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Conversion Factors and Datums

Inch/Pound to SI

Multiply By To obtain

Length
inch (in.) 2.54 centimeter (cm)
foot (ft) 0.3048 meter (m)
mile (mi) 1.609 kilometer (km)
Area
square mile (mi?) 2.59 square kilometer (km?)
Flow rate
foot per day (ft/d) 0.3048 meter per day (m/d)
foot per year (ft/yr) 0.3048 meter per year (m/yr)
cubic foot per second (ft¥/s) 0.02832 cubic meter per second (m¥%s)
gallon per minute (gal/min) 0.06309 liter per second (L/s)
gallon per day (gal/d) 0.003785  cubic meter per day (m?d)
million gallons per day (Mgal/d) 0.04381 cubic meter per second (m¥s)
inch per year (in/yr) 25.4 millimeter per year (mm/yr)
Transmissivity*
foot squared per day (ft¥/d) 0.0929 meter squared per day (m?%d)
Application rate

pounds per area contributing 1.121 kilograms per hectare per year
recharge per year [(kg/ha)/yr]

[(Ib/area contributing recharge)/yr]

Temperature may be converted as follows:
°C=5/9 (°F -32)
°F=(1.8x°C)+32

Vertical coordinate information is referenced to the National Geodedic Vertical Datum of 1929
(NGVD 29) or the North American Vertical Datum of 1988 (NAVD 88).

Altitude, as used in this report, refers to distance above the vertical datum.

Horizontal coordinate information is referenced to the North American Datum of 1983 (NAD 8§83).
*Transmissivity: The standard unit for transmissivity is cubic foot per day per square foot times
foot of aquifer thickness [(ft*/d)/ft*]ft. In this report, the mathematically reduced form, foot squared

per day (ft*/d), is used for convenience.

Specific conductance is given in microsiemens per centimeter at 25 degrees Celsius
(uS/cm at 25 °C).

Concentrations of chemical constituents in water are given either in milligrams per liter (mg/L)
or micrograms per liter (ug/L).
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ACFB Apalachicola—Chattahoochee—Flint River Basin
ACR area contributing recharge
BMM Binary mixing model
CFC chlorofluorocarbons
CLSM Chipola Local-Scale Model
EMM Exponential mixing model
EPM Exponential piston-flow model
‘H Tritium
SHe Helium-3
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LPM Lumped parameter model
MFLSM Middle Flint Local-Scale Model
mL milliliter
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Ne Neon
NED National Elevation Dataset
NWFWMD Northwest Florida Water Management District
PFM Piston-flow model
SF, Sulfur hexafluoride
UFA Upper Floridan aquifer
USEPA U.S. Environmental Protection Agency
USGS U.S. Geological Survey
wY water year






Estimating Nitrate Concentrations in Groundwater at
Selected Wells and Springs in the Surficial Aquifer System
and Upper Floridan Aquifer, Dougherty Plain and Marianna
Lowlands, Georgia, Florida, and Alabama, 2002-50

By Christy A. Crandall, Brian G. Katz, and Marian P. Berndt

Abstract

Groundwater from the surficial aquifer system and Upper
Floridan aquifer in the Dougherty Plain and Marianna Low-
lands in southwestern Georgia, northwestern Florida, and
southeastern Alabama is affected by elevated nitrate concen-
trations as a result of the vulnerability of the aquifer, irriga-
tion water-supply development, and intensive agricultural
land use. The region relies primarily on groundwater from
the Upper Floridan aquifer for drinking-water and irrigation
supply. Elevated nitrate concentrations in drinking water are
a concern because infants under 6 months of age who drink
water containing nitrate concentrations above the U.S. Envi-
ronmental Protection Agency maximum contaminant level of
10 milligrams per liter as nitrogen can become seriously ill
with blue baby syndrome.

In response to concerns about water quality in
domestic wells and in springs in the lower Apalachicola—
Chattahoochee—Flint River Basin, the Florida Department
of Environmental Protection funded a study in cooperation
with the U.S. Geological Survey to examine water quality in
groundwater and springs that provide base flow to the Chi-
pola River. A three-dimensional, steady-state, regional-scale
groundwater-flow model and two local-scale models were
used in conjunction with particle tracking to identify travel
times and areas contributing recharge to six groundwater
sites—three long-term monitor wells (CP-18A, CP-21A,
and RF-41) and three springs (Jackson Blue Spring, Balt-
zell Springs Group, and Sandbag Spring) in the lower
Apalachicola—Chattahoochee—Flint River Basin. Estimated
nitrate input to groundwater at land surface, based on previ-
ous studies of nitrogen fertilizer sales and atmospheric nitrate
deposition data, were used in the advective transport models
for the period 2002 to 2050. Nitrate concentrations in ground-
water samples collected from the six sites during 1993 to 2007
and groundwater age tracer data were used to calibrate the
transport aspect of the simulations.

Measured nitrate concentrations (as nitrogen) in wells
and springs sampled during the study ranged from 0.37 to
12.73 milligrams per liter. Average apparent ages of ground-
water calculated from measurements of chlorofluorocarbon,
sulfur hexafluoride, and tritium from wells CP-18A, CP-21A,
and RF-41 were about 23, 29, and 32 years, respectively.

Average apparent ages of groundwater from Baltzell Springs
Group, Sandbag Spring, and Jackson Blue Spring were

about 16, 18, and 19 years, respectively. Simulated travel
times of particles from the six selected sites ranged from less
than 1 day to 511 years; both the minimum and maximum
particle travel times were estimated for water from Jackson
Blue Spring. Median simulated travel times of particles were
about 30, 38, and 62 years for Jackson Blue Spring, Sandbag
Spring, and Baltzell Springs Group, respectively. Study results
indicated that travel times for approximately 50 percent of

the particles from all spring sites were less than 50 years. The
median simulated travel times of particles arriving at receptor
wells CP-18A, CP-21A, and RF-41 were about 50, 35, and

36 years, respectively. All particle travel times were within the
same order of magnitude as the tracer-derived average appar-
ent ages for water, although slightly older than the measured
ages. Travel time estimates were substantially greater than

the measured age for groundwater reaching well CP-18A, as
confirmed by the average apparent age of water determined
from tracers.

