, topography, land cossi)sandgeologicconditionsand vary
among YyearsPrecipitation generally increases framorth to south across the model domain, ranging
from an average ofpproximately 48 inches per year in Worth County to 62 inches per year in Leon
County. Rechargeis applied to the uppermost activeells Spatially distributedrecharge estimates
provided by SIRWMD werased asinitial values Recharge ratesvere subsequently modified and
adjusted during thesalibration process.

Total evapotranspiratiofET)ranges from approximately36 to 42 inches per yeaB(sh andlohnston,

1988; Davis1996) and averageapproximately39 inches per year in the EDM domain (Interflow
Engineering, 2015). Part of the total evapotranspiration occurs from the shallow plant root zone and the
remainder occurs from the saturatedd. groundwater) zone. The motsimulates the ET from the
saturated zone.Similar to rechargegroundwater ETis a function of clima, land cover, and soil
conditions ands applied tothe uppermost active cell&sroundwaterETvaries linearly from a maximum

rate when aquifer levelsra at land surface to zerawhen aquifer levels arat the dextinction depthé
SJRWMD provided extinction depths agstimates ofmaximum saturated ET ratdsased on output

from surface water modeldvlaximum saturatedET rates were subsequently modifieg the District

and adjusted during the calibration process.

Swallets are&karst features where the underlying aquifeanreceive surfacavater inflows and act as a
location for point rechargeThere severalstreams in Leon and Wakulla countiedich dischar@ to
swallets Swallets represented in the model incladhe Lost Creek swalleEisher Creek swalleBmes
Sink, Black Creelwallet, Paty Sink, Bird Sink, and otheBwallet inflows werestimatedbased orfield
dischargemeasurements and output fromusface water models.

The model simulates inflows from anhseflowto perennial rivers including the Apalachicola, New,
Flint, Ochlockonee, Sopchoppy, Little, Wakulla, St. Marks, Aucilla, and OkapilcoRereakial river
reachesarerepresented witha specifiedstage during each calibration yed&taclriver reacheither gairs
water from or lose watesto the groundwater system depending on thdference between the stream
stage and aquifer levelnd the characteristics of thereanbed materials Intermittent streamreaches
periodically go dryand are simulated ageceiing baseflow when aquifer levels exceed stream
elevations Streamreach delineation and attributesvere derivedfrom The National Hydrography
Dataset Plus, Version 2 (McKay et al. 2@t®)District data and surface water models.

A total of 55 lakes are represented in the modlarge system#iclude Lake Seminole, Lake Talquin,

Lake Jackson, Lake lamonia, Lake Miccosukee, and the Lake Lafayette system. The model simulates the
exchange of water between each lake and the groundwater system via leakage through the lakebed
materials.



Springsare significant regionalgroundwater discharge featuresn the model Four firstmagnitude

springs are included: Wakulla Spring, St. Marks River Rise, Spring Creek Spring Group, and the Wacissa
Spring Group. The combined average annual discharge of thesspfong systems exceedddl billion

gallons per dayn 2009. The model alsacludesfour second andL3 third magnitude springs or spring
groups.Modeled pring pool elevations are lsad on the best available dat@oastal wetlands also are
represented irthe model asaquiferdischarge features.

Groundwater withdrawals occur throughout the model arBampage data was compiled from multiple
sources including District databases, the USGS, and the SJRW&IDconstructionand location
information were usedwhere availableto assign pumpage to specific grid cells and model layiédrs.
predominant use categorie; the EDMare public supply and agriculture. Additional uses include
commercial, industrial, power generation, domestic selpply, and recreatioand landscape irrigation.
Groundwater withdrawals totaled 323 mgd in 2009, with98of the pumpageoccuring in Georgia.
Groundwater pumpage in the Georgia portion of the model domain tot2&@million gallons per day
(mgd) in 2009, of which &% @23 mgd) was used for agriculture. Groundwater pumpage in the Florida
portion of the model domain totaledpproximately63 mgd in 2@9, with public supphpeingthe largest
usecategory(41 mgd.

Model datasets were calibrated for three steashate periods: 2009, 2011, and 201Rarameter
optimization software was used to determine the set of model parameters that best matathe
calibration targets that includeabserved aquifer levelsyertical hea differences,horizontal head
gradients,spring flows and river baseflows feach ofthe three calibration yearsCalibration targets
were developed using data from multiple sources including District databases and the \W&iGI8s
assigned to targets @&re adjusted during the calibration procesachieve calibration metricg\ pilot

point approach was useduring calibrationto estimateand adjustspatially varyindnorizontalhydraulic
conductiviies and anisotropy ratiosRecharge, maximum saturated ,Eand streambedonductances
were calibrated using 49 watershed zones. The number of adjustablielparameters totaled 1,043.

The calibrated models (i.e., 2009, 204hd 2014)met target metrics for aquifer levels, river baseflgw
and spring flow, exapt at Chicken Branch Springrhich had only a singldischargemeasuremen. The
resultant mass balance indicates that the largest inputs to the groundwater systems modeflawnes
from streams recharge, inflows from general head boundaries, and swadftws (represented with
the Well Package)éblel3). The largst outflows from the model are discharge sream features(e.g.
baseflow), discharge to springs andt@rmittent streams,followed groundwaterET, angpumpage

Calibrated transmissivities for the surficial aquifer range from less thanf@®0squared per dayfté/d)

to approximately 20,000 #d. Calibrated transmissivities in the surficial aquifer Emgestin northern
Leon and southern Grady Counties and western Gadsden and Liberty CoGatibsated leakance
values for the intermediate system range from 3Xper dayto approximately 10 perday. As expected,
the lowest leakance valuasccurin the ApalachicolsEmbaymentregion The highest leakance values
occuralong the Cody Scarp where the confining unit pinches out. The Miemggianestoneformation,
calibrated transmissivities range from approximately 16fdfto approximately 350,000 #d (Figure
35). Thelargest transmissivities are generally locatéd the Woodville Karst Plajnextendng from
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southern Wakulla County through central Leon Couriize lowest transmissivities fdioceneage
limestone formationsare generally coincident witlthe ApalachicolaEmbayment regionCalibrated
transmissivitiesfor the Oligoceneage limestone formations (e.g. Suwannee Limestongnge from
approximately 1,500 ftd to approximately 2,000,000%d. Lower transmissivities are generally located
within the Embayment region. The highest transmissivities located within or near the Woodville
Karst Plain. These results are generally consistent with the conceptual model of the Floridan aquifer and
prior modeling studiesCalibrated transmissivities withithe Ocala Limestone range from approximately
900 f/d to approximately 5,000,000 #d. The distribution of transmissivity values are general
consistent with the conceptual model with the lowestlibrated transmissivitiesoccurring in the
Embayment regin and largesttransmissivitieoccurringin the Woodville Karst Plaimear the Wacissa
River Spring Group.

Calibrated rechargeates are spatially variableand range from 0.04 inches per year if/yr) to
approximately 42 in/yfor year 2009 (average conditiong}alibratedgroundwaterevapotranspiration

rates for 2009range from approximately 0.04 in/yr to approximately 30 in/fparameter sensitivity
analysis revealed thahe vertical hydraulic conductivities of lalied sediments are the most sensitie

model parameters, with Lake Seminole, Lake Talquin, and Lake Miccosukee having the highest mean
absolute sensitivitiesA Monte Carlo analysis was performed to assess the impact of parameter
uncertainty on simulated spring flowend river baseflows at select locations. The results indicate that
lower discharge (i.e. <10Q%s) springs hee greater relative predictive uncertaintiéa the simulated

spring flowsthan higher (>100t% s) discharge springs.

Themost important calilbation targetsg heads, baseflows, and spring floavygenerally met or exceeded

the desired goals indicating that tHeDM is asuitabletool to simulate the effects of average annual
groundwater withdrawals onFloridan aquifer levels, spring dischargand stream baseflow under
average (2009), dry (2011), and wet (2014) hydrologic conditions. The model can also simulate-the long
term average effects of groundwater withdrawals using projected pumpage for future ydaveever,
numerical groundwater models argenerally more accurate at simulating changes in heads and flows
than simulating absolute values of heads or flolsie to the limited dataavailable for calibration
further testing is needed to determine the usefulness of the model to simulate changsgrficial
aquifer levels.

Because the model is steadiate, it does not simulate changes in storagédydrologic responses on a

short time scales such as daily or weekly. The model does not simulate contaminant transport processes
in karst areas, which may be influenced logalscale aquifer heterogeneity includimgpnduit flow
processes and turbulentdiv conditions. The model assumes constant water temperature and density
and therefore does not simulate densitiependent flow or saltwater movement near the coast. As with

any groundwater flow model, there are uncertainties in parameter estimates andlai@duvalues.
Refinenent of the EDM is ongoing, with further revisions planned during 2019.



Introduction and Purpose

Regional gpundwater flow modelsare useful toolsfor evaluaing the effects ofwater withdrawalsand
other changing stresseasn aquifer levels, sprinfiows, and river baseflow. The purpose of this effort
was to develop a steadstate groundwater flow model to suppomegional water supply planning,
minimum flows and minimumwater levelsevaluations and water use permitting ithe easternportion
of the Northwest Florida Water Management District (Distridipemodel encompasses approximately
8,874 square mileandincludes parts of the Northwest Florida Water Management Distri@uwannee
River Water Management Distri(BRWMD)andall or parts ofLl2 counties irsouthwest Georgi@Figure
1).

Thespatial extenof the model domairwas selected tanclude theestimatedgroundwater contribtion
areas for Wakulla Sprin@nd the St. Marks River Rjs&hich extend into southwest GeorgiaModel
boundarieswere extended beyond thge groundwatercontribution area and are aligned with natural
groundwater divides and physical features where possible Eastern District ModelHDM) is a fully
three-dimensionalmodel that hcludes five layersThese layersollectively represent the surficial
aquifer system, théntermediateconfining unit (or the intermediate aquifer systejpand the freshwater
portion of the Floridan aquifer system

The groundwater flow system modeledusingthe U.S. Geological Surv&JODFLOWode which isa
finite-difference model that simulates laminar flow h the saturated portion of the aquifeThe model
simulates recharge swallet inflows, evapotranspiration fromthe saturated zone, groundwater
withdrawals, spring discharge, atige exchange of water betweethe groundwater systenand lakes,
perennial andintermittent streams,coastal wetlandsand the Gulf of MexicoModels and associated
datasets were developed for thresteadystate periodsrepresentinghydrologicconditionsand pumping
stressesinderaverage (2009), dry (2011), and wet (2014) conditions

Thisreport documents the work performed to date to construct and calibrate version 1.0 dEés¢ern
District Model (EDM)The work rélectsthe combined effort of District staff anexternal contractors
Datasets developed by the St. Johns River Watdanagement District, Suwannee River Water
Management District, Florida Geological Survey, and U.S. Geological Sarejsoutilized, including
datasetsfrom the North FlorideSoutheast Georgia (NFSEG) model. Work performecbhtractorsis
summarizel herein andadditionaldocumentation is provided ithe appendices.

Previous Model s

Prior regional scalegroundwater flow modeling efforts that encompass éhstudy areainclude

investigations byBush and Johnston (198&avis (1996)Davis and Katg2007), and Durden et al.
(2018). Smallesubregional models developed in this area include worlDayiset al. (201}, Gallegos
et al. (2013)and Xu et al. (2@®), which were primarily focused on investigating smatieale flow

dynamics of the Wakla Spring system while explicitly representing flow through conduits.

Bush and Johnston (1988) developedoar layer aquiferwide quasithree-dimensional, steadsgtate,
finite difference groundwater flow model to evaluate regiosahle flonandthe effeds of groundwater



withdrawals ando estimate predevelopment conditions of the Floridan aquifer system. The Bush and
Johnston model used a grigtll size of 8 miles by 8 miles versus the gelll size used in the EDM which

is 2,500 feet by 2,500 feet. Ml calibrated transmissivitielsom this studyin the EDM domain range
from less than 10,00€eet squared per dagft?/d) in the Apalachicola Embayment region to greater than
1,000,000ft%/d in most of Wakulla, Leon and Thomamunties. The simulatetiydrostratigraphicunits
included the upper and lower Floridan aquifers, where differentiated.

Davis (1996) developedthree layer, quasthree-dimensional, steadgtate MODFLOW model with a
model domain that roughly coincides with the boundaries of the EDM. The model was developed to
identify well capture zones for the City of Tallahassee and corresponding travel times estihat
subsequentparticle tracking simulations.Porosity values of 5 percent and 25 percémt the Floridan
aquiferwere used for comparison. Capture zones delineated with the calibrated model were compared
to those determined analyticallypavis simulaté flow in the Floridan aquifemsingtwo layers with the
combined calibrated transmissivity ranging from less than 5f6%0@ in the Apalachicola Embayment to
greater than 10,000,00R%d in Leon and Wakulleounties.

Davis (2007) developed a reviséar layer, fully three-dimensional, steadgtate MODFLOW model
based on previous/ork (Davis 1996). The purpose of the modeling effort was to expand on the previous
effort of identifying well capture zones for City of Tallahassee production Weéiks.studyalso used
water quality data collected from several of the water supply wells to estimate apparent groundwater
age Groundwater age estimates were used in combination with the flow model and pdracléng to
determine an effective porosity for the upp confining unit and Floridan aquifefhe calibrated
hydraulic conductivityof the Floridan aquifer rangefrom less than 3eet per day(ft/d) in the
Apalachicola Embayment ggreater than15,000 f/d in Thomas and Colquitbunties in Georgia.

The Norh Floridag Southeast GeorgitNFSEGhodel Durden et al. 201B8is asevenlayer, fullythree-
dimensional, steadgtate MODFLOWWT model that simulates groundwater flow in north Florida,
southern Georgia, and western South Carolina. The model was dyindi@neloped as a larger scale
water supply planning tool, but with enough grid refinement to be uasd tool forminimum flows and
minimum water levekvaluations. Calibrated transmissivity valdiesn the NFSEGtudywithin the EDM
domain range from less than 1,000/d in the Apalachicola Embaymeit greater than 10,000,000
ft%d in parts of Wakulla, Leon, and Jeffersmunties.

Description of Model Area

A preliminaryreport describing the EDM areand conceptualmodel was prepared by Interflow
Engineering, LLC (2015) (Appendix A). The Interflow reptatiisihe physiography, hydrogeology, and
provides preliminary conceptual water budgets fbe groundwater systemwvithin the model domain
An updated overview of topography hydrogeology and major inflows to and outflows from the
groundwater systenis provided below.

Topography , Soils, and Hydrography
Across thanodelarea, &nd surface elevationgnge from about 42%eet NAVD 8&t the northern edge
of the model domainn Worth Countyto sea leveht the southerncoastl boundary Prominent geologic
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features include theApalachicola Embaymert Gulf Trough and the Cody Escarpment (Cody Scarp)
(Figure2. Topography in the EDM Argd’he Apalachicola Embaymeaud its northern extension, the
Gulf Troughis a subsurfacepaleo-marine channekystemthat is oriented from the southwest to the
northeast (Kellam and Gorday 1990§he Apalachicola Embayment extends from Gulf County, Florida
through approximately Colquitt County, Georgia, and tlaerower Gulf Trough extends from Colquitt
County into Toombs and Tattnall counties (Kellam and Gorday 189®pst of the study area overlaps
the Apalachicol&mbayment, the system is referred to collectively as the Embayment in this report.