Local-scale particle-tracking models were used to predict
nitrate concentrations in the three monitor wells and three
springs from 2002 to 2050 for three nitrogen management
scenarios: (1) fixed input of nitrate at the 2001 level, (2) reduc-
tion of nitrate inputs of 4 percent per year (from the previous
year) from 2002 to 2050, and (3) elimination of nitrate input
after 2001. Simulated nitrate concentrations in well CP-21A
peaked at 7.82 milligrams per liter in 2030, and concentra-
tions in background well RF-41 peaked at 1.10 milligrams per
liter in 2020. The simulated particle travel times were longer
than indicated by age dating analysis for groundwater in well
CP-18A; to account for the poor calibration fit at this well,
nitrate concentrations were shifted 21 years. With the shift,
simulated nitrate concentrations in groundwater at CP-18A
peaked at 13.76 milligrams per liter in 2026. For ground-
water in Baltzell Springs Group, Jackson Blue Spring, and
Sandbag Spring, simulated nitrate concentrations peaked at
3.77 milligrams per liter in 2006, 3.51 milligrams per liter in
2011, and 0.81 milligram per liter in 2018, respectively, under
the three management scenarios. In management scenario 3
(elimination of nitrate input after 2001), simulated nitrate con-
centrations in Baltzell Springs Group decreased to less than
background concentrations (0.10 milligram per liter) by 2033,
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and in Sandbag Spring concentrations decreased to less than
background by 2041. Simulations using nitrate management
scenarios 1 (fixed input of nitrate at 2001 levels) and 2 (reduc-
tion of 4.0 percent per year) indicate that nitrate concentrations
in groundwater may remain above background concentrations
through 2050 at all sites.

Introduction

Elevated nitrate concentrations in groundwater constitute
an important ecological and human-health concern in the
Dougherty Plain and Marianna Lowlands in the lower
Apalachicola—Chattahoochee—Flint River Basin (ACFB) in
southwestern Georgia, northwestern Florida, and southeastern
Alabama (fig. 1). Groundwater provides the primary source
of drinking water and irrigation supply in the area. Elevated
nitrate concentrations in drinking water are a health concern
because infants under 6 months of age who ingest water
containing nitrate concentrations above the U.S. Environ-
mental Protection Agency (USEPA) maximum contaminant
level of 10 milligrams per liter (mg/L) as nitrogen can become
seriously ill with blue baby syndrome (U.S. Environmental
Protection Agency, 2012). In addition, groundwater supplies
base flow to streams and, therefore, supports critical habitat
for several endangered and threatened mussel species (Albert-
son and Torak, 2002).

Groundwater quality in the Dougherty Plain and
Marianna Lowlands reflects the dominant land use—row-crop
agriculture (cotton, corn, soybeans, peanuts)—as well as the
vulnerability of the karst carbonate aquifer. Nitrate concentra-
tions in groundwater samples collected by the U.S. Geological
Survey (USGS) as part of the National Water-Quality Assess-
ment (NAWQA) Program between 1994 and 2007 from the
surficial aquifer system and Upper Floridan aquifer in the
Dougherty Plain and Marianna Lowlands had high nitrate
concentrations compared to other study areas within these two
aquifers (Frick and others, 1998; Berndt and Crandall, 2009).
The median nitrate concentrations in the Upper Floridan
aquifer were about 2.5 mg/L for water from domestic wells in
the lower ACFB compared to a median of less than 0.1 mg/L
for domestic wells outside of the study area. Nitrate concentra-
tions also were elevated in springs in the study area (Berndt
and others, 2005). A trend analysis indicated a significant
upward trend for nitrate in water from the Chipola River
(Frick and others, 1996).

Concerns about water quality in domestic wells and
springs in the lower ACFB led the Florida Department of
Environmental Protection (FDEP) to fund a study in 2007 to
examine water quality in groundwater and springs that pro-
vide base flow to the Chipola River. Additionally, the USGS
NAWOQA Program provided funds to collect data in other
areas of the ACFB. The primary objective of this study was
to predict trends in nitrate contamination in groundwater in
the lower ACFB. Regional- and local-scale groundwater-flow

models were developed, calibrated, and used with particle-
tracking simulations of transport to meet this objective.

Groundwater-flow models and particle-tracking
simulations can be used to determine the areas contributing
recharge (ACR) and the travel times of water to selected
receptor sites. Additionally, water particles can be used as
proxies for conservative water-quality constituents, such as
nitrate, in an oxidized flow environment. Particle tracking
outlines the paths that water, and the dissolved nitrate moving
with water particles, is most likely to take from locations
where recharge occurs at the water table to discharge loca-
tions, yielding a travel time and a contributing area for each
particle. Using particle travel times and an input function time
series for a known water-quality constituent of interest, such
as nitrate, future constituent concentrations can be estimated.
The constituent is assumed to be transported conservatively by
advection, moving with water molecules, and without adsorp-
tion, degradation, dispersion, or other processes that might
reduce the constituent concentration.

Purpose and Scope

The purpose of this report is to (1) describe spring and
monitor-well networks, sampling, data, and age-dating esti-
mates, (2) describe and document groundwater-flow models,
calibration, and particle-tracking simulations, and (3) simulate
and predict nitrate concentrations (2002—50) in groundwater
at three springs and three monitor wells within the ACFB area
using the particle-tracking models and a nitrate input func-
tion. Simulations were based on three nitrogen management
scenarios proposed by the USGS NAWQA Program.

Previous Studies

Many investigators have studied the geology,
physiography, geohydrology, and groundwater resources of
the study area. The most recent studies have concentrated
on updating geohydrology and establishing groundwater-
flow models. Torak and others (1993, 1996) and Torak and
McDowell (1996) provided updates of the geohydrology in
parts of the lower ACFB. Hayes and others (1983) evaluated
stream-aquifer relations and water-resources potential and
simulated the effects of groundwater withdrawals on stream-
flow and water levels in the Upper Floridan aquifer. Mosner
(2002) described stream-aquifer relations and groundwater-
level conditions in the lower ACFB during the drought of
1999 and 2000 and computed aquifer contributions to stream-
flows for specific reaches. Jones and Torak (2004) described
the geohydrology of the area surrounding Lake Seminole in
southeastern Alabama and southwestern Georgia and simu-
lated the effects of impoundment on groundwater flow in the
Upper Floridan aquifer. Torak and others (2006) cited physi-
cal and hydrochemical evidence of a hydraulic connection
between surface water and groundwater beneath and around
Lake Seminole and Jim Woodruff Lock and Dam (fig. 1),
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and documented the complex exchange of surface water and
groundwater between the lake, streams, and aquifer. Torak and
Painter (2006) described the geologic and hydrologic frame-
work of the lower ACFB and incorporated borehole and aqui-
fer test data. Crandall (2007), Crandall and others (2009), and
Katz and others (2007) demonstrated a methodology for using
MODFLOW (Harbaugh and others, 2000) and MODPATH
(Pollock, 1994) with age tracer and contaminant concentration
data to estimate the area contributing recharge, groundwater
travel times, and flow paths to discharge features (Eberts and
others, 2005). Frick and others (1996) described nitrogen
sources in the lower ACFB. Groundwater quality in the lower
ACFB also was described in Frick and others (1998), Frick
and Dalton (2007), and Dalton and Frick (2008).

Description of the Study Area

The study area is primarily in the Dougherty Plain and
Marianna Lowlands physiographic regions within the lower
ACFB in southeastern Alabama, northwestern Florida, and
southwestern Georgia (fig. 1). The area is underlain by the
surficial and Floridan aquifer systems. In the study area, the
Upper Floridan aquifer is the predominant water-bearing unit
of the Floridan aquifer system and has variable confinement,
ranging from confined to unconfined (fig. 2). The Upper Flori-
dan aquifer is a relatively closed hydrologic system containing
unique geochemistry, recharge, and discharge zones. Ground-
water discharges almost entirely within the lower ACFB,
providing base flow to rivers, streams, and springs within the
study area (figs. 1 and 2).

Physiography

The study area is in the coastal plain of the southeastern
United States in southeastern Alabama, northwestern Florida,
and southwestern Georgia (fig. 1). Most of the study area
comprises three distinctive physiographic regions: two karst
regions called the Dougherty Plain and the Marianna Low-
lands, and a region of dissected remnant hills and sand-hill
ridges on the southeastern and southern boundaries called the
Tifton Upland (fig. 1). Springs are numerous along streams in
the study area (figs. 2 and 3). Surface altitudes on the northern
side of the Dougherty Plain and Marianna Lowlands range
from about 300 feet (ft) in the northwest to about 500 ft in
the northeast; altitudes on the southern side range from about
200 to 300 ft (fig. 1). All altitudes are referenced to the North
American Vertical Datum of 1988 (NAVD 88) unless other-
wise noted.

Sinkholes, which are closed-basin depressions, are
prominent features of the Dougherty Plain and Marianna
Lowlands. Sinkholes result when limestone dissolves, and the
overburden collapses into a cavity. Most sinkholes are shallow,
flat-bottomed, or rounded depressions (Fenneman, 1938) that
can range in size from a few feet to several hundred feet. Sink-
holes dot the landscape in the study area and provide evidence

of active dissolution of the underlying limestone (Herrick and
LeGrand, 1964; LeGrand and Stringfield, 1966; Longwell and
others, 1969). Infiltrating water may enter the aquifer directly
through sinkholes, facilitating the rapid transport of recharge
water into the aquifer. Some sinkholes may become filled with
silt and clay that plug the cavity, thereby preventing recharge,
and creating sinkhole ponds (Sever, 1965a; fig. 3).

The southeastern part of the study area is bordered by the
steeply sloped Pelham Escarpment along the Flint River Basin
divide that continues in a southwesterly direction to form the
eastern impoundment arm of Lake Seminole (fig. 1). This
solution escarpment provides as much as 125 ft of local relief,
and the ridge of the escarpment forms a topographic ground-
water and surface-water divide between the Flint/Apalachicola
River Basins and the Ochlockonee River Basin to the east
(fig. 1) (Sever, 1965a; Torak and others, 1996). The base of the
solution escarpment contains cavities, sinkholes, and springs
in the study area (Hicks and others, 1987). The top of the
escarpment is formed by the Hawthorn Group (fig. 4), which
is known to be resistant to erosion (Torak and others, 2006).

Climate

The climate of the study area is humid subtropical with
long, hot summers and mild winters (Sever, 1965a). Tem-
peratures and precipitation are seasonally and areally vari-
able due to the proximity to the Gulf of Mexico (Torak and
Painter, 2006). The long-term mean annual air temperature
is 66.4 degrees Fahrenheit (°F; 1957-2003) at Marianna,

Fla, in the southern part of the study area and about 64 °F
(1956-2003) at Plains, Ga., in the northern part of the study
area (Torak and Painter, 2006). The long-term annual aver-
age precipitation ranges from 49.4 inches (in.) in Plains, Ga.,
to 54.69 in. in Jackson County, Fla, for the 30-year period
1961-90 (National Oceanic and Atmospheric Administra-
tion, 2003). Recharge to the aquifer occurs mainly during the
winter, when cold fronts produce low-intensity precipitation
of long duration. Aquifer recharge in the area can exceed 2

to 3 in. per precipitation event, because evapotranspiration
occurs at a relatively low rate during the winter months. Rain-
fall is of a high intensity and short duration during the summer
months and can result in low infiltration and high runoff
(Torak and Painter, 2006).

Hydrogeology

Sand, clay, and limestone underlie the study area, and
compose the surficial aquifer system and Upper Floridan
aquifer. The sandy surficial aquifer system, found mainly in
valleys, is discontinuous and is intersected by clayey deposits,
hereafter called “residuum,” which are found mostly on ridges.
The Upper Floridan aquifer is the major hydrogeologic unit in
the study area and underlies the entire region.

The surficial aquifer system consists of a series of sandy
marine and fluvial-terrace deposits (Moore, 1955; Reves,
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Figure 3. Crack-In-The-Woods Spring along the Chipola River.

1961; Scott, 1992; Torak and others, 2006) and unconsoli-
dated to poorly indurated clastic deposits (Florida Geologi-
cal Survey, 1986). These deposits collectively represent the
permeable hydrogeologic units contiguous with land surface
that make up the aquifer. The thickness of surficial deposits in
the study area ranges from less than 10 ft in the northwestern,
upland-outcrop areas of the Upper Floridan aquifer and in
stream valleys to greater than 600 ft in southern parts of the
study area (fig. 5).

An intermediate confining unit overlies the Upper
Floridan aquifer along the southern and southeastern boundar-
ies of the study area, confining the aquifer in these areas. The
unit consists of a dense clay lithology of the Hawthorn Group
and in some places the Tampa Limestone, separating the
surficial aquifer system from the Upper Floridan aquifer. The
intermediate confining unit in southwestern Georgia averages
about 90 ft thick on the southern and eastern parts of the study
area (fig. 5; Camp, Dresser & McKee Inc., 2001); however,
the confining unit is thin or absent in much of the Dougherty
Plain and Marianna Lowlands (David W. Hicks, Joseph W.
Jones Ecological Research Center, written commun., October
2005).

The Upper Floridan aquifer is the principal hydrogeo-
logic unit in the study area and consists of the following
sequence of geologic units, arranged from youngest to oldest:
Tampa Limestone, Chattahoochee Formation, and St. Marks
Formation; Suwannee Limestone; Marianna Limestone; and
Ocala Limestone southeast of the solution escarpment; and
Suwanee Limestone, Ocala Limestone, and Clinchfield Sand
northwest of the solution escarpment (fig. 4). These geo-
logic units are not all present throughout the study area. The
aquifer consists mostly of the Ocala Limestone on the south-
ern boundary. The varieties of units that make up the aquifer
create heterogeneities in hydraulic properties within the lower
ACFB.