Deposition of clastic materials within tfembaymentand subsequent uplift has resulted higher land
surface elevations alongand southeast ofthe Embaymentin Georgia Sream networks are well
developedin the Embaymentarea and soils are wellirained, except along stream channebMajor
stream features include the Apalachicola Riymttions ofthe OchlockonedRiver, and Telogia Creek.
Land surface elevations thispart of the study aregenerallyrange from 175 to 310 feet NAVD 88.

The Dougherty Plaiis located northwest of theEmbaymentThis area hamolling topographysloping to

the southwest with landsurface elevationsangingfrom approximately270 feet NAVD 8&1 Mitchell
Countyto 80 et NAVD88 near Lake Seminol&he Pelham Escarpment forms the eastern boundary
This area containaumerous sinkholes including active sinksere ponds and matsesmay form(Clark
and Zisa, 1976) hEre is relatively little surface water drainagrcept for the Flint River system

The areaencompassedy outhern Thomas and Brooks counties and northern Leon, Jefferson, and
Madison countiesepresensa transitionarea Land elevation# this arearange from approximately80

to 225 et NAVDBS, with lower elevationgpresentalong the stream channel$oils aregenerallywell-
drainedfine sandyloams or fine sandswith moderately low runoff potentialNumerous karsfeatures
characterize the landscap&ream networks are moderately wetleveloped There are everal closed
basinswith no surface water outflowwhere streamsdischargedirectly to the underlying aquifer via
swallets There are also several large lakasLeon County that were historically shallow prairie lakes
including Lake lamonia and the Lake Lafayette System. Many of these lakes contain sinkhole features.

The eastwest trendingCody Scarpserves as a topographutivide that separatesan area of greder
topographic relieto the north from theflatter Woodville Karst Plaiand coastalmarshesto the south
Land surface elevationare approximatelyl00feet NAVD88 along the Cody Scagnd decreas¢o sea
level a the coast The Cody Scarp representseterosional edge of Hawthorn Group sediments and
marks a transition in thickness of overburden and the degree of confinement of the Floridan aquifer.
Thelargestconcentrationof springs andsinkholesin the model area occuss south of the Cody Scarp
where the Floridan aquifer is unconfined This areanicludes four first-magnitude springsWakulla
Spring, the St. Marks River Rise, the Spring Creek Spring Group, and the Wacissa Sprinde@roup.
Wakulla Springhe soils are welldrained but are poorly drainedn most other area south of the Cody
Scarp Sveralintermittent and perennial streamsin the Woodville Karst Plaischarge directly to the
Floridanaquifervia swallets.



Hydrogeology

There have been several regional hydrogemadgvestigationghat includethe model area. Keystudies
includework by Miller (1986),Pratt et al. (1996)Davis (1996), Torak and Painter (2006), Torak et al.
(2010), Davis et al. (201illiams and Dixon (2015and Williams and Kuniansky (201@he EDM
includesthree hydrostratigraphicunits: the surficial aquifer system, the intermediate system, dmel
freshwater portion of theFloridan aquifersystem For this evaluationthe Floridan aquifer is divided
into three geologic unitdased on permeability contrasts between formations of different agésse
units represent theoredominately carbonatggeologic formations of latEocene to middldliocene age
through whichthe majority of active freshwater flowoccursin the EDM.Nomerclature is based on
Miller (1986), Pratt et al. (1996), FGS (2009), and Torak et al. (2010).

In most areas, the surficial aquifer system comprises the upperimgdtostratigraphicunit. It consists
of Holoceneto Plioceneage materials comprising undiffemtiated sedimentsthe Citronelle Formation
and wherepermeable the upperportion of the Miccosukee Formation. The surficial aquifegénerally
absent in the Dougherty Plain and south of the Cody Scadefferson,Madison, Taylor, andeastern
WakullaCounty The surficial aquifer is generally less than 100 feet thickmay be perched in some
areas Thethickness of thesurficial aquifer igreatestalong the Apalachicola Embaynten western
Gadsden and Liberty counties, where the thickness caneelx&®5 feet The surficial aquifer igrimarily
recharged by local precipitation and dischargefotmalstreams, underlyingquifers and the coast.

The intermediate system is defined as all sediments that collectively retard the exchange of water
between the overlying surficial aquifer system and the Floridan aquifer system (Pratt, 1986)ethe
intermediate systermnis predominately comprised of fingrained clastic depositthe unit is referred to

as the intermediate confining unit. Where these figeined deposits are interlayered with carbonate
beds and coarser clastic sediments, the unit may serve locally as a minor aquifer and is referred to as the
intermediate aquifer system. THe2 Y @SY G A 2y & A Yy lisBsMdviiBdRghbutitlis répértatieS Y £
intermediate systenms comprised of Pliocerggemarls, molluskich sands and sandy limestones of the
Jackson Bluff Formation and Intracoastal Formatiml Mioceneage sandy carbonates andlayey
sediments of thdHawthorn GrougRupert and Spencér988)

Within the EDM the intermediate system predominatelyacts asa confining unit or semconfining unit
that impedes the vertical exchange of water with the underlying Floridan aquifer.thicknes®f the
intermediatesystemranges from less than 20 fett more than600 feet. The thickness is greatest along
the Embayment irsouthwestGeorgia.Deposition within theEmbayment produced a thick sequence of
clasticsediments which are overlain by younger carbonates and clastitingents (Torak et al. 2010,
Williams and Kuniansky 2016). Where the intermediate system is thick, it may include water bearing
zones that are used for irrigation and domestic selpply usesin the Dougherty Plaiand the area
north of the Cody Scarp lreon, Jefferson, and Madison countiéise intermediate system functions as
a semiconfining unit and ranges ithickness fromless than 20 feet upgo about 125 feet The
intermediate system has been eroded away and is absent south of the Cody Scar@Madtieille Karst
Plain.



The intermediate system receives recharge from the overlying surficial aquiderfrom direct
precipitation where the surficial aquifer is absent. The&ermediate ystem also receives inflofvom
streams and lakeed leakageDischarge from thantermediate ystem aquifer occurs via minor amounts

of pumpage, discharge or leakage to the underlying Floridan aquifer system, and discharge to streams,
rivers, and the Gulf of Mexico.

TheFloridan aquifer is the primary source of waacross the model domain and is the principal aquifer

of interestin this study The Floridan aquifer is comprised of limestones and dolostones of late Eocene
to middle Miocene ageln order of increasing aggeologic formationgomprising the Floridaaquifer

in the model area include Mioceneage limestone formations Oligoceneage limestone formations
including the Swannee Limestone, Byram Formatjeand Marianna Limestoneand thelate Eocene
ageOcala Limestone.

Where permeable carbonates of Miaoe age are in hydraulic connection with older carbonate
formations, these formationsepresent the top of the Floridan aquifer. These units include the St. Marks
Formation, Chattahoochee Formation, Tampa Limestone, and Bruce Creek Lim&smeater beang
characteristics of Miocene materials are highly spatially varidddieceneage limestone formations
comprise thetop of the Floridan aquifer in nnch of the Florida portion of thenodel area and pad of
Brooks,Colquitt, and Coolcounties, GeorgiéTorak et al. 2010)n Grady and Thomas countiegater
bearing zones ithe Tampa Limestonsupplydomestic wells with yields of 1 to 10 gallons per minute
(gpm) and 5 to 5@pm, respectively reported in these two countiegSever 1965 Sever 196%
Permeable Mioceneage limestone formationsare absent in the Dougherty Plaamd southern Taylor
County.

The Oligoceneagelimestoneformations compriseghe primary water production zonand are present
acrossmost of the model area In Florida, the Oligocerage formations represent the Suwannee
Limestone. Along thEmbaymentrom Grady through Tift counties, the Suwannee Limestone and Ocala
Limestone may be separated by Byram Formation and Marianna Limes$tomations that had
previously been considered part of the Suwannee Limestone (Torak et al. 2Dli§pceneage
limestone formationginch out in the Dougherty Plaimest of the Pelham Escarpmeirt part of Worth
Countyand in Madison and Taylor countiés theseareasthe Ocala Limestonisthe uppermost unit in

the Floridan aquiferKellam and Gorday 19900rBk and Painter 2006).

The degree of confinement of the Floridan aquifer varies acrosmthael area Figure3; adaptedfrom
Williams and Dixor2015). The Floridan aquifer is wetbnfinedby a thick sequence of materigdsidis
generallyless productivealong theEmbaymentThe hydraulic conductivity of the Floridan aquifer within
the Embayment is relatively low with little development of secondary porosity ranoce mineralized
groundwater However, along the southern flaskf the Embayment isouthernCdquitt and northern
Thomascounties, hydraulic conductivity is highdKellam and Gorday 1990yhe Floridan aquifer is
semiconfinednorth of the Cody Scarp Madison, Jefferson, anglasternLeon counties and in southern
Thomas and Brooks countiesniay beconfinedlocallyin areas of higher elevatioifhe Floridan aquifer
ismostproductive inkarst areasuchasthe Dougherty Plain anthe Woodville Karst PlaifVithin these
regions there is significant development of secondary porosity due to the dissolution of carbonate
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Only the freshwater portion of the Floridan aquifer is simulated in the model where total dissolved
solids are estimated to be less than 10,000 milligrams per liter (mg/L). The thickness of the freshwater
portion of Floridan aquifesystemranges froméss than 50 feet to more thaB00 feet acrossthe model

area. The Floridan aquifer occurs at greater depths along the axis ofBthieayment and is less
productive due to a thick confining unit and lower secondary porosity.

The potentiometric surface dhe Floridan aquifer system ranges from more than 210 feet NGVD in the
Worth County to sea level at the coagidure4). Groundwater in the Floridan aquifer systegeneraly
flows southand discharges to major rivers, springs, and the Gulf of MeXieDougherty Plain is part

of a different regional groundwater basin whegeoundvater generally flows toward and discharges to
the Flint River or toward Lake Seminole.

Inflo ws to and Outflows from the Groundwater System

Inflows to the groundwater system include recharge, groundwater flow frorgragient areas, swallet
inflows, and leakage from streambeds and lakebeds. Precipitation increases from north to south across
the maodel area ranging from an average of approximately 48 inches per year in Worth County to
62inches per year in Leon Counfechargedo the groundvater systemis a function of precipitation,
topography, land cover, and soil conditioasd is spatially vaable. Rechargecanalso occuwia point

inflows at swalles. Swallets are closed depressions or sinkholes that receive waterifitermittent or
perennialstreams and transmit idirectlyto the groundwater systenSwalletsrepresented in the model
include the Lost Creek swallet, Ames Sink, Black Cawaktet, Fisher Creek swallgPatty Sink, Bird Sink,
Copeland Sinkand others(Figure5). Inflow rates for swallets represited in themodel ae based on
stream discharge measurements taken near swallets or were estimated using surface water models.

Surface wategroundwater exchangeis important to the groundwater flow system throughouhe
model domain Perennial rivers inkde the Apalachicola, New, Flint, Ochlockonee, Sopchoppy, Little,
Wakulla, St. Marks, Aucilla, and Okapilco Creek. These features eithevagairfrom or lose water to

the groundwater system depending on tlaharacteristics of the streambesedimentsand relative
differencesbetween stream stageand aquifer levels.

There arenumerouslakeswithin the model domairthat exchange watewith the groundwater system.
Several lakedgncludingLake Jackson, Lake lamonia, Lake MiccosukeeUppdr Lake Lafagtte have
sinkholes that may allow for a more direct connectioand increased exchangeth underlying aquifers
compared to other lakesMany lakesin the areahavealsobeen modified withwater control structures
that enable surface water inflows or outiws. Surface water inflows and outflonasre not explicitly
simulated aslakesare representedin a simplified mannein this groundwater model The model
simulates the exchange of water between each lake and the groundwater systéelaakage through
the lakebed materials Therate of lakebedleakagedepends on the relative difference between lake
stage and aquifer levels and tlobaracteristics ofakebedsediments Lakeswithin the Districtgreater
than 25 acres in size aiecludedin the model Data were unavailable regarding the distributiand
acreagesf lakes in Georgia and onl{take Seminolés included However, although there are many
small stream impoundments, there are few large lakes inGleergia portion of the studstrea.ln Grady
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County a 960acre impoundment on Tired Creek, a tributary to the Ochlocknee River recastly
constructedandwill be addedduringsubsequentmodelrefinements

Outflows from the groundwater system occwia evapotranspiration, pumpage, and discharge to
streams, coastalwetlands, springs, and the Gulf of Mexico. Similar to recharge, evapotranspi(&flon
is a function ofclimatic,land cover, and soil conditions. Predominant land uses imitbdel areaare
mixed forest (41.5%), row crops and pastures (22%) and forested wetlands (19.3%). Urban and
developed lands comprise less than 7% of thedel area Total evapotranspiration is estimated to
range from 36 to 42 inches per ye&ush andlohnston, 1988Davis 1996) and averages approximately
39 inches per year in the EDM domain (Interflow Engineering,)2BaBtof the total evapotranspiration
occurs from the shallow plant root zone and the remainder occurs from the saturag¢edrbundwater)
zone.The model simulates evapotranspiration from the saturated zofe. groundwater ET)he rate

of evapotranspirationvaries froma maximum rate when the aquifer level is at land surface and
decreases to zero at theTa S E i A y O (i Sidilir toReXhaigéévh@otranspiratiomates arespatially
variable.

Springs represent significarégionalgroundwaterdischarge featuresrour firstmagnitude springsre
included in the EDNinodel area Wakulla Spring, St. Marks River Rise, Spring Creek Spring Group, and
the Wacissa Spring Grouphe combined average annual discharge of these four spring systems
exceeced 1.1 billion gallons per day 2009. The rate of spring discharge depends on the relative
difference inelevation between the spring poolstage and the aquifer leveland is simulatedn this
model using an equivalent porous media approa€tonduit features are not explicitly represented.
Spring pool elevationgrere available for some firghagnitude springdut were estimatedfor smaller
springs The modé¢includesfour second magnitude springand 13 third magnitude springdNumerous
smaller springs {4 magnitude and smaller or unclassifiegile present in themodel area but these
features contributenegligible amountof groundwaterand are notexplicily represented All springs
represented in the EDMre located in Florida. There are no known first or second magnitude springs in
the Georgia portion of themodel area Intermittent streams within the model domain may also
discharge water from thgroundwater system. Wetlands located near the coast are also represented in
the model as discharge features.