Average thickness of the Upper Floridan aquifer in the
study area is about 250 ft. Thickness values were determined
by subtracting the altitude of the base of the Ocala Limestone
or Clinchfield Sand obtained from Miller (1986) from the
altitude of the top of the Upper Floridan aquifer obtained from
Jones and Torak (2006); Torak and others (1996); and Kwader
and Schmidt (1978). The thickness of the Upper Floridan
aquifer in the Dougherty Plain and Marianna Lowlands ranges
from a few feet along the northwestern study area boundary,



near the updip limit of the aquifer, to more than 1,000 ft along
the southern boundary (fig. 6). Aquifer thickness ranges from
about 100 to 300 ft along the midsection of the Dougherty
Plain and Marianna Lowlands between the outcrop area and
solution escarpment and Tifton Upland (figs. 1 and 6). The
altitude of the base of the Upper Floridan aquifer dips steeply
to the south and east and is deepest at the southern bound-
ary of the study area (fig. 7), ranging from 250 to —1,160 ft
(NAVD 88). The base plunges as the aquifer thickens, thus
reflecting the marine depositional history of the limestone
sediments that make up the aquifer.

Confinement of the Upper Floridan aquifer ranges from
unconfined to confined, but the aquifer is classified as uncon-
fined throughout a large part of the study area (Miller, 1986).
The intermediate confining unit overlies the Upper Floridan
aquifer in the southern and southeastern parts of the study area
(fig. 2). This unit is particularly extensive beneath the Tifton
Uplands and along the southern boundary of the study area.
Additionally, where clay residuum overlies the Upper Flori-
dan aquifer, the aquifer may be locally confined. Limestone

Introduction 7

dissolution in the Upper Floridan aquifer has created sinkholes
and conduits and has caused extreme variability in aquifer
hydraulic properties and has facilitated groundwater flow to
wells through interconnected systems of conduits (solution
openings or cavities), fractures, and joints. The distribution of
conduits and sinkholes has created local patterns of high trans-
missivity and a potential for preferential groundwater flow
paths in the Upper Floridan aquifer near springs in the study
area (fig. 2) (Torak and others, 1993). Limestone dissolution
has also increased hydraulic connection between the aquifer
and surface-water bodies through springs (figs. 2 and 3).
Transmissivity estimates derived from aquifer tests
demonstrate the heterogeneity of the Upper Floridan aqui-
fer. Reported transmissivity estimates in the Albany, Ga.,
area range from about 700 to about 283,000 feet squared per
day (ft?/d). These estimates vary considerably even within
short distances (Hicks and others, 1987). Aquifer tests in
other areas yielded transmissivity estimates ranging from
about 1,600 to about 1,300,000 ft>/d (Sever, 1965a, b; Hayes
and others, 1983; Wagner and Allen, 1984). The largest

Florida and Georgia, Georgia and Florida,
. northwest of solution escarpment southeast of solution escarpment
Series
. . Hydrogeologic . . Hydrogeologic
Geologic unit ydrogeolog Geologic unit ydrogeolog
unit unit

Holocene and Terrace and . Terrace and .
Pleistocene undifferentiated Surficial undifferentiated Surficial
deposits aquifer (surficial) deposits aquifer

system system

Hawthorn Intermediate

Undifferentiated ) Group confining unit

Miocene overburden Intermediate
(residium) confining unit T Y
Tampa | Chatta- | St. Marks
. | hoochee | .
Limestone . Formation
| Formation |
Suwannee
Oligocene S_uwannee Limestone
Limestone
Marianna Limestone Upper Floridan
aquifer
Upper Floridan
Ocala Limestone aquifer
Ocala Limestone
Eocene Clinchfield Sand
Lisbon Formation Ll co_nflnlng Lisbon Formation L co_nflnlng
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Figure 4. Geologic and hydrogeologic units in the study area.
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transmissivity (1,300,000 ft?/d) was reported for an aquifer
test from a well in Bainbridge, Ga. (Sever, 1965b; Katherine
H. Zitsch, Project Manager, Camp, Dresser & McKee Inc.,
written commun., 2003). Reported hydraulic conductivities
range from about 10 to about 600 feet per day (ft/d; Katherine
H. Zitsch, Project Manager, Camp, Dresser & McKee Inc.,
written commun., 2003).

The presence of sand and clay surficial deposits and karst
features control the rate of vertical leakage of groundwater
into or out of the Upper Floridan aquifer. The vertical hydrau-
lic conductivity of 16 relatively undisturbed core samples in
the surficial sediments collected from wells in the Albany,
Ga., area ranged from about 0.0004 ft/d for silty clay to about
23 ft/d for fine-to-medium sand (Charles A. Turner, Geologist,
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Figure 6. Thickness of the Upper Floridan aquifer and locations of springs sampled in the study.

S&ME, Inc., written commun., 1988). Regional estimates of
vertical hydraulic conductivity ranged from about 0.0001 to
about 9 ft/d with a median value of about 0.003 ft/d (Hayes
and others, 1983).

The confining unit underlying the Upper Floridan aquifer
is the Lisbon Formation (fig. 4). This formation is made
up of hard, sandy, clayey limestone with distinctly lower

water-yielding characteristics than the units of the Upper
Floridan aquifer (Watson, 1981). The Lisbon Formation acts
as a nearly impermeable confining unit for the Upper Floridan
aquifer (Hayes and others, 1983).

The surficial aquifer system, the Upper Floridan aqui-
fer, and streams are hydraulically linked in the study area,
especially where sandy or fluvial deposits rest directly on
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Figure 7. Altitude of the base of the Upper Floridan aquifer in the study area.

the limestone units. The water table fluctuates with adjacent
stream stage or with Upper Floridan aquifer water levels in
places where the aquifers are hydraulically connected with the
land surface. Residuum in other areas separates the surficial

aquifer system from surface water and the Upper Floridan
aquifer, forming perched water tables. Water levels in perched
zones fluctuate independently of water levels in the Upper
Floridan aquifer or adjacent streams.
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Surface Water

Major surface-water features in the study area include the
Chattahoochee, Flint, Apalachicola, and Chipola Rivers, Icha-
waynochaway and Spring Creeks, Lake Blackshear, and Lake
Seminole (fig. 1). Most river channels are incised into the units
that form the top of the Upper Floridan aquifer, and limestone
is exposed in many streambeds. Base flow is maintained dur-
ing periods of little or no precipitation by aquifer discharge.

The Flint River flows through the northeastern part of
the study area and is the main discharge feature for numerous
springs and smaller tributaries in southwestern Georgia (figs. 1
and 8). Lake Blackshear is formed by the Crisp County Dam
on the Flint River in the northern part of the study area (figs. 1
and 8). The Flint River also is one of the three main streams
that are dammed to form Lake Seminole in the southern part
of the study area on the shared border of Georgia, Florida, and
Alabama (figs. 1 and 8).

Lake Seminole influences groundwater levels in the
Upper Floridan aquifer near the lake and dam (fig. 2) because
of its stable lake stage of about 77 ft. The creation of the
impoundment in 1957 raised groundwater levels in the Upper
Floridan aquifer by about 30 ft near the dam and caused
smaller increases upstream from the dam (Torak and others,
2006). The impoundment creates backwater conditions that
extend upstream nearly 50 miles (mi) along the Chattahoochee
River and about 47 mi along the Flint River (fig. 2) (U.S.
Army Corps of Engineers, 1948). Lake Blackshear, in the
northern part of the study area, is maintained at an altitude
near 237 ft above NAVD 88 by a flowthrough dam (fig. 2).