Groundwater withdrawals occur throughout the model area. The predominant use categories are public
supply and agriculture. Additional uses incluemmercial, industrial, power generation, domestic self
supply, and recreation and landscape irrigation. Groundwater withdrawals totaled 323 mgd in 2009,
with 80% of the pumpage occurring in Georgia. Groundwater pumpage in the Georgia portion of the
model domain totaled 260 million gallons per day (mgd) in 2009, of which 86% (223 mgd) was used for
agriculture. Groundwater pumpage in the Florida portion of the model domain totaled approximately
63 mgd in 2009, with public supply being the largest use caye@d mgd).
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Model Construction

Calibration Years

A multiyear steadystate model calibration approach was uséd the EDM The intent was tamprove
parameterestimatesby simultaneously matdhng targetsfor three steadystate periods representative

of average annuaWet, dry, and averagéydrologic conditionsSeveral factors were considered when
selectingcalibration periods. The intent was tgelect years with minimal changes in storage in the
Floridan aquifer but it was alsodesired tochoose years ith varying pumpingand rechargestresses
Additionally, options for calibratiopearswere constrained bylata availability fofeatures of interest.

Hydrologic conditionsvere reviewed as well athe availability of pumpage data, groundwater levels

and ring flow targets for yearffom 2000 to 2016. Palmer Drought Severity indices were utilized as a
measure ofrelative hydrologic conditionsamong years(NOAA 2019 Springdischargerates and
groundwater levelsnvere also used as indicatots hydrologic conditionsBased on the dataeview,

years 2011 and 2014 were selected as dry and wet years, respectively. Year 2009 was selected as the
best year for which sufficient data were available and hydrologic conditions were near avieoagab
calibrationperiod, averageannual valuegor the calendar yeawere used in the EDMor recharge and

ET rates, spring pool and river stagesmpageand calibration targets.

Model Code

MODFLOW was developed by the United States Geological Surveyppsnsource groundwater flow

model using a finitalifference numerical approximatioto solve thegroundwater flow equation. The
modelisuse NA Sy Rf & Ay GKFIG o02dzyRINE O2yRAGAZ2YA | YR (K
modular structure.

The modeling code chosen for use in the EDM is MODRN®W (Niswonger et al., 2011), a Newton
formulation of MODFLOW2005 (Harbaugh, 2005). MODFLOMWWT uses an improved solver to address
nonlinearities encountered in unconfined groundwatkw problems wien cells become dry andwet
during iterations of the finitedifference approximation of the groundwatdlow equation. In practice,
MODFLOWNWT enables the EDM to be more numerically stable in areas of the model domain
representing unconfined conditions.

While MODFLOWWT was primarily chosen for the enhanced numerical stability in unconfined
conditions,a secondary consideration was the capability of converting the MODFN®XV model to
MODFLOW2005 which has the flexibility of usitige Conduit Flow Praesses (CFPpackaggShoemaker

et al., (2008)). CFP has the capability of simulating laminar and turbulent flow through a network of
pipes which may be implemented in future versions of the EDM to represent known cave passages or
other karst features.

Model Domain , Grid and Units

The EDM was primarily designed to simulate flow infleshwater portion of theFloridan aquifer and
to evaluate impacts of changing stresses to waterbodies of interest. The model domain was selected
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based on natural nflow or hydrologic boundaries at a regional scale observed from Flovidde
potentiometric surface maps’he domain encompasses Leon, Jefferson, Wakulla, Liberty, Gadsden, and
portions of Franklin, Taylor, and Madison counties iniéigras well as, Decatur, Grady, Thomas,
Colquitt, Mitchell, and portions of Brooks, Cook, Tift, Worth, Dougherty, Baker, and Miller counties in
Georgia.All spatial and hydrologic data associated with the EDM arenits of feet and days. All
elevation citasets are in or were converted to a common datumNeofth American Vertical Datum of
1988 (NAVI38). The EDM consists of 350 rav20 columnsand five layers comprisirif32,499 active

cells. The EDM uses a uniform grid cell size of 2,50Mfe2{500feet representing a maximuraxtent

of approximately 8,874 square miles (layer extents varye gridis oriented slightly northeast to
southwest,parallel to theprincipal direction of groundwater flow in the Floridan aquifer.

Model Layers

A fully threedimensional representation of the groundwater flow system requires the vertical
discretization of the model into layer3he five layers in theEDMcollectivelyrepresent the surficial

aquifer, theintermediatesystem and the Floridan aquifer.ne Floridanaquifer wasfurther discretized

into three layers representing separatgeologicages permeable Miocenege limestone formations

(i.e., St. Marks FormationChattahoochee FormatignTampa Limestonegr Bruce Creek Limestohe
Oligoceneage limestone formations (i.e., Suwannee Limestone, Byram Formatiocor, Marianna

Limestong, and theEoceneageOcala LimestonéTablel). Because all units amot spatially continuous

aaoss the model domaiand MODFLOWWT does not allow a middle layer to be absent when there

are layers above and belgwnodel layers do not strictly coincide witieologic units This issue is
RA&A0dzaaSR FdzNIKSNJ dzy RSNJ ! &iS ! 2jFzAl TESRNE NP2 ISNTIM S 3! DEA

Tablel. Eastern District Model Generalized Layer Designations

Period Series Geologic Unit(s) Hydrostratigraphic| Model Layer
Unit (whereall five
layerspresent)
b
g Undifferentiated Sediments, Citronelle - .
= Holocene . . . Surficial Aquifer
o : Formation, or Miccosukee Formation, whel Layer 1
o Pleistocene System
S present
o
Hawthorn Group sediments, Intracoastal .
. . . Intermediate
Pliocene Formation, or Jackson Bluff Formation, Layer 2
System
where present
Uppermost permeable zone in
Chattahoochee, St. Marks Formation, or Laver 3
% Miocene Tampa Limestone (if preseahd part of y
'g Floridan aquifey Floridan Aquifer
[ Oligocene Suwannee Limestone, and where present, Laver 4
9 Marianna Limestoneand Byram Formation y
Ocala Limestone Layer 5
Eocene L|sb_on Formation, TaI.Iahat.ta Formation Middle or Lower No Elow
(Claiborne Group undifferaiated), or Avon - )
. Confining Unit Boundary
Park Formation
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The vertical discretization of th€&loridanaquiferwaslargelybased ora review ofaquifer properties and
groundwater leved measuredin wellsopen todifferent geologic unitsDifferences in aquifer properties

and groundwater levelare observed in the Apalachicola Embayment within Florida (e.g. Gadsden and
Liberty Counties)where head differences between the Chattahoochee Limestone and the underlying
Suwannee Limestonare as great as approximately 40 fedear Wakulla Springquifer propertiesalso
appear todiffer between the St. Marks Formation and the Suwannee Limestdhe. Wakulla Spring
cave system has been explored revealegensive developm& of secondary porosityithin the
Suwannee LimestongRupert 1988)The alditional vertical discretization of the Floridan aquifer the

EDM may facilitate future modeling effortmear Wakulla Springas conduits could be explicitly
represented in the Suwannee Limestone layer.

Below the Ocala Limestone within the EDM, the lithologghefmiddle Eocenage formations generally
transitions from predominately carbonates rocks in the southeast to predominately clastic rocks in the
northwest. Spatially discontinuous, lepermeability units exist within these formations and have been
mapped as middle and lower confining units of the Florida aquifer system. In addition, mineralized
groundwater with TDS concentrations exceeding 10,000 mg/L exist at depth within these formations.
Based on these conditionshe¢ base of theactive groundwater flowsystem within the EDMoincides

with the bottom of the Ocala Limestone, with some exceptions.

Development of Raster Surfaces

A land surface DEM, raster surfaceshgtirostratigraphic andyeologic units, and 10,000 TDS surface
were used to discretize modldayers and assign layer elevations as described bel@ira Tech
developedthe digital elevation model (DEM) of land surfaeged in this modeling efforDistrict staff
developedraster surfacesof the elevations of thetop of the intermediate systenand the top of the
Floridan aquifer. INTERA developedter surfacesof the elevations of thetop of the Oligocenage
limestone formations and the top and bottom of the Ocala Limeston&he elevation of 10,000 TDS
surface developed by the US@BSGS 2015) was revised by the District to incorporate local
groundwater quality data.

Land Surface DEM

Tetra Tech created a land surfab&Mthat covers the entire Florida panhandle and southern portions

of Alabama and Georgia. The DEM combined the followirsgiex datasets: 1) Districtideter DEM, 2)
southwest Georgia 2meter DEM, 3)state-wide Florida 1émeter DEM, and 4) USGS-h@ter DEMs
covering Alabama and Georgia. All necessary processing, including projecting, clipping, and converting
elevation valus from meters to feet, was performed on individual datasets before being merged. The
final land surface DEM is in NAVD 88 and hamgingspatial resolution of 2 to 10 meters.

SubsurfaceRasters

The elevation of thé¢op of intermediate system was interpated by the Districtas the first vertically

thick and spatially continuousequence of fingrained clastic sedimentgenerally Miocene to Pliocene

in age. This typically corresponds to the base of the unconsolidated surficial aquifer system. The
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elevation of thetop of the Floridan aquiferwas interpretedby the Districtas the elevation offirst
permeable zone within the upper most limestone formation (Miocene or older)igtagdraulicallypart
of the Floridan aquiferAs a result, te top of he Floridan aquifemwasnot necessarily coincident with
the top of the geologic formationr represented by the samgeologicunit across the model domain

Lithologic descriptions and interpretations from thBistrict, USGS, FGS and other WMDs were used to
developsets ofcontrol pointsof elevations ofthe top of the intermediate systermand the top of the

Floridan aquifer Control points were prioritized based on one or more of the following criterighel)

site had an existing unitop interpretation in i KS 5 A & & NA O Qyadatakiase® jiedpd NI G A 31
exploratory drillinghadoccurred athe site through multiple geologic formatiorad hydrostratigraphic

units, 3) multiple data typege.g. geophysical logs, lithologic logs and water level datesed for the

site, 4)the site filled a gap in spatial coveragend 5)the interpreted elevations generdl agreewith

previously developed top of unit surfaces. A total of 433 and 544 control points were used to
interpolate theelevation of thetops of the intermediate systen(Figure6) and Floridan aquife(Figure

7), respectivelyThe

Gontrol points were interpolated to create continuous raster surfaces The Natural Neighbor
interpolation method was useth ArcMap 10.80 create a 250 reter by 250 neter raster from each

control pointdataset® ¢ KS bl G dzNJ f b SA 3IKO 2 Ntheickfses$ dlibgatfof ipat2 y Y S
samples to a query point and applies weights to them, based on proportionate areas, to interpolate a
value(Sibson 1981, ESRI202%) / 2y i NRBf LR Ay G St SJroiwkre godvertkdyfo @S NI A «
vertical datum NAVIB8 bdore interpolation.Since each dataset was independently interpolated at a

coarser resolutionhanthe land surface DEM, quality control checks were made on the output to ensure

that the elevations of the top of the intermediate system and the top of th@ifflan aquifer did not

exceed land surface. If exceedances were noted, land surface elevations and elevation offsets were used

G2 ONBI GS a2 fhe sofd oyftidIp@irftséwere Bidey i #he dataset and surface was re
interpolated.

Creation ofeach raster surfaceproceeded as follows: 1) control points from all data sources were
combined into onedataset, 2) the dataset was interpolated using the Natural Neighbor metbod

create a raster surface3) raster math was performed tealculatethe difference between theraster

surfaceand the land surface DEM, 4) raster callsere thevaluesof the top of unit exceedethe land

surface were extracted and converted to point features, 5) the point features were intersected with the

land surface DEM textract the land surface elevation value, )& point features were usetb provide

GazFid O2yGNRf¢ o0& adzod NI OGAY3I | T Ssoft ®E@@ntFIRY §GKS
the dataset, and 7) theurfacewasre-interpolated.

Using asimilar approach, INTERA compiledeologic data, developedontrol points and create

continuous rastersurfacesof the elevations of thetop of Oligoceneage limestone formationand the

top and bottom of theOcala LimestonéAppendixB). Soft control points were added where dasae
scarce, layers pinch oundwhere initial interpolated surfaces exceeded land surface.
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Assignment of Layer Elevations

INTERA used thester surfaces to assign layénp and bottomelevations Layer elevatioa generally
correspond to the interpolatedaster surfaces However, adjustmentsvere made insomeareas where
geologic units werehin or absent MODFLOWNWT does not allow a middle layer to be abse#tiere
there is an active layer above and belowTib maintain vertical continuity, minimum thickness of 10
feet was specified foeachactivelayerbelow theuppermost layerFor example, Miocenagelimestone
formationsare absentin the Dougherty Plaibut Layer 3wasassigned a minimum thickness d feet

to maintain vertical continuitybetween model layers 2 and. &he determination of model layer
elevations involved performing raster math swubtractone surface from another, check for negative
layer thicknesses, and adjust elevations where thickes were negative or less than 10 feet.
Additional cktails are provided in AppendixB. District staff made some minor revisions to layer
elevations following work performed by INTERA. Thesdsions primarily involved adding an
uppermost active layeor increasing the layer thickness@s the Woodville Karst Plain where the
Floridan aquifer is unconfined but a thin layer of overburden is prederddition, the thickness of the
Mioceneagelimestoneformationsmaking up the top of the Floridan aquifeas increased in Georgia,
along the Apalachicola Embayment.

After model layer elevations werassignedthe bottom of the model wasruncated to the base offte
freshwater zone based on the 10,000 mg/L TDS surface created by theW#i@amg and Dixor2015).
Where the10,000 mg/L TDSurface was above the bottom of a model layer, the bottom elevation of
the layer wasncreasedo match the surfaceln Franklin and Wakulla countiesater quality data from
discrete interval sampling conducted during the construction of six public supply wells and two
exploratory monitoring wells were usebly the Districtto refine the depth to the 10,006hg/LTDS
surface.Following this refinement, # layerbottom elevations in this area were modifieth most
areas, the bottom of the model occukelow orwithin Layer 5(Ocala Limestone). However, near the
coast where the frdswater zoneis thimer, the bottom the model can occum Layer 4

Lateral Boundary Conditions

Lateral boundary assignments are showrFigure8 and include neflow, constanthead,generathead

and river boundary condition®o-flow boundaries ee used along the edge of the model domaihere

the edge follows streamlines and groundwater divides or where a hyadtogic unit or geologic
formation pinches out. A nlow boundary is a type of specifigllix boundary in MODFLOW where the
flux acrosghe boundary is zerol'he lateral boundary along the eastern edge of the model domain in all
layers is a ndlow boundary that follows persistent features in the potentiometric surface of the upper
Floridan aquiferHydrogeologianits pinch out in Layex1 and 2in the south adjacent to the Woodville
Karst Plainand to the north, adjacent to theDougherty Karst Plainn Layer 3 the Miocenage
limestone formationsof the Upper Floridan aquifer pinch otd the northin Georgia. These units are
not consdered to be significant aquifers along their northern extent.