The Apalachicola River begins below Lake Seminole at
the outflow from the Jim Woodruff Lock and Dam. The river
flows about 107 mi southward and discharges into Apala-
chicola Bay and the Gulf of Mexico. The total drainage area
of the Apalachicola River within the State of Florida is about
2,026 square miles (mi?) and includes the Chipola River
Basin (fig. 1) (U.S. Army Corp. of Engineers, 1973). The total
drainage area of the Apalachicola River, including the Chat-
tahoochee, Flint, and other rivers, is 19,256 mi%. Flow in the
Apalachicola River is important to the ecology and economy
of the region, including the estuary. The mean annual flow of
the Apalachicola River at Sumatra, Fla., (20.6 mi upstream
from the mouth) is 26,500 cubic feet per second (ft*/s) for
water years (WY) 1978-95 (Franklin and Meadows, 1999).
(Water year is the period from October 1 to September 30 and
is defined by the year in which the period ends.)

The Chipola River, a major tributary to the Apalachicola
River in Florida, is formed by the confluence of two creeks
flowing out of Houston County, Alabama, into Jackson
County, Florida (fig. 1). The Chipola River flows southward
before joining the Apalachicola River. In the study area, the
Chipola River is incised into the Upper Floridan aquifer,
where limestone is exposed in the streambed. Base flow is
maintained from groundwater discharge during periods of
little or no precipitation. Along the upper and middle reaches,
68 named springs have been identified along the main stem of

the river or its major tributaries (Barrios and Chellette, 2004;
figs. 2 and 3). The average mean daily discharge of the Chi-
pola River is 1,512 ft¥/s at the Altha gage in Florida (station
number 02359000; 1913-98; fig. 8).

Land Use

Water quality concerns in the lower ACFB reflect domi-
nant lands uses in the basin. Land use was compiled by cat-
egory in subbasins of the lower ACFB for the period 1972-90
(Frick and others, 1996). Agriculture was the dominant land
use (average 47.8 percent) in the Flint and Chattahoochee
River Basins and Ichawaynochaway and Spring Creek Basins,
closely followed by forest (average 43.4 percent; figs. 8 and
9). Forested land cover was dominant in the Apalachicola and
Chipola River Basins, comprising nearly 60 and 50 percent of
each basin, respectively. Agricultural land use is the second
most common land use in the Chipola River Basin.

Fertilizer use in agricultural areas is probably the largest
contributor (72 percent) to nitrogen loads in groundwater and
surface water within the lower ACFB (Frick and others, 1996).
Estimated annual nitrogen loads increased in the Flint, Chat-
tahoochee, and Chipola River Basins during 1972-90 (Frick
and others, 1996). Increased mean annual loads in the Chipola
River Basin during 1972-90 were the largest in the Apala-
chicola Basin (Frick and others, 1996). Increases in nitrogen
loads probably were related to increases in corn production,
based on fertilizer sales data.

Methods for Predicting the Occurrence
and Distribution of Nitrate in
Groundwater

To address the need to predict the occurrence and
distribution of nitrate in groundwater and to identify future
trends in nitrate contamination in the lower ACFB, six sites
with measureable nitrate concentrations were identified for
water-quality sampling and particle-tracking flow simulations.
A regional-scale groundwater-flow model was calibrated with
data collected from September 19 to October 18, 1999, the
same steady-state calibration period used by Jones and Torak
(2006). The calibrated regional-scale model was used with
long-term (through 2050) steady-state climate conditions and
average groundwater withdrawals to provide flow boundaries
for two local-scale groundwater-flow and particle-tracking
models (fig. 10). Porosity values in the local-scale ground-
water-flow and particle-tracking models were calibrated with
geochemical age dating information collected in 2007. Poros-
ity is a variable used in transport to estimate the pore velocity
of particles of water and is not a variable in groundwater-flow
simulations. Groundwater-flow models estimate Darcy veloc-
ity from hydraulic gradient and hydraulic conductivity infor-
mation. Porosity is inversely correlated to the Darcy velocity.
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Porosity only affects time of travel of particles and it has no

effect on groundwater recharge contributing areas. The local-
scale and particle-tracking models were used to determine
ACR and travel times (used in this report as surrogates for par-
ticle ages) of water. Finally, particle travel times were used to

predict nitrate concentrations for three wells and three springs
(fig. 10) during 2002-50 by using three nitrogen management
scenarios. Nitrate concentrations were predicted through 2050

because predicted climate conditions were available for that
time period.
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To estimate nitrate concentrations in selected wells and
springs during 2002-50, a time series function of nitrate input
to groundwater was developed from county level fertilizer
sales and atmospheric deposition data (fig. 11) (Alexander
and Smith, 1990; Battaglin and Goolsby, 1994; Frick and
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others, 1996; Ruddy and others, 2006). The input func-

tion was applied to determine the age of tracked particles to
predict future nitrate concentrations at the six selected wells
and springs. Although the input function changes over time,
a steady-state flow field representing average flow conditions
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during the period over which the transport occurred was used
to create the steady-state flow field for particle tracking (Pol-

lock, 1994; Eberts and others, 2005; Crandall, 2007; Katz and
others, 2007; Crandall and others, 2009).

Water-Quality Sampling

Groundwater samples were collected from 11 long-term
monitor wells as part of the NAWQA Program trends network.
Data were collected approximately nine times from 1993 to
2007 to observe trends in groundwater quality in the lower
ACFB. The samples were analyzed for major ions, nutrients,
pesticides, volatile organic compounds, and field proper-
ties—temperature, pH, specific conductance, and dissolved
oxygen. Additionally, during a synoptic sampling in the spring
and early summer of 2007 in the upper Chipola River Basin,
samples were collected from 33 springs and 17 surface-water
sites (appendix). The sites were selected because they had
been identified and sampled previously by the Northwest
Florida Water Management District (NWFWMD). Water
samples from the upper Chipola River Basin were analyzed
for pH, dissolved oxygen, temperature, specific conductance,
nitrate, total coliforms, and Escherichia coli (E. coli). Nitrate
was measured using the field spectrophotometer method
10020 described by Hach Company (1992), and total coli-
forms and E.coli were measured using the IDEXX quick Colil-
ert® method (IDEXX Corporation, 2006). All samples were
collected using standard USGS water-quality sampling field
procedures and protocols (Koterba and others, 1995), except
where noted.

Synoptic water-quality data were used in conjunction
with NAWQA, FDEP, and NWFWMD historical water-
quality data to select three USGS long-term monitor wells
and three springs in the Chipola River Basin for further study
(fig. 10). Additionally, two upgradient monitor wells for each
of the three springs were selected for further monitoring
to help identify upgradient water quality and geochemical
conditions along probable flow paths within each springshed
(fig. 10). The three springs and their respective upgradient
wells (and alternative names) are (1) Jackson Blue Spring
and wells HWY 69 VISA NWFWMD 80) and Baxter VISA
(NWFWMD 85); (2) Baltzell Springs Group and wells
JAPST001 (McArthur) and Malone No. 2; and (3) Sandbag
Spring and wells Cottondale No. 3 and Hutton.