Thelateral boundaiesalong thenorthern edge of the model domajim Layers 4 and Farerepresented
by generalhead boundaies (GHB) where the edgecuts across equipotential lines of theoftlan
aquifer potentiometric surface. A GHB is a type of hekgpendent boundary in MODFLOW. The flux
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across the bundary is dependent on a fixdeead elevation, assumed to be some distance outside the
model domain, and the simulated head in the boundagll. The assignment of the lateral G#iB

Layers 4 and 5, arttieir attributes are described bINTERAAppendix & INTERA assigned heads at the
GHBs based on a statistical relationship between the May 2010 potentiometric surface map (Kinnaman
and Dixon 2011) of the Floridan aquifer and USGS water level elevation data for calibration years 2009,
2011, and 2014 Conductance values were assigned based on the horizontal hydraulic conductivity
specified in the NFSEG model version 1.0 (Gordu et al., 2016)oidel Layer 3which represents the
Upper Floridan Aquifer; the thickness of model layers 3, 4, and 5 in the EDM; and the length of the
boundary perpendicular to the flow direction (2,500 feet) in the EDM.

Thelateral boundary along thevestern edge of tB modeldomain in Florida is either aorflow or river
boundary depending on whether the Apalachicola River is present in the Fagieer boundary is a type

of headdependent boundaryn MODFLOWThe flux across the boundacan be either into or out of

the model anddepends on a fixed river stage and the simatéd head in the boundary cellhe
Apalachicola River is a major surface water feature and represents a location of discharge for the
surficial and upper Floridan aqgeit where hydraulicallyconnected The aquifetayersbelow the river

are a point of convergence and upward flow and are thus simulatedogfow boundaries in the
underlying layers.

Offshore the lateral boundarnalong theeast, west and southern edge thife model domain is either a
no-flow boundary or constarhead boundary representing the Gulf of Mexico. A constadd
boundary is a type of specifidtead boundary in MODFLOW. The constae®d boundary is specified
for cells in Layers 1, 2, and 3 whdhose cells are part of the upper active model layldre specified
head value is set to 0.072 feet NA8B the freshwaterequivalent of mean sea levedffshore vhere
the southern lateral boundary is a #lmw boundary, this represents the subsurface
freshwater/saltwater interface.

Depending onthe location within the model domaijrthe base of the model coincides with either the
bottom of the Ocala Limestonar the freshwater/saltwater interfaceas represented by the 10,000g/L

TDS surfageas previouly described These boundaries are conceptualized as not having significant
vertical flow across themwithin the model domairand represent the base of the fresh groundwater
system. They are simulated in MODFLOWGa@8Bow boundaries

Internal Boundary Conditions

Boundarieswithin the model domain are considered internal and are represented by all boundary types:
specified head, specified flux, and hedependent flux.Recharge andETfrom the saturated zoneare
specified flux and headependent flux boadaries, respectively, which aagpplied to the uppermost
active layer. Surface water features such asvars, streams, springand coastal wetlands are
representedaseither river or drain boundariesvhich are headlependent fluxesA drain boundary is
similar to a river boundary excepiie flux can only be out of the model when the simulated head in the
boundary cell is above a specified drain elevation. Springsaastalwetlands are also represented in
the model as drain boundariekakesare represated as generahead boundarieswhich are also head

17



dependent Groundwater withdrawals and swallets within the model domain are represented by
specifiedflux boundaries. These features either remove or add water to the groundwater system at a
specifiedrate for each ofthe respective calibration years. Most of thebBeundariesare assigned to
model layers based oglevationattributes and model layer top and bottom elevations while others are
explicitly assignedThe development and implementation of thedmundariesin the model are
described in more detail below.

Recharge and Evapotranspiration

Recharge reflects the amount of precipitation that reaches the top of the uppermost saturated layer
following initial abstraction, interception, runoft Tfrom the unsaturated zone, and other surface losses
and storages. Recharge is a function of surface topography, land cover, soil type, and other factors.
Evapotranspiration from the uppermost saturated layer in the model representsstin@iningpotential

ETafter EToccursfrom the surface storage anthe unsaturated zone. THET rate varies linearfyom a
maximum saturatedETrate when the aquifer level is dand surface ta rate ofzerowhen the aquifer

falls belowthe extinction depth. Extinction depshare also a function of soil type and land cover.

Initial values for recharge and maximum saturaigé., groundwater)evapotranspiration rates were
provided for each EDM grid cell and calibration year by SIRWEMR, personal communication, 2018)
Thevalues were based on output from Hydrologic Simulation Progfanran (HSPF) models developed
for the NFSE@odel The HSPF models simulatater budgetprocesses within surface water basins
including evapotranspiration andainfallrunoff processesThe development of the HSPF models and
the recharge maximum saturatecET, and extinction depttdatasetsare describedn Cera et al. (2026
and Durden et a2018).

Initial recharge and maximum saturated Eafesprovided by SIRWMior 2009are shown ard-igure9

and Figurel0, respectively Extinction depthsare shownon Figurell. The SIRWMD also provided files
containing daily stremflow values generated bthe HSPF models from 1991 to 2014 at river reaches
corresponding to USGS streamflagyauges The HSPFjenerated recharge values were larger than
anticipated in some areas of the EDM domain. As a result, -g&kfFated valuesvere reviewed and
adjusted where appropriateprior to utilizing them in the EDM. The District contracted with INTERA,
who compared estimated and simulated runoff generated by the HSPF mdbdIERA applied a
baseflow separation method to the HSPF simulateillydstreamflow and the daily streamflowalues
measuredby the USGSThe method utilized on a €day low pass filter to separate totaverage daily
streamflow into baseflow and runoffomponents ArcGIS shapefilesf the associated surface water
basins provided by SIRWNMire used to calculatghe area contributing to each USGS station. The
runoff valuesderivedfrom HSPKEtreamflowand USGStreamflow valuesvere converted to inches per
yearacross each basibifferencesin daily runoff werecalculatedfor each basiras the runoffestimated
using the HSPF streamflowminus the runoffestimated usingthe USGS streamflowPositive errors
indicated the HSPfeerived runoff was larger than thebaseflow separatioerived unoff. Because
errors in runoff could translate into errors in either recharge or groundwBfEestimatedrunoff errors
were divided by two and equally apportioned to make adjustmeatthe initial recharge andnaximum
saturatedETratesprovided by SIRMD.
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INTERA created an ArcGIS shapefilwatershed(or basinjzones thatassociatseach model grid cetb

a surface water basifFigurel12). Grid cells located outside a basin were assignedrae number of

zero. Thdlifferencesin runoff within eachwatershedwere then used to calculate scaling factors which
were then used to adgt the recharge andhaximum saturatedETrates provided by SJRWMD. Scaling
factors were calculated for each basin and year combination. Cells located outside of basins with USGS
gauges were adjustedusing the average of the factors across all basins. IMTPBRrformed the
calculations using Excel, Microsoft Access, and Ar&@piidixD).

District staff reviewed the valuegfined by INTERAor years 2009, 2011, and 2018hd where needed,
constrainedthe recharge andmaximum saturated ETates to not excesd total precipitation. Total
precipitation in each year was based on the maximum of the reported annuas fodad among theCity
of Tallahassee AirporElorida;City of Apalachicold;lorida;Camila,Georgia and ThomasvilleGGeorgia,
rainfall stations However,rechargeapplied at the City of Tallahassee sprayfield wassed onactual
application ratesand was allowed to exceed preciptiatiorSprayfield pplication rates were obtained
from annual reuse reports prepared by the Florida Department of Environmental Protection.

River and Drain Boundaries

Rivers and streams were simulated either as perennial or intermittent. Perennial rivers within the model
domain were simulated using the MODFLOW River (RIV) Package. These features are conceptualized as
always having water in them and are either gainwater from or losing water to the groundwater

system. Intermittent streams within the model domain were siatetl using the MODFLOW Drain

(DRN) Package. First and second magnitude springs of interest within the model domain were also
simulated using the MODFLOW DRN Package. Springs are conceptualized as artesian features that only
discharge water from the groundater system. River and drain boundaries are types of fgabndent
boundaries in MODFLOW. The flux across the boundary is dependém conductance of the rivesr

drain boundarya fixed river stage or drain elevation and the simulated head in thexdaiy cell.

Tetra Tech developed a giiddependent, Districivide parent geodatabase of river and sprirajated
parameters for use in groundwater modelingppendk E). The geodatabase was built primarily around
the National Hydrography Dataset Plus, &fen 2 (McKay et al., 2012)he NHDPIus2 hydrography
represented in the EDM is shown kigure5. Attributes of the NHDPIlus2 dataset include river reach
length, width, flav and permanence. The permanence attribute identifies a river reach as perennial or
intermittent and determined whether a feature was simulated as a river or drain bounddditionally,

most first order streamreaches, except spring runsyere simulatedusing drain boundariesDistrict
stream stage, flow and depthlata; spring stage and dischargend HEEGRAS model datasets were also
used tolocally adjust the attributes of the NHDPIlus2 datad to estimateaverageflow depthsby
Strahlernumber, whichwere used to calculate river bottom elevationse(, RBOT)

Tetra Tech also developed an ArcGIS modeling tool that uses the parent geodatabase to attribute river,
stream and spring boundaries at the gedale and creates formatted output files for impanto GW

Vistas AppendixF). The parent geodatabase and modeling tool were used with the EDM grid to create
river, stream and spring boundaries for each calibration year (2009, 2001, and 2014). River attributes
and Strahler ordebased criteria for widttand depth, feature location, and model layer elevations were
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used to assign the boundaries to an active model layer. The width and length attributes, Strahler
numberbased criteria for riverbed vertical hydraulic conductivity, aagionalmultipliers were used to
estimate an initial riverbed conductance value for each bounddynductance values were
subsequently adjusted during model calibration.

Additional drain boundaries weresubsequentlyadded tothe model during calibration taepresent
coastal welandsthat were not included in the NHDPIlus2 dataset.

General Head Boundaries

A total of 55 lakesvere simulated using the MODFLOW General Head Boundary (GHB) Pablkdgke
features are conceptualized as having both areal leakage across the lakededncentrated drainage
through known sinkholes The lake GHBs were developed by Tetra Tech and descritzetédhnical
memo AppendixG). Available data provided by the District includitgrature documenting previous
investigations of selected lakestage measurements &ixof the 55 lakes, measured water depths, and
a land surfaceDEM. This data wasused to estimate lake stage, assign lakes to model layad,
estimate conductance for sinkhole features and initial leakance values for lakebed s@dimet
representing sinkholes.

For lakes with available stage data for the calibration years (i.e. 2009, 2011, or 2014), the annual
average stage was used to attribute the GHBsaelbresenting that lak€e.g Lake Seminole and Lake
Talquin) For lakes wh data outside thecalibration years, an average stage for the entire period of
record was used for all calibration yeaFor lakes vthout any stage measurementsjevations from
nearby lakes with measurements were usedaaraverage DEM elevation wased as the stage for all
calibration years.

Estimates of conductance for sinkhole features within Lakes lamonia, Jackson, and Lafayette were made
using previous technical reparin which volumetric inflows were measured. For all other GHB cells
representng lakes where sinkhole features were rplicitly represented, an initial vertical hydraulic
conductivity of7 x 10° feet per daywas used. This value was based on estimates of vertical hydraulic
conductivity of cores from the intermediate confiningitn

Groundwater Withdrawals

Groundwater withdrawals, or pumpagdrom wells are simulated in the model as specifildx
boundaries. Best available data were utilized to devedtgadystate spatially distributed pumpage
estimates for calibration years 200 2011, and 2014nd pumpageprojections for 2040.Table 2
summarizes the sources of information used to develop pumpage estimatssict staff estimated
pumpagewithin the Districtfor the following use categories: (1uplic supply, (2) ndustrial commercial
and nstitutional uses, (3)power generation, and(4) recreation District staff also estimatedodnestic
self-supply withdrawalswithin the entire model domainWater use estimates previously developed by
the St. Johns River Water Management iist(SJRWMD) for the MSEGnodel were evaluated for
inclusion in the EDM, including agricultural use within the Distraotd pblic supply,
industrial/commercialinstitutional uses andpower generation within the B WMD USGS staff provided
annual averagepumpage estimates for public supplindustrial/commercialinstitutional uses and
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power generation within Georgia (Bellino 2017, personal communication). The specific methods used to
develop pumpagestimatesfor each usdype are describd in detail bythe District(NWFWMD2019).

Table2. Eastern District Model Pumpage Data Sources

Water Use Categaes Region Source
Public supplyindustrial/commercial/institutional NWFWMD Districtdatabase
power generationrecreation
Public supply, SRWMD SJIRWMINFSEG dataset
industrial/commercial/institutional, power
generation
Public supply, GA USGS
industrial/commercial/institutional, power
generation
Domestic selsupply All District dataset
Agiculture All SJRWMD

Groundwaterwithdrawals within the model domain vary by year dodation Table3). The majority of

the groundwvater pumped(74%to 81%)occurs inthe Georgiaportion of the model domain. The largest

use category in Georgia is agriculture. Nagricultural usesn Georgiainclude public supply; industrial
commercial and institutional use; power generation, and domestic-salply. In the Florida portion of

the model domain, agricultural pumpage is a predominant use in the SRWMD. In the District, public
supply canprises the largest use category and agricultural use compoisigsapproximately 20% of the

total groundwaterpumped. Additional detaiis provided in NWFWMIR019).

Table3. Groundwater Pumpage by Year and Region in the EDM

2009 2011 2014

Region and Use Category (mgd) (mgd) (mgd)
NWFWMD nonAgricultural 48.64 55.16 49.16
NWFWMDAgiculture 8.00 11.76 13.57
Total N\WFWMD 56.64 66.92 62.73
SRWMDnon-Agricultural 290 483 473
SRWMD, Agricultural Pumpage 3.45 4.74 3.21
Total SRWMD 6.35 9.57 7.9
Total Florida 62.99 76.49 70.67
Georgia, NosAgriculture 37.06 37.53 34.26
Georgia, Agricultural Pumpage 222.85 179.59 264.26
Total Georgig 259.91 217.12 298.22
Total Whole Domain 322.9 293.61 369.19

To assign pumpage tmodel cells, wll construction and location information were obtained from
several sources including thasbict, SRWMDSJRWMDand the USGS. Wells were spatially distributed
throughout the model domain by th®istrict based on available geographic cdorates or explicitly
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assigned to model grid cells by the data provjdemere available Specific well locations and
construction attributes were unavailable for estimatedriculturalusesbelow permitthresholdsand
withdrawals for domestic seBupplyin Georgiaand these withdrawalsvere assigned to model grid cell
centers.