Three long-term monitor wells (CP-18A, CP-21A, and
RF-41) were selected from the USGS NAWQA trends net-
work for additional water-quality analyses (fig. 10). Analyses
included major ions, nutrients, field properties, pesticides,
isotopes of oxygen, hydrogen, and nitrate, and groundwater
age tracers, including tritium (*H), its radioactive decay
product helium-3 (*He), chlorofluorocarbons (CFC), and sulfur
hexafluoride (SF). Quality-control samples accounted for
10 percent of the samples and included duplicates, replicates,
spikes, and blanks.

Age Dating of Groundwater and Spring Samples

The average age or residence time of groundwater at
selected wells or springs was determined using transient tracer
techniques to differentiate between the relative proportions of
young water from shallow parts of the aquifer and older water
from deeper parts of the aquifer. Water samples were collected
from selected wells and springs and analyzed for the transient
environmental tracers *H, its radioactive decay product *He,
CFC, and SF,. Anthropogenic activities, such as industrial pro-
cesses and atmospheric testing of thermonuclear devices, have
caused SF,, CFC, and *H to be released into the atmosphere
in low, but measurable, concentrations (fig. 12). Precipitation
that contains SF,, CFC, and *H from the atmosphere infiltrates
into the ground and carries a particular chemical or isotopic
signature related to atmospheric conditions at the time of
recharge to groundwater. The tritium/tritiogenic helium-3 ratio
(*H/He,,), CFC, and SF, dating methods assume that gas
exchange between the unsaturated zone and the atmosphere
occurs quickly and that shallow groundwater remains closed
to gas exchange after recharge (Schlosser and others, 1989;
Plummer and Busenberg, 1999; Busenberg and Plummer,
2000).

Established protocols were used to collect and analyze
samples for SF, *H/*He (Ludin and others, 1998), and CFC
(Busenberg and others, 1993). Dissolved gases (nitrogen
gas, argon, carbon dioxide, and methane) were analyzed in
groundwater samples at the USGS Chlorofluorocarbon Labo-
ratory in Reston, Virginia. Dissolved gases were measured by
gas chromatography after extraction in headspaces of glass
samplers (Busenberg and others, 1998). Water samples from
the selected wells and springs were analyzed for groundwater
age-dating tracers—tritium, tritiogenic helium-3, CFC-11,
CFC-12, and CFC-113, and SF,. Results for these analyses
produced an average apparent age of groundwater for each
selected site.

Tritium and Tritiogenic Helium-3

The continued decrease in occurrence and the low
concentrations of *H in rainfall in the southeastern United
States have resulted in limited use of the *H method for age
dating of groundwater recharged during the past 2030 years.
However, by measuring the tritiogenic helium-3 (*He_,), the
stable daughter product of *H decay that has accumulated
in groundwater systems, the dating range and precision can
be enhanced (Plummer and others, 1998; Cook and Bohlke,
1999). Combined measurements of *H and its daughter prod-
uct of radioactive decay, *He , define a relatively stable tracer
of the initial *H input to groundwater, which can be used to
calculate the *H/*He , apparent age from a single water sample
(Schlosser and others, 1988, 1989; Solomon and Sudicky,
1991). The *H/*He ratio is used in the following equation for
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the piston-flow assumption where the average apparent age (T,
years) can be expressed as (Torgersen and others, 1979):

T= 1\ [In (1 +°He,_/H)]

where
A is the radioactive decay constant for the *H
concentration in trittum units, and
*He, is the tritiogenic helium-3 content in tritium

units.

A tritium unit is equal to 1 *H atom in 10'® hydrogen atoms
and is equivalent to 3.2 picocuries per liter of water. A helium
(He) isotope mass balance is used to calculate the amount
of tritiogenic and non-tritiogenic *He in the sample. Non-
tritiogenic *He (generally negligible in a shallow aquifer with
local recharge) is corrected by using measured concentrations
of helium-4 (*He) and neon (Ne) in the water sample and
assuming solubility equilibrium with air at the water tempera-
ture measured during sampling (Schlosser and others, 1988,
1989). In order to use *H and *He , concentrations to estimate
the average apparent age of groundwater, it is assumed that *H
and *He_ concentrations in groundwater are not affected by
contamination, sorption, and microbial degradation processes
that can alter the concentrations of other transient tracers, such
as CFC (Plummer and others, 1998). The distribution of *H
and *He , can be affected by hydrodynamic dispersion and the
mixing of different age waters (Solomon and Sudicky, 1991;
Reilly and others, 1994).

Information about groundwater travel times can be
obtained by comparing measured *H concentrations in

Nitrate Concentrations in Groundwater, Dougherty Plain and Marianna Lowlands, Georgia, Florida, and Alabama

groundwater with the long-term *H input function of rainfall
measured at the International Atomic Energy Agency precipi-
tation monitoring station in Ocala, Fla., which is about 190 mi
southeast of the study area. Atmospheric weapons testing
beginning in the early 1950s increased *H concentrations in
rainfall in this area to a maximum of several hundred tritium
units during the mid-1960s, followed by a nearly logarithmic
decrease in concentrations to the present (fig. 12). Analytical
uncertainty (one sigma) for *H using the low-level counting
procedure is about plus or minus (£) 0.15 to 0.30 tritium units
(Ludin and others, 1998).

Water samples for the determination of *H/*He"*, *He, and
Ne were collected in pinched-off copper tubes (10-millimeter
(mm) diameter, 80-centimeter (cm) length, about 40-milliliter
(mL) volume) while applying back pressure to prevent gas
bubbles from forming. These samples were analyzed at the
Noble Gas Laboratory of Lamont-Doherty Earth Observatory
in Palisades, New York, by using quantitative gas extraction
followed by mass spectrometric techniques (Schlosser and
others, 1989; Ludin and others, 1998).