Withdrawals were assigned tanodel layers based on several criteria including available well
construction information, the degree to which the open interal screened intervalntercepted a
model layer, or the reported aquifer to which the well is open or primarily used in an area for a
particular usetype. Well onstruction informationgenerallywas available fopermitted public supply,
industrial, power generationcommercialand agriculturalwithdrawals Where construction data were
unavailablefor agricultural withdrawalsthe aquifer unit utilized by thenearestagricultural wellhaving
construction datawas generallyused as the basidor makinglayer assignmentstor publicsupply
industrial commercial andinstitutional usewithdrawals in the Georgia, the District provided the EDM
grid with top and bottom elevation attributes to the USGS for explicit assignment of pumpage to layers.
Those withdrawals were spatially locdtat the associated grid cell cent&ome manual revisions were
made tothe USGS assignmentsrtmintain consistency between assigned layers and aquifer unit codes
associated with permitted withdrawaldor all use types except domestic ssifpply, pumpge was
assigned to multiple layeigthe openintervalor screened interval was open to more than one layer.
Georgia, domestic seffupply withdrawals were assigned to a single layer based on the aquifer unit
predominantly utilized for domestic sedipply. h Florida domestic seksupply withdrawals were
initially assigned based on well construction data. However, because open hole and screened intervals
are relatively short for these wellsyhere manual adjustmentsvere needed, theyypically resuled in
pumpage being assigned to a singledellayer.

In areas where model layer elevations wesabsequentlyadjusted, withdrawals were accordingly
reassigned. Also, somminor quantities ofwithdrawals were reassigned to lower layers during
calibrationin areas were the pumped layer was simulated as going dry.

Swallet Inflows

Due to the extensive karst development within the EDM domain, there are many klomationsof
point recharge to the Floridan aquifer from surface water streams, also known digtswahere are 12
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recharge into a model cell. Since the swallet features represented in the EDM are deveidped
Floridan aquifer, their associated égjion rates were assigned to either model layers 3 or 4. There are
no known connectiors between the Ocala Limestone (modehyer § and svallet features within the
EDM domain.

The selected swallets represented in the EDM and their associated flows have various sources of data
including manual discharge measurements performedthy District manual measurements from
Kulakowski (2010), USGaugimg stations, and estimates from PIS modelgTable4). The flow rates

were assumed to be annual average daily rates and representative of st¢adyconditions. The flow

rates range in values from apptimately 29,000 cubic feet per day at Jump Creek Swallet in 2011 to
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approximately 32,000,000 cubic feet per day at Lost Creek Swallet in 2014. Below is a table summarizing

the swallets gstimatedflows, and the data sourceused in the EDM.

Table4. Swallets and associated flow rates used in the EDM in cubic feet per day (CFD)

Name Layer| Flow Rate | Flow Rate | Flow Rate Comments
2009 2011 2014
(ft3d) (ft3d) ft3d)

Jump Creek Swall¢ 3 407,685 29,376 407,685 2009 value from
Kulakowsk{2010. 2014
alsobased on 2009 data|

2011 values represent
minimum measured
value.

Black Hole on Blac| 3 365,990 70,848 1,335744 2009 from Kulakowski

Creek (2010; 2014 is average @
mean monthly USGS;
2011 is minimum USGS
monthly meandischarge.
Ames Sink 4 1,318,000 1,318,000 1,318000 | Injection rate represents
the average of manual
discharge measurement;
performed bythe District
between 1982 2000; n=9
Copeland Sink 3 193525 55,762 143874 | NFSEG/HSPF estimate
Bird Sink 3 193525 55,762 143874 | NFSEG/HSPF estimate
Patty Sink 3 96,101 12,099 128363 | NHD intermittent stream;
NFSEG/HSPF estimate
Lake Drain Sink 3 574,973 51,766 484873 Perennial stream;
NFSEG/HSPF estimate
Creek Sink 3 574973 51,766 484873 | Perenniaktream; NHD
intermittent stream;
NFSEG/HSPF estimate
The Cascades 3 574,973 51,766 484,873 | NHD intermittent stream;
NFSEG/HSPF estimate
Lake Miccosukee| 3 574973 51,766 484873 | NFSEG/HSPF estimate
Sink
Fisher Creek 4 3,836,160 6,392,208 9,383040 | Annual average discharg
Terminus Sink from USGS station
02326993 for years 2009
Values for2011, and 2014
were estimated.
Lost Creek Swalle] 4 11,531,016 | 11,934432| 31,682880| Annual average discharg

from USGS gming
station 02327033 for
years 2009; values for
2011, and 2014were
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Model Calibration

Model datasets for lte Eastern District Model eve developed and atibrated for three steadtate
periods: 2009, 2011, and 201representing average, dry, andetwconditions, respectivelyThe goal of
simultaneously calibrating three differing steastite models was to achieve a robust set of model
parameters with the capability to simulate heads and fluxes across varying hydrologic and pumping
conditions.

Hydro geologic Units

Some geologic units are spatially discontinuous but are represented in the model with a minimum layer
thickness of 10 feet to maintain vertical continuity. In fact, all geologic units are absent in some portion
of the active model domain. Bausemodel layers do not strictly coincide witipeologic units, an
approach was neededuring model calibratioto determine the geologic unit and properties associated

with specific grid cells. Hydrogeologic units (HGUSs) are zonation parameters tlcaténghich geologic

unit is associated with each grid cell. The HGUs are used in the calibration process to associate pilot
points and interpolated aquifer properties with specific cells in each model layer.

The designation of HGUs within this report angp@ndix| is based on cells being associated with a
specific hydrostratigraphic unit or geologic formation assumed to have unique hydrologic properties.
EachHGUvaries in spatial extent and vertical extent. Layers 1 through 4 all consist of more than one
HGU Table5). As an example, below the Cody Scarp in the Woodville Karst Plain, the surficial aquifer
and intermediate system have been eroded away. However, a ther lafyunconsolidated sediments
overlies the Layer 3 Mioceneage limestone formations Grid cells comprised of these sediments
representlLayer 2 of the model and have a minimum thickness of 10 feet. Because these grid cells
represent undifferentiatedsurfidal sediments rather than low permeability materials of the Hawthorn
Group, the grid cells are assigned to ®werficial AquifeHGU.

The designation of HGUs to model grid cells was made using positive integers specified in the IBOUND
arrays. Figure 13 through Figure 17 show the extent of each HGU, by layer. The IBOUND values
corresponding to specific HGUs are color coded and indicate if the active cells are variable or constant.
The top elevation and thickness of each HGU are showigume 18 throughFigure27.

Tableb5. Relationship of Hydrogeologic Units to Model Layers
Hydrogeologic Unit (HGU)

Model Layers

Surficial Aquifer System

Layer 1, 2, or 3, depending on location

Intermediate System

Layer 2 or 3, depending on location

Mioceneagelimestoneformations

Layer 3

Oligoceneagelimestoneformations

Layer 3 or 4, depending on location

Ocala Limestone

Layer 4 or 5, depending docation
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Pilot Points

A pilot point approach was usetb estimate spatially varying hydraulic conductivétgross the model
domain Pilot points were developed for each HGWe pilot point approach allows the flexibilin the
calibration for the hydralic conductivity of individual cells to vary. This is in contrast to a simpler
approach where cells are grouped into zonah cellswithin eachzone are adjusted simultaneously
during calibrationand hydraulic conductivities are assumed to be homogearioeachzone. With pilot
points, selected cells are assigned an initial pilot point value (i.e. hydraulic conductivity) and upper and
lower bounds thafimit the automated calibration t@ssigningeasonable estimateOnce PEST has an
optimal array of pilot point values, the program uses spatial interpolation to assign hydraulic
conductivity values to cells in between the pilot poirEach hydraulic conductivity pilot point and each
horizontal to vertical anisotropyilot point were treated as separate calibration parameters.

The properties needed to simulate groundwater flow include layer thickness and horizontal and vertical
hydraulic conductivity. Layer thicknesses are variable across the model domain and weraiete
previously by the vertical discretization of the hydrostratigraphic units and geologic formations into
HGUs. Initial estimates of hydraulic conductivity were made based on the results of aquifer tests,
previous calibrated modeling efforts and regarwater resource studiegzigure28 shows estimated
transmissivity values based on reported aquifer test results. Thstmates were considered, together
with calibrated transmissivity values from prior modeling efforts (Davis 280t al, 2015Durcen et

al. 2018) and layer thicknesses, to establish initial upper and lower bounds on hydraulic conductivity
pilot points for use during model calibration. Additional constraint on aquifer properties was obtained
by grouping pilot points into zonewithin selected HGUsThe zones correspond to areas of similar
geology, topography, depth to groundwater, thickness of overburden, and presence of karst landforms.
The purpose of specifying zones with pilot points was to impart regp@eific constraints on the
automated calibration of model parameters.

Watershed Zones

Recharge andnaximum saturatedET ratesn each grid cell weradjustedduring the calibration process
usingwatershed zonesOne or moreHUC12watershedstypically comprise eactrone. The watershed
zonesdelineatedby INTERA &re modified by the District andsubsequentlyby Tetra Tech to provide a
finer spatial resolutionwithin the District A total of 48 zones were usedFgure12). Recharge and
maximum saturatedET multipliers were calibrated independentlfor a total of 96 parameters
Multipliers did not differ between calibration yeaemd maintaired relative differerces in recharge and
maximum saturated ETates among yearsTo minimize the potential for calibratechtes to exceed
precipitation, multipliers were generally limited tamaipper limitof 1.0.

The 48 watershed zones were also usedathjust streambed conductance values. An additional"49
zone was specified to achieve a better match of simulated baseflows in the Little RiverLa&ksibed
sedimentswithin each lake were assumed to have the sanigal verticalhydraulic conductivity, for a
total of 55 lake zones/parameter3.he vertical hydraulic conductivity of cells containing identified
sinkhole features were not adjusted during calibrati@onductances of each spring were calibrated
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separately. Summingthe individual pilot points and ane parameters, ie number of adjustable
parametersin PEST totalet],043.

Detailed explanation of the EDM calibration methodology, results, and all related maps and figures can
be found inAppendixl.

Calibration Targets

The calibration of the EDM included both head and flux targets that have variable distribution across the
model domain. The target types included obsengundvater levels, observed spring discharge,
baseflow estimated from hydrograph separation, vettideead differences, and horizontal head
differencesLy | NBl & 6KSNB (GKS ydzYoSNJ 2F 20aSNBIGA2Yy A
head targets were developed to provide more constraint in those areas during calibration. The sections
below degribe the initial development of calibration targets and do not reflect final weightigights

were iteratively refinedduring the calibration proceds meettarget metricgoals

Head Targets

The aquifer head targets used in the EDM calibration datase¢ compiled from observations frothe
Districtt SRWMD, and USGS databases. Dugater levels inmany of the wells used as targets not
being measured regularly, the number of observations and distributiohead targetsvaries among
calibration yeas.

The methodology of assigning targets to model layers was based on the available well construction
information and the interpolated model layer elevations at each cell. Wells that were completed in the
surficial aquifer (Layer 1, where present) and iheermediate system (Layer 2, where present) all had
construction information that was consistent with the interpolated model layers. That is, when the
operthole or screened intervals for each well were intersected with the interpolated model layers each
of the targets intersected their discrete layer, respectively.

Theassignmentbof head targets within model layers 3, 4, and 5 involved a slightly different approach
than theassignmenbf head targets within model laysd and 2. Because of the vertical detization

of the Floridan aquifer into its three geologic formations (iMioceneage limestone formations
Oligoceneagelimestoneformations and Ocala Limestone), the targets were assigned to each ifayer
the openthole interval intercepted 50% or g of the layer thicknessFor example, ithe openhole
interval fora well was 60% ihayer 3and 40% iLayer 4 then thatheadtarget was assigned tbayer 3

The table below summarizes the number of head targets for each,|layealibration year.

Table6. Number of groundwater head targets per layer, by calibration year

Layer 2009 2011 2014
1 14 18 19
2 5 8 5
3 44 54 71
4 38 61 71
5 9 18 8
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110

159

174

GofdHead Targets

6 T headtargetswere developedn areas of interest (i.e. St. Marks River Rise and Wakulla Spring

groundwater contribution areas) where observationgre sparse or @l y 2 (i

SEAAGD

G{27F0¢

synthetic targets based on groundwaterel measurements made outside of the EDM catibrayears
(2009, 2011, and 2014). An initial review of groundwater level data for the EDM calibration years in
Florida and Georgia was performed to create the primary water level target dataset, but data in Georgia
was sparse and mostly absent in the aged interest. The creation of soft targets providadditional
control during the PEST calibration of the EDM.

The review of the data included in the creation of soft targets were histbriater levels measured by
the United States Geological Survey @$3 for wells that were designated as Floridan aquifer wells and
located in counties within the Wakul@pringor St. Marks River Rise groundwater contribution areas.
Some wells were removed from the dataset if there were less tttam measurements or had an
absence of well construction information. The final dataset included 39 individual wells.

To creae soft targets within the available timeframgyriority was given to Floridaaquifer wells in
Georgia within and immediately adjacetd the delineated Wakull&springand St. Marks RiveRise
groundwater contribution areas. This query included wells from Brooks, Decatur, Grady and Thomas
counties. In general these wells had as few as six to as many as 244 observations ranging from the

1pcnQa G2

GdKS

HaMnQaod

The USGS has a letggm monitor well within the search area with daily data from 1964 to present (Site
ID 12F036) located in Cairo, GA, approximately in the ramttiral region of the Wakulla Spring
groundwater contribution arealo correlate historial water levels outside of the EDM calibration years
and use them asoft targets for the calibration years, the percéetrank of water levels for the period

of record at 12F036 was used as a reference to identify surrogate years ifdr wh couldrelate other
historical water levels to our calibration years. An annual average percentile ranking was generated for
each year within the period of record for 12F0B86ludingthe EDM calibrations years (i.e. 2009, 2011,
and 2014). The percéite rankings for years 2009, 2011, and 2014 for 12F036 were used to identify
other years with similar hydrologic conditions (based on the percentile rank of water levels at 12F036).
In an effort to be inclusive enough to capture measurements from sureogaars, but exclusive enough

that the surrogates still represented the hydrologic conditions of the calibrations yageneral search
criteria was established as-5%.

Table7.b dzYo SNJ 2 F a&a2¥idé 3INEP dzaeRbykalibfatohyed R G F NBSGa LISNJ
Layer 2009 2011 2014
1 0 0 0
2 0 0 0
3 1 6 0
4 4 23 1
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5 2 10 1
Total 7 39 2

Figures 2438 of Appendix | show the locations of hard and soft head targeysyear and layefThe
number of soft targets is summarizedTiable7. All soft targets were assigned initial weights of Of@5

use in PESTwith the exception of wells 09G001 and 12F036 which had daily observations during 2009,
2011, and 2014To assign thesavells to EDM layers, the point shapefile containing wells with soft
targets was intersected with the current model layer elevations. Wells in the soft target dataset mostly
contained only casing depth information or the casing depth and ttepth were identical. Well depths

were converted to elevations using the land surface elevation from the USGS database. If the casing
depth fell within a model layer, it was assigned to that model layer. In a few cases, the casing depth fell
within Layer 2or fell belav Layer 5 If the well fell withinLayer 2 it was assigned thayer 3asLayer 3
represents the uppermost Floridan aquifer layer. If the well fell bdlayer 5 it was assigned tbayer 5

Since these wells were all identified as Floridan aquifer welés discrepancy in wellbavingcasing
depths abovelLayer 3or belowLayer 5were assumed to béue to elevation data associated with the

well not being accurate or errors in the intedption layer elevation surfaces

For example, the annual average pertike rank at 12F036 for 2009 was 0.556. The percentile ranks at
12F036 were reviewed in order to find other years that were similar. In this case, years01589, (

2004 0.531), and 2016(.585 were determined to have similar percentile rankings as2009 annual
average percentile rank at 12F036. In order to find surrogate water levels (i.e. soft targets) for 2009,
water level observations for the period of record were reviewed to determine if there were any
measurements in 1984, 2004, and 2016hHre was an observation at another well during one of these
years, it was assumed to Is@milar tohydrologic conditions in 2009 and was added as a soft target. The
same process was performed for years 2011 and 2014.