Chlorofluorocarbons and Sulfur Hexafluoride

The CFC and SF, age-dating techniques rely on the
stability of these halogenated hydrocarbon and sulfur com-
pounds in the hydrosphere, which has led to their effective
use as tracers to date groundwater recharged during the past
50 years (Plummer and Busenberg, 1999; Busenberg and
Plummer, 2000). The techniques presume that CFC and SF
concentrations in the aquifer have not been altered by biologi-
cal, geochemical, or hydrologic processes.
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Figure 12. Concentrations of chlorofluorocarbon, sulfur hexafluoride, and tritium in the atmosphere from International
Atomic Energy Agency precipitation monitoring station in Ocala, Florida, 1945-2005.
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Apparent ages for CFC and SF are estimated on the basis
of equilibrium partitioning between recharging groundwater
and the partial pressures of trichlorofluoromethane (CCLF,
CFC-11), dichlorodifluoromethane (CCLF,, CFC-12), trichlo-
rotrifluoroethane (C,CLF,, CFC-113), and SF, in the tropo-
sphere or soil atmosphere (fig. 12). Concentrations of CFC and
SF, in groundwater are functions of the atmospheric partial
pressures and the temperature at the base of the unsaturated
zone during recharge. The recharge temperature and the quan-
tity of dissolved excess air (Heaton and Vogel, 1981) are deter-
mined from gas-chromatography analyses of nitrogen (N,) and
argon (Ar) in the headspace of water samples collected in the
field (Busenberg and others, 1993). An average apparent age
of the sampled water is determined from a comparison of the
partial pressure of each CFC compound and SF, in the sample,
calculated from their measured concentrations using solubility
data for each compound, with the record of atmospheric partial
pressures over North America at different times (fig. 12). Input
functions for CFC and SF, were obtained from their atmo-
spheric input curves, assuming a ratio of summer-to-winter
infiltration coefficient of 1.0. Concentrations of the three CFC
compounds and SF ideally provide four independent ages that
can be used to cross check the sampling and analytical meth-
ods. Additional age information can be obtained from ratios of
atmospheric CFC compounds (for example, CFC-113/CFC-12
and CFC-113/CFC-11) that have varied over time (Plummer
and Busenberg, 1999). Discrepancies between ages obtained
from CFC ratios and individual compounds provide important
information about water mixtures. Analytical procedures for
CFC and SF, sampling are described by Busenberg and others
(1993) and Busenberg and Plummer (2000).

Groundwater-Flow Model Development and
Simulations

Groundwater-flow models were developed at both
regional and local scales. A regional-scale, steady-state, three-
dimensional, finite-difference, groundwater-flow model was
calibrated against data for September 19—October 18, 1999.
Long-term (1975-2005) average steady-state recharge and
withdrawal conditions were applied to the regional model
for particle-tracking analysis. Two local-scale models that
obtained parameters and boundary flows from the regional-
scale steady-state simulation with long-term average condi-
tions (1975-2005) were used for particle-tracking analysis and
simulation of future nitrate concentrations.

The local-scale model areas contain the ACR for selected
wells and springs as determined from regional particle track-
ing. The local-scale models, however, use refined discretiza-
tion of the regional-scale model grid (more cells and layers) in
order to have more mathematically accurate particle tracking
for the simulation of nitrate transport (Pollack, 1994).

Regional-Scale Model

A regional-scale, steady-state, three-dimensional, finite-
difference, groundwater-flow model was developed using
information and data from two existing two-dimensional
USGS MODFE finite-element groundwater-flow models
(Cooley, 1992; Torak, 1993; Torak and others, 1996; Jones
and Torak, 2006; fig. 13). Data from the MODFE models
were extracted and used to provide base line and starting
hydraulic parameters and boundary conditions for the three-
dimensional models developed for this study using MODL-
FOW 2000 (Harbaugh and others, 2000). Both simulations
for the regional-scale model are steady-state; however, one
was used for calibration purposes (September 19—October 18,
1999; stress conditions) because the greatest number of head
and flow observations was available during that period. The
second regional-scale simulation used average recharge and
withdrawal conditions for 1975-2005, the period during which
most of the nitrate transport most likely occurred.

The regional-scale, steady-state, MODFLOW model
was calibrated against data collected or estimated from
September 19 to October 18, 1999 (Jones and Torak model,
2006). Boundary conditions from the Jones and Torak (2006)
model were augmented with estimated or measured precipita-
tion and withdrawal data for the additional area, because the
MODFLOW model extends into the upper Chipola River
Basin beyond the area of the 2006 model. The calibration
was achieved using 328 groundwater level measurements and
68 streamflow measurements. For the purpose of this study,
however, another steady-state simulation using long-term
(1975-2005) average recharge and withdrawal conditions
was needed for calibration of the two local-scale models to
provide steady-state flow boundaries for the particle-tracking
simulations.

Particle-tracking simulations require a fully
three-dimensional groundwater simulation code in order to
reproduce any variability in particle-age distributions. Addi-
tionally, it is assumed that the transport of nitrate occurs over
a long period of time, such that the transient seasonal nature
of both rainfall and groundwater withdrawals can be averaged
and still produce reasonable estimates of contributing arecas
and travel times to the selected springs and wells. The period
1975-2005 was selected for the long-term average because
this 30-year period would include wet, dry, and average
conditions and it roughly corresponds to the period of time
for which nutrient sources were estimated (Frick and others,
1996). A steady-state flow field can be used for the simula-
tion of transport with particle tracking (Pollock, 1994). In this
oxygenated flow system, nitrate entering the aquifer tends
to be conserved and transported with the water molecules;
thus, advective transport with particle tracking using a long-
term average steady-state flow field is a reasonable approach
(Eberts and others, 2005; Crandall and others, 2009).
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Figure 13. Previous and current groundwater-flow model boundaries in the study area.

Model Geometry and Discretization The top of layer 1 represents land-surface altitude from
The regional-scale groundwater-flow model active area the USGS National Elevation Dataset (NED) (Gesch, 2007,
includes about 7,949 mi* of the Dougherty Plain and Marianna ~ Gesch and others, 2009). The thickness of surficial deposits
Lowlands (fig. 1), and the rectangular model grid consists was obtained by subtracting the estimated altitude of the
of 4 layers, 130 columns, and 248 rows with a cell size of top of the Upper Floridan aquifer in Jones and Torak (2006)
3,281 ft on each side (fig. 13). Cell-size dimensions were from the NED land-surface altitude. The resulting thickness
selected on the basis of the average and minimum element of layer 1 was adjusted in stream channels and valleys where
side-length from the previous MODFE model. The regional- surficial sediments were absent or thin. Thickness of layer 1
scale groundwater-flow model grid was rotated 306 degrees to  ranges from a minimum of 10 to a maximum of 615 ft, and the
align the grid approximately along dominant fracture feature median thickness is about 50 ft.
traces identified through photolineaments (Vernon, 1951; Wil- The top layer of the regional-scale model represents three
liams, 1985; Culbreath, 1988; Hazlett, 1989; U.S. Army Corps  distinctive hydrogeologic units—sandy sediments that form
of Engineers, 2004). the surficial aquifer system, a clayey residuum, and the Upper
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Floridan aquifer in the river channels. Zones that represent

the geologic materials present were assigned to layer 1 of

the model (fig. 14). The surficial aquifer system is present in
layer 1 where the overlying sediments mostly consist of sand
or clayey sand. Where the sediments mainly consist of sandy
silt or sandy clay (primarily on small ridges that pinch out near
streams), layer 1 represents residuum, and vertical leakage
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is appropriately smaller than where the sediments contain
more sand (Jones and Torak, 2006; Torak and Painter, 2006).
Layer 1 represents the Upper Floridan aquifer in river beds
and areas where the Ocala Limestone crops out or is close to
the land surface (fig. 14).