The annual average percentile rankiregs12F036 for the EDM calibration yeasd entire period of
recordare providedin Table8.

Table8. Annual average percentile rankings of watkvels observed at well 12F036

Year Annual Average Percentile Rankir
2009 0.556
2011 0.375
2014 0.504

Vertical Head Differenc&argets

Vertical head difference targets were developed at locations whadusteredwells are located (i.e.
locations with multiple wellfaving operhole intervalsin different aquifery. The datasets compiled to
develop vertical head difference targets range in the number of observations per calibration year and
the total number of targts for each calibration year. This is primarily because of the vaigggency
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at whichthe water levelsare measuredTargets were generated for head differences between Layers 1
and 2, Layers 2 and 3, ahdtweenlayers that comprise the Floridan afgri (i.e. Layers 3, 4, and 5).

Vertical head difference targets addadditional constraint in the model calibration which will be most
advantageous in areas where head differences between layers is very small or very large. For example,
in the Apalachisla Embayment where there are significant head differences between the early
Mioceneage limestone formation§.e. Layer 3) and th®ligoceneagelimestoneformations(i.e. Layer

4), vertical head difference targets helph to guide the optimization of magl parameters during
calibration. Additionallysouth of the Cody Scarfhere are areas where the observed head differences

are very small and similarly, this hetbguide the optimization toesimulatethe relatively small head
gradients.

The vertical head difference targets were developed only in the Florida portion of the model domain
within both the District and the SRWMD Clusteredwell locations wereunavailable in the Georgia
portion of the model domainVertical head difference targe are listed in Appendix I, Attachment E.

Horizontal Head GradienTargets

Horizontal head gradient targets were developed to add constraint to the model calibration in an effort
to simulate observed head gradients, particularly in areas where the obsehead gradient in the
Floridan aquifer can be relatively large or small over short distance. Since the generation of horizontal
head gradient targets simply requires the head at two different points within the same layer and the
distance between them, théevelopment of these targets were limited to locations near the areas of
interest where head gradients are steep or shallow.

The head gradient in the Floridan aquifer is very steep as it transitions from the Apalachicola
Embayment to the Woodville KarBltain, which is caused by the differences in hydraulic conductivity in
the Floridanaquifer between the two regions. Horizontal head differen@® gradien) targets were
developed using wells thaspan this transition area to add constraint in the modedlibration to
simulatethis feature. Similarly, head difference targets were developed for Floridan aquifer wells within
the Woodville Karst Plain where head gradients can be relatively shallow which is also reflective of the
relatively high hydraulic condttivity in this region. The horizontal head gradient targets are shown in
the table belowFigures showing the locations of these targets are provided in Appendix I.

Table9. Horizontal head gradient targets by calibration yeardfn Appendix|)

NWFID Well I NWFID Well 2| Model Layer 2009 HHG 2011 HHG 2014 HHG
3653 3402 3 0.00035 0.00036 0.00037
3653 977 3 0.00038 0.00036 0.00041
4359 977 3 0.00037 0.00032 0.00037
392 372 3 0.00074 0.00066 0.00070
589 392 3 0.00000 -0.00001 0.00000
392 635 3 0.00016 0.00017 0.00018
3785 3342 3 0.00045 0.00047 0.00046
3342 2137 3 0.00055 0.00055 0.00053
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Spring Discharge Targets

Spring discharge targets were developed fdmiagnitude(median flow >100ft%s) and 2 magnitude

springs (median flow 10-100 ft¥s). Best available data were used to develop the spring discharge
targets. Most firstmagnitudespringshad multiple discharge measurementte St. Marks River Rise

had estimates of daily spring discharge for all calibration yebesta Tech added a target to reflect the
combined discharge for Wakulla Spring and the Spring Creek Spring Group, as these two systems are
closely linked.Horn Spring,Crays Rise, and Chicken Branch Sphag only a single dischage
measurement whichwas used asthe target for all three calibration year®ata were insufficient to
develop targets for "8 magnitude springs. Springs with targets are located within the District (n=7) and
the SRWMD (n=5)p8ng discharge targets are summarized ablel0.

Table10. Spring discharge targets by calibration year

2009 2011
Average Average 2014Average
SpringName Magnitude Daily Flowy Daily Flow Daily Flow
(ft3/s) (ft3/s) (ft%s)
St. Marks River Rise 1st 495 425 463
Wakulla Spring 1st 601 558 724
Wacissa River Spring Group 1st 102 87 90
Spring Creek Spring Group 1% 239 NA 224
(submarine)
Chicken Branch Spring 2" 23 23 23
Crays Rise 2" 77 77 77
(submarine)
Horn Spring 2" 15 15 15
Sally Ward Spring 2" 13 16 23
Wakulla Spring + Spring Creek Spri Not 840 NA 948
Group Applicable

Baseflow Targets

Hydrograph separation was performég District stafto develop baseflow targetat USGS streamflow
gaugelocations For each dataset, a\Wv pass filterapproach was usetb derive time series of estimated
daily baseflow values. The legpass filtergenerallyuseda 60-day moving window centered on each daily
value.For each site, imimum streamflowvalues were calculated across the time serisg\ga 60-day
moving window. Asecond60-day window was then used to calculthe moving averageof the
minimum values. Theesultant time seriesepresentsthe estimated average daily baseflowhe 60day
window length wasised for most streams and waslected based oan evaluation of alternate window
lengths and examination of streahydrographsand recession curveis northwest FloridaFor some
streams,a 15day, 30-day or 45day windowlength was used tgrovide a bettermatch to observed
recession curve®ll calculations were performed in Microsoft Excel.

Estimated daily baseflow values were used to calculate annual avebageflowtargetsfor eachUSGS
streanflow station and eactcalibration year.Grid-to-watershedrelationshifs were used to associate
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the aggregatedbaseflow from specific stream reaclks to the baseflow values estimated at USGS
streamflowgauge locationsFigurel2 shows the rivers, USGS streftow gauges and watershedzones.
For streams with multipldJSGSjauges, targetalsowere developed for incremental baseflows, which
were calculated as the differeadoetweenthe baseflows estimated at ampstream anda downstream
gauge Baseflowtargets for watersheds partially within the model domain were proratey Tetra Tech
using the watershed drainage area prior to model calibrati®otal baseflowtargets are provided in

Tablell.

Tablell. Targets for total baseflow

Total Baseflowft®/s

USGS Station 2009 2011 2014

Apalachicola Riverear Blountstown, FL* 61.94 9.89 103.06
Apalachicola River near Blountstown, FL* 253.72 147.14 393.92
Aucilla River at Lamont, FL* 63.37 4.92 181.24
Econfina River near Perry, FL* 17.92 9.65 71.82
Flint River at Bainbridge, GA* 324.72 227.18 772.10
Flint River at Newton, GA* 149.11 70.33 141.35
Flint River near Hopeful, GA* 246.39 86.64 126.01
Ichawaynochaway near Newton, GA* 2.13 0.69 2.33
Little Attapulgus Creek at Attapulgus, GA 6.93 2.75 8.63
Little River at GA 122 near Hahira, GA* None 8.20 34.07
Little River near Adel, GA* None 4.43 109.41
Little River near Midway, FL 84.08 34.48 110.84
Lost Creek at Arran Rd, FL 7.50 None None
New River near Sumatra, FL 31.07 4.96 51.70
Ochlockonee near Concord, GA 298.37 72.51 502.12
Ochlockonee neasmith Creek, GA 625.37 251.69 1279.70
Ochlockonee near Thomasville, GA 125.57 25.80 207.76
Ochlockonee River at GA 188 near Coolidge, 44.40 5.50 86.23
Ochlockonee River near Havana, FL 291.58 63.12 None
Okapilco Creek near Quitman GA 20.85 1.36 44.53
Sopchoppy River near Sopchoppy, FL 11.93 2.62 32.62
St. Marks River near Newport, FL 618.92 525.78 510.00
St. Marks River Swallet Near Woodville 176.59 122.82 115.97
Telogia Creek near Bristol, FL 61.49 35.66 95.47
Wacissa River near Wacissa, FL 487.11 403.97 313.54
Wakulla River near Crawfordville, FL 559.38 616.54 737.34
Withlacoochee River near Quitman, GA* 6.48 1.86 18.79

* indicates baseflow was prorated to reflect partial basin Apalachicola River within the EDM domain
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Calibration Setup and Processing

The three year simultaneous calibration was performed primarily using PEST, ainuspeindent

parameter optimization program (Doherty, 2018).suite of PESGompatible modeling utilities were

used to perform several of the calibration pteincluding the creation of input files, execution of
MODFLOW 2 ¢ > Yyl feaAra 2F 2dziLJzi FAfSaz a3aft20l4f &SIk NL
based optimization and postprocessing of output filesAdditional details regarding the processing

scripts are provided in AppendixThe automated calibration included a combination of global search

and derivativebased methods. First, an initial global search of the parameter space was performed

using the Covariance Matrix Adaptati@volution Stratgy (CMAES) algorithm (Hansen, 2016) followed

by the modelindependent, derivativédbased PEST (Doherty, 2018).

The objective function optimized by PEpresented the sum of the weighted calibration targets.
Weights were scaled such that head targets #pd targets each comprised 50 percent of the objective
function to avoid basis due to differences in the numbers of targetd their relative magnitudes.
Penalty functions also were added to minimize heads above land surface in the uppermost active laye
Weights were iteratively adjusted during the calibration process to meet target calibration mdthies.
model included more than 700 hydraulic conductivity and anisotropy pilot points, 96 recharge and ET
multipliers, 49 streambed conductance multipberand 55 lake specific calibration parameters.
Conductances for each spring were calibrated separately. The number of calibrated parawtatecs
1,043.A complete explanation of the calibration methodology can be fourn&hipendk I.

Types of calibration targets, calibration metrics, and metric targets for each metrisuanmarizedn

the table below For each target type, the RMSE metric target was based on 5% of the calculated range
between the lowest and highest target values obszr among all target locations across the three
calibration years. The RMSE metric target for heads is based on heads from all layers combined.
Similarly, the RMSE for river baseflows was calculated using the range in estimated baseflows for all
stream dag used for calibration. In addition to RMSE metric targets, each type of calibration target has
one or more additional metric targets. The metric targets are based on combined observations for all
three calibration years.

Tablel12. Metric and targets used in the EDM by calibration target type (from Appendix I)

CalibrationTarget Type CalibrationMetric’ Metric Target
All Targets RMSE 5% of range in target values
ModelWide: +£ 5 feet
Grogggév:ter ME Woodville Karst Plair/- 1 foot
MAE 10 feet
Horizontal and Vertical MAE + Range 10%
Head Differences
Baseflow MAE =+ Target 20%
Spring Discharge MAE =+ Target 5-20% (variable by spring)
Yearto-Year MAE + Target 10%
Head Differences

'RMSE = root mean square error; MEiean error; MAE = mean absolute error
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Calibration Results

The EDM was calibrated using the targets descriéedve and using the methodology described in
Appendixl. A total of 48 model runs were performed to derive the final calibrated parametets las
are provided in Appendix I.

Mass Balance

Thevolumetric mas$alancefrom the EDM calibratiomndicatesthat the largest input$o the model are
from rivers boundaries followed by recharge, general head boundaries, and swallet inflows
(represented withthe Well PackagejTable 13). The largest outflows from the model are to river
boundarieg(e.g. baseflowo perennial streamk followed bydrain boundaries, ET, ameklls.

Table13. Massbalance summary from each calibration year by boundary type (from Appergix

2009 2011 2014

MODFL®W | Boundary Inflow Outflow Inflow Outflow | Inflow | Outflow
Package | Description (infyr) (infyr) (infyr) (infyr) (infyr) (infyr)
CHD Gulf of Mexico 2.52E04 3.12E01 6.17E04 2.77E01 | 6.77E04 | 2.93E01
WEL Groundwater

Pumping 3.58E01 7.66E01 3.56E01 8.97E01 | 8.25E01 | 6.63E01
DRN Springs and

Intermittent Rivers | 0.00E®0 | 7.73E+00| 0.00E®0 | 4.95E+00| 0.00E®0 | 7.87E+00
RIV Perennial Rivers 1.64E+01| 1.74E+01| 1.70E+01| 1.62E+01| 1.57E+01| 1.71E+01
EVT Evapotranspiration| 0.00E00 | 5.73E+00| 0.00E®0 | 5.14E+00| 0.00E€0 | 7.13E+00
GHB Lakes and

Northern Boundary| 8.62E01 2.93E01 7.96E01 | 3.32E01 | 8.81E01 | 2.52E01
RCH Groundwater

Recharge 1.46E+01| 0.00E€0 | 9.74E+00| 0.00E©0 | 1.60E+01| 0.00E-60
Total 3.22E+01| 3.22E+01| 2.78E+01| 2.78E+01| 3.34E+01| 3.34E+01
Percent Discrepancy 0.00% 0.00% 0.00%

Groundwater Heads

Simulated versus observed heads for targets are shown in Figures 28 through 32, respectively.
Groundwater head residuals met their metric targbbth modetwide andin the Woodville Karst Plain

with RMSE/Rangenean error M E), andmean absolute errorM|AB values of 3.7%, 0.43 feet, and 5.88
feet, respectively.Vertical head difference target residuals met their target metric goal with a
MAE/Range value of 3.6%lorizontal head target residuals did not meet the metric target with a
MAE/Range value of 15%

Plots of simulated versus observed heads for each layer are showigore29 through Figure33 and
metrics are shown inTable 14. The mean absolute error (MAE) of all groundwater head targets
combinedrange from approximately 5 fedgh 2014to nearly 7 feet in 2011, with the largest MAE
occurringin Layer 2 for all three calibration years. The lowest MAE across calibration years was in
Layers3 and 4(Mioceneage limestone formationsand Oligoceneage limestone formations of the
Floridan aquifer)ranging from approximately 4 feet to 6 feet. The mean error (MEll head targets
combinedwas between 0 and fbot for all calibration years, indicating a slight overestimation of heads
by the model. Layers 1 and 2 had negative ME values for dliatadn years with valuesranging from
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approximately-10 feet to-0.2, indicating an underestimation of groundwater heads ie Hurficial
aquiferoverburdenand the intermediatesystem It is important to note thathe intermediate system
had the leashumber of head targets compared to all other layers.

The yeatto-year head difference targets had the largest residuals for any target type with a MAE/Target
value of 102%.

Table14. Groundwater head target metrics for each caliiran year by layer (from Appendix) |

2009 2011 2014

Layer Mean Mean Absolute Mean Absolute
Mean Error Absolute Error | Mean Error Error Mean Error Error
(Feet) (Feet) (Feet) (Feet) (Feet) (Feet)
1 -0.18 4.80 -3.65 5.90 -5.09 8.57
2 -6.20 8.50 -10.23 13.95 -9.49 10.37
3 -0.56 5.47 -0.76 5.90 0.10 4.05
4 1.72 5.20 3.24 6.39 1.67 4.62
5 4.70 7.22 8.01 9.84 4.48 7.51
Total 0.40 5.56 0.91 6.92 0.01 5.14

Baseflow and Spring Flow Targets

The river baseflow target residuals met their targegtric goal with an MAE/Range of 1{%able15).

All spring flowtarget residuals met their target metric goals except Chicken Branch Spring which had a
metric goal of 50%, but has a simulated error of approximately {156le16). However, aly a single
discharge measurement was available @ricken Branch Sprirggd was used as the target for all three

years Spring flows are generally underestimated, based on the number of negative (20) andep@jitiv
errors. Error statistics for the St. Marks River Rise, Wakulla Spring, and the Spring Creek Spring Group
indicate that theseflows are simulated very accurately.

Table15. Final calibration target metrics summary by targetge from Appendixl|)

Calibration | Units | RMSE| Range in| RMSE/| ME MAE Min Max MAE/ | Model-
Target Group Target | Range Error Error | Range | wide
Values in in MAE/
Target Target | Target

Values Values

Spring (ft%s) | 15.26 | 935.0 1.6% -8.0 9.7 -40.4 7.0 1.0% 3.9%
Discharges
Total (ft%s) | 62.40| 1,278.3 | 4.9% 9.8 359 | -223.8 | 231.6 2.8% | 17.0%
Baseflows
Incremental | (ft%s) | 28.12| 422.0 6.7% 11.2 18.9 -34.0 69.4 45% | 10.0%
Baseflows
Groundwater| Feet | 8.86 | 242.22 3.7% 0.43 5.88 | -37.34 | 35.25 2.4% | 12.0%
Heads
Groundwater| Feet | 5.36 183.55 2.9% 0.88 3.60 | -37.34 | 11.14 | 2.0% | 14.0%
Heads
(Woodville
Karst Plain)

34



Horizontal Feet | 9.87 53.60 18.4% | 0.85 7.79 | -16.73 | 16.94 | 15.0% | 31.0%
Head
Differences

Vertical Head| Feet | 7.37 144.41 5.1% 0.25 5.25 | -23.94 | 14.21 3.6% | 17.0%
Differences

Yearto-Year | Feet | 4.05 48.06 8.4% -0.83 255 | -15.69 18.00 5.3% | 102.0%
Head
Differences

Tablel6. SpringHow target calibration statistics summary by spring name (from Appentjix

Relative Error (%)
Spring 2009 2011 2014 Mean Ab®lute | Accuracy Goal
Error
Spring Creek Spring -5.0% NA -0.8% 2.9% 20%
Group
St. Marks River Risg -1.9% 0.0% -0.2% 0.7% 10%
Wakulla Spring 1.2% -1.4% -0.2% 0.9% 10%
Wacissa River Sprin -5.1% 4.8% 4.5% 4.8% 50%
Group
Chicken Branch -57.2% -100.0% -66.5% 74.6% 50%
Spring
Crays Rise -47.8% -52.5% -48.0% 49.4% 50%
Horn Spring -2.3% -48.7% -3.1% 18.0% 20%
Sally Ward Spring 42.1% 4.6% -3.4% 16.7% 20%
Wakulla Spring + -0.6% NA -0.4% 0.5% NA
Spring Creek Spring
Group

Hydrologic Property Distribution

The calibratechydrologic properies for each HGLare shownon Figures 8 through 3. For the four
HGUsonceptualized as aquifer units, the property of transmiggsigi shown. These include the Surficial
Aquifer HGU, Miocenagelimestone HGU, the OligocemgelimestoneHGU, ad the Ocala Limestone
HGU. The IntermediateyStem HGU is conceptualized as a confining unit and the property of leakance is
shown.

The calibrated transmissivities for the surficial aquifer range from less 200 ft/d to approximately
20,000 ft/d (Figure 33). The greatest dakted transmissivities in the Surficiajuifer HGUare located

in northern Leon and southern Grady Counties and western Gadsden and Liberty Counties. The
calibrated Intermediate Sgtem HGUleakance valuesange from3x10°%day to approximatelyl/day
(Figure B). The lowesteakance valuesf the confining unit are located in the Embayment region, with

the low valuestrending from Grady Couy northeast to Colquitt Countyn Georgia.The highest
leakance valuesre along the Cod Scarp where the confining unit pinches olihe Mioceneage
Limestone HGU calibrated transmissivities range from approximately 1/60tdt approximately 350,000

ft?/d (Figure36). The greatest transmissivas are generally located in the norétastern Wakulla and
southern Leon Counties which is approximately coincident with the Woodville Karst Plain region. The
lowest transmissivities for the Miocerasge Limestone HGU are located in northern Liberty County i
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Florida through the northern extent of the HGU in Colquitt County, Georgia and is generally coincident
with the Embayment region.

The calibrated transmissivities within th@ligoceneage LimestondHGU (Figure 3 are generally the
greatest within the EDM. Across the entire extent of this HGU, transmissivities range from
approximately 1,500 ftd to approximately 2,000,000%d. The lower transmissivities within this HGU
(e.g. 1,500 fid ¢ 75,000 ft/d) are generally located within the Embayment ragioThe highest
transmissivities within this HGU (e.g. 100,00%dftc 2,000,000 ﬁ/d) are located within or near the
Woodbville Karst Plain region, with the highest transmissivities in the EDM located in southern Wakulla to
central Leon Counties. These ulis are generally consistent with the conceptual model of the Floridan
aquifer within the Woodville Karst Plain and is also consistent with calibrated transmissivities in this
region in previous groundwater flow modeling studies (e.g. Bush and John€388; Dais, 1996;
Durden et al., 2018).

The calibrated transmissivities within the Ocala Limestone HGU (Figumar®je from approximately

900 ff/d to approximately 5,000,000 #d. The distribution of transmissivity values are general
consistent with tke conceptual model with the lowest transmissivities (e.g. 996 f 50,000 ft/d being

located within the Embayment region. The greatest transmissivities within the Ocala Limestone HGU are
located in eastern Leon and central Jefferson Counties, whiefihis the Woodville Karst Plain and is
proximal to the Wacissa River Spring Group.

Recharge and Maximum Saturated Evapotranspiration Distributions

The distribution of calibrated recharge and maximum saturated ET for 2009 (hydrologically average
conditiong are shown in Figure93&nd 40, respectively. Calibrated rechargatesfor 2009 range from
approximately 0.04 infyr to approximately 42 infy€alibrated maximum saturated evapotranspiration
rates for 2009 range from approximately 0.04 in/yr to apprcadiety 30 in/yr.The recharge for a small

area in southeastern Leon County ras@@m approximately 78 in/yr to approximately 86 in/yr, which
represented the application rates at the Tallahassee sprayfield. These application rates are metered and
were fixed during model calibration. The spatial distribution in recharge is highly variableatetns

reflect the uniform adjustment of recharge withiwatershedzones by multipliers during the calibration
process

Parameter Sensitivity Analysis

Sensitivity analysis of the model calibration parameters was performed by Tetdl and a full
description of the methodology can be found in the Tetra Tech EDM Calibration Final Technical
Memorandum (AppendiX). Thesensitivityanalysiswas performed using the PEST utility SENSAN. The
EDM had a total of 1,043 calibration parameters and each calibration parameter was vari2ebs/

from their base values. The sensitivity analysis results showed that approximately 90% (932) of the 1,043
parameters had Mean Absolute Sensitivities (MAS) of less than 1%. The results showed that the most
sensitive parameters to the modale vertical hydraulic conductivities of lakes, with Lake Seminole,
Lake Talquin, and Lakéiccosukeehaving the highest MA&lues.
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Predictive Uncertainty Analysis

A Monte Carlo analysis was performéa assess the impact of parameter uncertainty on simulated
spring flows and river baseflonat selected locationsThe uncertainty analysis consisted of 10,000
different paramete sets and was generated such that they varied normally ontogrally with one
standard deviation being equal to 10% of the calibrated parameter vhle.discharge (i.e. <1G6/s)

springs hd greater relative predictive uncertaintigs the simulatedabsolute values of spring flows

than higher (>106t%s) discharge springsHowever, groundwater models are more accurate at
simulating changes in heads and flows than simulating absolute values of heads or flows. Future work
may be performed to assessetuncertainty ofsimulatedchanges in heads and spring flowls more
complete explanation of the methodology and results of the EDM uncertainty analysis can be found in
AppendixJ.

Application of the EDM

Themost important calibration targetg heads, basflows, and spring flows generally met or exceeded
the desired metric goals indicating that tHeDM is a useful tool to simulate the effects of average
annual withdrawals orFloridanaquifer levels, spring dischargand streambaseflowsunder average
(2009), dry (2011), and wet (2014) hydrologic conditions. The model can also simulate thertong
average effects of groundwater withdrawals using projected pumpage for future yBas.to the
limited data available to calibrate the sunfil aquifer, further testing is needed to determine the
usefulness of the model to simulate changes in surficial aquifer levels.

Because the model is steadiate, it does not simulate changes in storage. Nor does the model simulate
hydrologic responsesn a short time scales such as daily or weekly. The model does not simulate
contaminant transport processes in karst areas, which may be influenced by conduit flow processes and
turbulent flow conditions. The model assumes constant water temperature andityeand therefore

does not simulate densitgependent flow or saltwater movement near the coast. As with any
groundwater flow model, there are uncertainties in parameter estimates and simulated valses.
discussed aboveAppendix| provides the resultof sensitivity analysis performed for EDM,1\0.
Refinement of the EDM is ongoimgth additional revisions planned durir&19.

37



References

Bellino, J.C., 2017. Personal Communication.

Bush, P.W. and R.H. Johnston. 1988. Groundwater hydraulicmnaédflow, and groundwater
development of the Floridan aquifer system in Florida and in parts of Georgia, South Carolina, and
Alabama. Report 1408¢ U.S. Geological Survey.

Cera T. D. Clapp, and T..J2®18.Development and calibration of surface wataodels to support the
North Florida/Southeast Georgia (NFSEG v1.1) groundwater model. Draft Report. St. Johns River Water
Management District.

Cera, T.D., 2018. Personal Communication.

Cera, T. Amoah, J., Clapp, D., Donnangelo, L, Yanbing, J., aaceEN&waez. 2016. Development and
calibration of surface water models to support the North Florida/Southeast Georgia (NFSEG v1.0)
Groundwater Model. St. Johns River Water Management District. 90 p.

Clark,W.Z.Jr. and Arnold C. Zisa. 1976. Physiograltiip of Georgia. Atlanta: Georgia Department of
Natural Resources, 1976. Accessed online at:
https://georgiainfo.qgalileo.usg.edu/toics/geography/article/physiographigistricts/doughertyplain-
district

Davis H.1996.Hydrogeologic investigation and simutat of groundwater flow in the upper Floridan
aquifer of Northcentral Floridan and delineation of contribution areas for seddcCity of Tallahassee,
Florida, water supply wells. USGS Water Resources Investigations Rep28®5

Davis, J.H., and B.G. Katz, 2007. Hydrogeologic investigation, water chemistry analysis, and model
delineation of contributing areas for City of Tabakee publisupply wells, Tallahassee, Florida: U.S.
Geological Survey Scientific Investigations Report B0TD. 67 p.

Davis, J.H, Katz, B.G. and D.W. Griffin04d&®evised 2011 Nitrate-N movement in groundwater from

the land application of treated micipal wastewater and other sources in the Wakulla Springshed, Leon
and Wakulla counties, Florida, 198618. U.S. Geological Survey Scientific Investigations Report 2010
5099. 90 p.

Doherty, 2018PESTModelindependent Parameter Estimation User ManBalt 1: PEST, SENSAN and
Global Optimizers

Durden, D., F. Gordu, D. Hearn, L. Meridth, A. Angel, and T. Grubbs. May 7, 2018. North Florida
Southeast Georgia Groundwater Model (NFSEG v1.1). Draft Technical PublicatiorXSJ20XX

Environmental Systems Regeh Institute.2018® &b S NS &G b SA IK 0 2 Mhliheytis SLI2 € | {7
http://desktop.arcgis.com/en/arcmap/10.3/managéata/terrainghidden-naturakneighbor
interpolation.htm

38


https://georgiainfo.galileo.usg.edu/topics/geography/article/physiographic-districts/dougherty-plain-district
https://georgiainfo.galileo.usg.edu/topics/geography/article/physiographic-districts/dougherty-plain-district
http://desktop.arcgis.com/en/arcmap/10.3/manage-data/terrains/hidden-natural-neighbor-interpolation.htm
http://desktop.arcgis.com/en/arcmap/10.3/manage-data/terrains/hidden-natural-neighbor-interpolation.htm

Florida Geological Survey, 2009/drogeological Units of Florida. Special Publication No. 28 (Revised).

Gallegos, et el. 201%Bimulating flow in karst aquifers at laboratory and-sedional scales using
MODFLOWCFP. Hydrogeology Journal 21: +7480.

Gordu F., D. Duden, and T. GrubB816 Development and Calibration of the North Florida Southeast
Georgia Groundwater Mod¢éNFSEG V1.@raft ReportSt. Johns River Water Management District.

Hansen, 2016The CMA Evolution Strategy: A TutorialppShttps://hal.inria.fr/hal-
01297037 /file/tutorial.pdf

Harbaughet al, 2005 MODFLOW2005, The U.S. Geological Survey modular gravaigr modet the
GroundWater Flow Process. U.S. Geological Survey Techniques and Metht@s 253 pp.

Kellam, M.F. and L.L. Gorday. 1990. Hydrogeology of the Gulf TAmadithicola Embayment Areas,
Georgia. Bulletin 94. Georgia Department of Natural Resources. 103 pp.

Kinnaman and Dixon, 201Rotentiometric surface afhe upper Floridan aquifer in Florida and parts of
Georgia, South Carolina, and Alabamiay ¢ June2010 U.S. Geological Survey Scientific Investigations
Map.

Kulakowski, 2010 Chromomorphic dissolved organic carbon loading of five intermittent streams
NBOKI NBAY3 2| 1dz £ {LINAYy3I&T C[iMpml aiSNNRad ¢KSaraxz

McKay, L., T. Bondelid, dewald, J. Johnson, R. Moore, and A. Rea. 2012. NHDPLUS Version 2: User
Guide.http://www.horizon-systems.com/NHDPIus/NHDPlusV2 documentation.php

Miller, J.A. 1986Hydrolggic framework of the Floridan aquifer system in Florida and in parts of Georgia,
Alabama, and South Carolina. U.S. Geological Survey Professional Pap@r Q4@p.

Miller, J.A.1983. Geohydrologic data from the Floridan aquifer system in Floridan angaits of
Georgia, South Carolina, and Alabama. USGS-BifgeReport 886.

National Oceanic and Atmospheric Administration. 204&torical Palmer Drought IndicedNational
Centers for Environmental Information. Accessed alittps://www.ncdc.noaa.gov/tenp-and
precip/drought/historicalpalmers/psi/201612201612

Niswonger, et al. 201 IMODFLOWNWT, A Newton formulation for MODFL&®05. U.S Geological
Survey Technical Methods;A87. 44 pp.

Northwest Florida Water Management District. 2019. Development of Spatially Distributed Pumpage
Estimates for the Eastern District Groundwater ModeRAFTechnical memo dated February 2019.

PalmerW.C.1965.Meteorological drought. Research Paper Mb. U.S. Weather Bureau.

Pratt, T.R., C.J. Richards, K.A. Milla, J.R. Wagner, J.L. Johnson, and R.J. Curry. 1996. Hydrogeology of the
Northwest Florida Water Management District. Havana, FL.

39


https://hal.inria.fr/hal-01297037/file/tutorial.pdf
https://hal.inria.fr/hal-01297037/file/tutorial.pdf
http://www.horizon-systems.com/NHDPlus/NHDPlusV2_documentation.php

Rupert, F. R., 1988, The Geology of Wakulla Springs: Floriday@abSurvey Open File Report 22, 18 p.

Schmidt, W. 1984. Neogene stratigraphy and geologic history of the Apalachicola Embayment, Florida.
Bulletin No. 58. State of Florida Bureau of Geology. 146 pp.

Sever, C.W. 1965. Groumditer resources and geologyf Seminole, Decatur, and Grady counties,
Georiga. Geological Survey Water Supply Paper-@809

Sever, C.W. 1966. Reconnaissance of the ground water and geology of Thomas, County, Georgia. U.S.
Geological Survey, Information Circular 34.

Shoemaker, et gl 2008. Documentation of a Conduit Flow Process (CFP) for MODR0OSV U.S.
Geological Survey Techniques and Methods, Book 6, Chapter A24. 50 pp.

{A0&2Yy>X wd mMpymd a! . NAST 5Sa&ONA LI A 2 ynterpokatind | G dzNI €
Multivariate Datg 21¢36. John Wiley & Sons: New York.

Torak, L.J., and Painter, J.A., 20B6ohydrology of the lower Apalachicq@hattahoochegFlint River
Basin, southwesteriiseorgia, northwestern Florida, and southeastern Alabama: U.S. Geological Survey
Scientific InvestigationReport 20065070, 80 p.

Torak, L.J., Painter, J.A., and Peck, M.F..Zedéhydrology of the Aucii&uwanneeOchlockonee River
Basin, soutkcentral Georgia and adjacent parts of Florida: U.S. Geological Survey Scientific
Investpations Report 2015072, 78 p.

Williams, L.J., and Dixon, J.F., 2015, Digital surfaces and thicknesses of selected hydrogeologic units of
the Floridan aquifer system in Florida and parts of Georgia, Alabama, and South Carolina: U.S. Geological
Survey Data Series 926, 24Hgtps://dx.doi.org/10.3133/ds926

Williams, L.J., and Kuniansky, .E2015. (Revised?016). Revised hydrogeologic framework of the
Floridan aquifer system in Florida and parts of Georgia, Alabama, and South Caralidal(v®arch
2016): U.S. Geological Survey Professional Paper 1807, 140 p., 23 pls,
http://dx.doi.org/10.3133/pp1807

Xu, Z, B.X. HuJ.H Davis, and J. Cao. 2015. Simulating long term nitdatentamingion processes in
the Woodville Karst Plain using CFPv2 with UMT3D. Journal of Hydrology-824:72

40


https://dx.doi.org/10.3133/ds926
http://dx.doi.org/10.3133/pp1807

Legend

Springs
©  First Magnitude
O  Second Magnitude
©  Third Magnitude

Streams

== |nterstates

I l:l Census Places
[ ] nwrwvp

o

£
s
A %

“VIEST p‘
2,

‘ / [ FLORIDA

GEORGIA

SN

s

— a2
Lake Talquin

07
-, Lake Jackson

FLORIDA

/

| Lake Miccosukee Montitello  _j

%

Talldhagsee
* aﬁ .,

NWFWMD

Taylor

N
—
2

W Hampton So,.
"5
§ ‘e

Gulf of Mexico

Sources: Esri, HERE, DeLorme, Intermap, increment P Corp., GEBCO, USGS,
FAO, NPS, NRCAN, GeoBase, IGN, Kadaster NL, Ordnance Survey, Esri Japan,
METI, Esri China (Hong Kong), swisstopo, MapmyIndia, © OpenStreetMap
contributors, and the GIS User Community

Figurel. EDMDomain

41



Legend
Springs

©  First Magnitude

©  Second Magnitude
e Cody Scarp
D EDM Domain
7"/ Apalachicola Embayment - Gulf Trough

Elevation (NAVD 88)
= High : 517 feet

S Low : O feet /
0 5 10 15 20Mi.

TN
A

Y

Was -

Lee

Turner

v

W v,
3 f’ ,_,/ 4 “ §

Gulf of Mexico

Figure2. Topography in the EDM Area

42



ILegend 3 Terrell ’ Lee Turner
e [HUn

Irwin

e Cody Scarp

eﬁ»
1%
Springs %

o Doughe
©  First Magnitude e houn Eherty A'
O  Second Magnitude ‘

Floridan Aquifer Confinement

‘:’ Unconfined
| Thinly Confined A
. Confined

0 5 10 15 20 Mi.
| 1 1 1 |

Berrien

FLORIDA

Jackson

FLORIDA

Gulf of Mexico

Figure 3. Generalized Degree of Confinement of the Floridan Aquifer Sysi@ftilliams and Dixon
2015)

43



Legend

Springs
©  First Magnitude

550
o
©  Second Magnitude e

Potentiometric Contour
(Interval 10 ft, Datum NGVD29)

‘_.»='

= o, 4,{&&2_3 =
PEE Sk

ey T RS
&ke-lamonia 2
I'e s p

" Pin Lake

* Lake Miccodxkee

akeiiggk'sqn =4 P

of, .Lower Lake LaP% <o f .1\
; 3

) ‘g
s o s
Py
=
N
§ s
S’@L ‘<
&
B
e

Gulf of Mexico

Figure4. USGS May 2010 Florid&guifer Potentiometric Qurface

44



Legend

A Swallets
Springs

©  First Magnitude

ST B Terrell
8

5
“ &

s )
agrus

S

oun

©  Second Magnitude
©  Third Magnitude

- Lakes

- Perennial Streams

Intermittent Streams

0 ] 10 15 20 Mi.
L 1

Houston

FLORIDA

Seminole

Jackson B
Lake Seminole

L7

&\

G4tk dem>

T 1t
< s Lake,Talquin—
Calhoun i ¥

-

A AlCes
\||;@,- o

! ‘.
AT - A IS
e S
\:l\.ak{e J\a‘cksb’n

Leon
4 A Lake Lafayane\w
e s
Lake Munso A

Lee

Turner

Irwin

GEORGIA|

Lake]_ﬁiccoit\lkee
e
v
n

St. Marks

"River,Rise

FLORIDA

Wakulla Spring

akulla

Spring Creek
Spring Group{
v

Franklin

Gulf of Mexico

Figure5. HydrographyRepresentedn the EDM

45



)i T

Bz

Legend
:I EDM Domain

EST X,
g’
R

My,

4
Wagpss®

@  elevation control point

Top of ICU/IAS (NAVD88)

) High : 419 feet

S Low £ -100 feet

=)

2,

Tricr &

A

Lee

Terrell Turner

Berrien

Gulf o

\

<8

0 5 10 15 20 Mi.
| | | | | N Mitchell
S Miller .
Houston \
N 7 - J
pas e %
ALABAMA / e o e Y " ) Lowndes
FLORIDA LA ® ®
Seminole it , e9° ‘ o
. ® Grahe® © 3 e o P
Decatur 7 < S e onws ® o Broo
a 2 e o ®
yﬁ ®e ) e @

Jackson Lk deid

FLORIDA

Gulf of Mexico

0]

Figure6. Elevation of theTop of the Intermediate System Within the EDM

46



B} T
B G, } Terrell Lee Turner
Legend :@t Irwin
3
[] oM Domain %«».,,,wﬁ Dougherty
@ elevation control point
Top of FAS (NAVDS88) e .
- High : 272 feet - o
| R Low: -412 feet Bakee .
e
0 5 10 15 20 Mi. ’X b,
L 1 ! 1 | N - ) ®
e
Miller ® e cook
Houston 00 ® S
ALABAMA . " ° e °® Lowndes
FLORIDA L e ®
Seminole - ® ‘
Jackson
GEOR
FLORIDA
o Madison
Calhoun "
~ e
®
Taylor Lafayette|
Gulf
& Gulf of Mexico
ie|

Figure?. Elevation of theTop of the FloridanAquifer System Within the EDM

47



Terrell Turner
Legend
Boundaries St RSN Dougherty
GHB
NO FLOW L f,;;hiw
J
= CHD L4, L5 R i Berri
& errien
< NOFLOW (variable) Baker GHB.J =
[ Inwrwmp
, Mitchel
0 5 10 15 20 M. Colquitt
| 1 1 1 | N
Houston J
S N |
L1 -
ALABAMA - noflow
FLORIDA
Seminole
L2, L3, 7 Decatur Grady Thomas
’[.4, L5
Jackson AL
o
A
! GEOR!
FLORIDA
Gadsden
L1, L2,
L3, L4, L5 &
- noflow ‘& Leon Jeffefson Madigon
Calhoun ;
Lafayette|
X et \ L3, L4, L5
Gulf . e - noflow
‘ Franklin 7 4 L4, L5
y - noflow
o 12,13 14,15 Gulf of Mexico
- noflow
- Ay
‘ Dfxie|

Figure8. Lateral BoundaryConditions in the EDM

48



B3

Lagend olph Terrell Lee Turner

] eom pomain irwi

:] Recharge Zones. rwin
Lakes

Initial Recharge (Inches/Year) Calhoun Dougherty
0

Bl oi-s T
B s- 0 < “
B -2
12-14
14-16
16-18
18-20

i

M
43 Yo,

o
& .
9 Berrien

4,
Wagere®

20-22
22-24
I 227
i - Miller
§ B 0-3 "
i 3:-37 /
W -5 s
— N

Cook

) Lowndes|

Jackson

Gulf of Mexico

Figure9. Initial Recharge Rates, 2009

49



Legend

D EDM Domain
Lakes

Maximum Saturated ET (Inches/Year)
0

Bloi-s T B

e 0 S

i 10-12 <

3

3

B 24 -27
B 27-30
I 0-33
B 3337
I 37 -57
57 -84

plph

Calhoun

Miller

Jackson

Terrell

Baker

Lee

Dougherty

Mitchell

Grady

Turner

Worth

Colquitt i

Gulf of Mexico

Brooks

Irwin

Berrien

Cook

) Lowndes|

FigurelO. Initial Maximum Groundwater ET Rates, 2009

50



Legend
1 eov omain
Lakes
Extinction Depth (Inches)
Il o
I oto4
0 401-8
80112
12.01-16
16.01-20
1 2001-24
I 24.01-28
B 2801-32
B 3201-36

0 5 10
L 1 |

$
H
%4:

MWageme™™

Calhoun

Miller

ALABAMA
FLORIDA

Jackson

Calhoun

1 M

3 Terrell

Gulf of Mexico

FLORIDA

Berrien

Cook

Figurell Extinction Depths for GroundwateET

51



[Barhouh. I
Le
Legend SWET By Tervell = Turner
) Irwin
D EDM Domain i‘ﬁ-g )‘g
" O Dougherty

Perennial Streams

} Lakes

' 0 5 10 15 20Mi

4
Waope

B USGS Stream Stations

A

N

Houston

Miller

ALABAMA
FLORIDA

Seminole

Jackson

Gulf of Mexico

Berrien

Cook

[
AN

FLORIDA

I.owndes

Figurel2 Watershed Zones and USGS Streamflow Stations

52



rhouf. T
IBa p— } Terrell Lee T
Sy
Legend 5
L1-IBOUND P Dougherty
I -1 (Constant Heads)
- 1 (Surficial/overburden)
/ Baker
[ 0 5 10 15 20Mi ”X
| l l : I N Mitchell
Miller
Houston
ALABAMA
FLORIDA
Seminole
Decatur
Jackson
Calhoun
NE
2lo
g
2
-
a
Taylor
Gulf
Gulf of Mexico

Irwin

Berrien

Lowndes|

GEOR
FLORIDA

Lafaye

Figurel3. Layer 1 Hydrogeologic Unit IBOUND Designations

53



. - 3 Terrell Lee Turner
P Irwin
£ \
Legend i .
L2-IBOUND > Dougherty

I -1 (Constant Heads)
| 1 (Surficial/Overburdern)

- 2 (Intermediate)
20 Mi.
]

Berrien
Baker

0 5 10 15
L 1 1 1

S8 Miller
Houston

ALABAMA
FLORIDA

Seminole

Jackson

=t
< I
Taylor Lafayette

Gulf of Mexico

Figurel4. Layer 2 Hydrogeologic Unit IBOUND Designasion

54



S
Legend Vi
L3-IBOUND i;

[ 1 (surficialloverburden)

- 2 (Intermediate)
- -3 (Constant Heads)
3 (Miocene Limestone)

- 4 (Suwannee Limestone)lx

0 5 10 15 20 Mi

Figurel5. Layer 3 Hydrogeologic Unit IBOUND Designagion

55



oo . ) Terrell Lee Turner

Legend
L4-IBOUND P
- 4 (Suwannee Limestone)
- 5(Ocala Limestone)

Dougherty

Berrien

Miller Geok

Houston \\

ALABAMA
FLORIDA

[
e

FLORIDA

Seminole [

Gulf o

\

Gulf of Mexico

<t

Figurel6. Layer 4 Hydrogeologic Unit IBOUND Designasion

56



[Barbouft T

st B, 3 Terrell Lee
S L
% i
Legend R
L5-IBOUND

.~ 5(Ocala Limestone)

1 0 5 10 15 20Mi A

L 1 1 1 | N

Dougherty

B\ Miller
Houston ‘

FLORIDA
Seminole

Jackson

Calhoun

Gulf of Mexico

Figurel?. Layer 5 Hydrogeologic Unit IBOUND Designation

57



Fgure 18. Altitude of the Top of HGU1 Qurficial Aquifer and Overburden in the EDM
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