Model layers 2 through 4 represent the Upper Floridan
aquifer. The hydraulic and thickness properties of the layers
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Figure 14. Zones representing residuum, sand, or limestone of the Floridan aquifer in model layer 1 of the regional-scale model.
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are identical. The total thickness of model layers 2 through 4,
representing the entire aquifer, ranges from 29.5 ft (a mini-
mum of nearly 10 ft per layer) on the northern boundary of
the modeled area to approximately 1,009 ft near the southern
boundary. The thicknesses of layers 2 through 4 are divided
evenly so that they make up one-third of the total aquifer
thickness in most places except where rivers are designated.
The Floridan aquifer system may have additional thickness in
layer 1 in river channels. The median thickness of the sum of
layers 2 through 4 is approximately 200 ft.

Boundary Conditions and Model Stresses

Lateral boundary conditions for the regional-scale models
include a constant (specified) head on the northwestern and
southern boundaries (fig. 15), head-dependent flux using
the MODFLOW general-head package on the northeastern,
eastern, and southeastern boundaries of the model—essentially
the same boundary conditions applied by Jones and Torak
(2006)—and a no-flow boundary on the northern and the west-
ern boundaries (fig. 15) that approximately follows the Upper
Floridan aquifer divide based on historical published potentio-
metric surfaces. A constant-head boundary was applied to the
top active grid layer using the MODFLOW recharge pack-
age for the calibration and long-term average stress periods.
Minimal flow between the aquifer and the confining unit was
assumed to occur along the bottom layer of the model; there-
fore, a no-flow boundary condition was used beneath model
layer 4.

Net recharge (precipitation minus evapotranspiration and
surface runoff) was simulated in the regional-scale calibra-
tion model by applying 23 percent of the total precipitation
from September 19-October 18, 1999, to the top face of the
highest active grid cell (layer 1) in areas where the top layer
is zoned as limestone (the Upper Floridan aquifer) or sandy
sediments—identical to the procedure used by Jones and
Torak (2006). In areas where the overburden is categorized
as residuum, scaled precipitation totals were reduced another
30 percent to simulate the effects of additional evapotrans-
piration in the residuum, which further reduces groundwa-
ter recharge. Theissen polygons of precipitation combined
with percentage reductions for the different zones of layer 1
(residuum, sand, or limestone shown in figure 14) result in the
distribution of net recharge shown in figure 16. The areal aver-
age net recharge was 7.44 inches per year (in/yr). The maxi-
mum and minimum amounts of net recharge were 37.47 in/yr
and 2.32 in/yr, respectively.

Net recharge for the steady-state, long-term, regional-
scale and local-scale models was developed by scaling the
long-term (1975-2005) average precipitation from 20 climate
stations within and outside of the active modeled area and
distributing recharge using Theissen polygons (fig. 17). A total
of about 5 percent of the long-term average precipitation was
applied where layer 1 represents residuum and 23 percent
of the total long-term average precipitation was applied in
other areas. The long-term areal average recharge for the

steady-state regional-scale model is 6.63 in/yr. The maximum
and minimum amounts of simulated recharge were 18.21 and
3.03 in/yr, respectively. The patterns of simulated recharge
reflect both the location of weather stations and the differ-

ent zones in layer 1 (residuum, sand, or limestone shown in
figure 14).

Rivers were simulated in the local- and regional-scale
models (fig. 15) using the MODFLOW river package. A total
of 826 rivers cells, which are set in layer 1, were used in the
regional-scale model. Original river stage and riverbed con-
ductance values were obtained from Jones and Torak (2006).
Values were modified slightly in the calibration. A detailed
discussion describing the development of withdrawal and
river stage data for the Dougherty Plain portion of the calibra-
tion model can be found in Jones and Torak (2006). Stage
between gages in the Chipola River Basin was estimated using
the NED and adjusted regressions. Stage and river bottom
altitudes for tributaries with no gaging stations were estimated
using the Digital Elevation Model (DEM) for land surface and
constants based on available measured stages and river bottom
altitudes at gaging stations (fig. 8). River bottom altitudes
were set at a constant 10.0 ft below stage values if this would
allow river bottom altitudes to remain above the bottom of
layer 1. Where the bottom of layer 1 is less than 10 ft below
the stage in model grid cells, river bottom altitudes were set
above the bottom of the layer 1, but below the stage (generally
1 ft above the bottom of layer 1).

The MODFLOW drain package was used to simulate
discharge from the Upper Floridan aquifer from springs and
non-perennial streams in the regional-scale model (fig. 15).
Drain cells were specified in 579 cells in layer 1 of the
regional models or at the bottom of the surficial aquifer system
(top of the Upper Floridan aquifer). The altitude of drains was
based approximately on land-surface altitude or stream stage,
if available, or otherwise estimated from land-surface altitude.

The regional-scale model includes 2,938 public-supply,
domestic, industrial, and irrigation wells (fig. 15). Estimated
withdrawals were averaged for the calibration period (Sep-
tember 19—October 18, 1999; Jones and Torak, 2006). With-
drawals estimated from the Jones and Torak (2006) report
totaled 133 million gallons per day (Mgal/d). Withdrawals
in the upper Chipola River Basin in Florida and Alabama
totaled an additional 14.5 Mgal/d. Withdrawals for 53 irri-
gation wells in the Alabama portion of the upper Chipola
River Basin (totaling 2 Mgal/d) were estimated based on the
latitude and longitude of each irrigation pivot using Google
Earth™ and on probable crop type. For example, water use
for corn was estimated at 9 in/yr of irrigation water per crop
(R.L. Marella, U.S. Geological Survey, oral commun., 2008).
Withdrawals in the Chipola River Basin in Florida were
estimated using permitted average values obtained from the
Northwest Florida Water Management District (1999-2007)
and totaled 12.5 Mgal/d. Withdrawals in the regional-scale
calibration model totaled 147.5 Mgal/d for the calibration
period. Overall, withdrawal rates per grid cell (withdrawals
may consist of one or more wells per grid cell) ranged from a
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minimum of 11 gallons per day to a maximum of 8.0 Mgal/d;
the average withdrawal rate was 0.051 Mgal/d for the period
September 19—October 28, 1999.

Withdrawals for the steady-state, long-term, regional-
scale model were based on estimated withdrawals for average
climate conditions from Hook and others (2010), the percent-
age acreage in agricultural production of the modeled area in

21

each county, and other long-term average withdrawal data for
Georgia. Withdrawal locations were taken from the calibra-
tion model, but scaled to estimate and distribute long-term
withdrawals under average climate conditions. Estimated total
steady-state withdrawals under average climate conditions

are 285.5 Mgal/d for Georgia. Estimated withdrawals in the
Chipola River Basin (obtained from the calibration model)
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remained unchanged in the steady-state model. Total with- Head-dependent flux boundaries and the general head
drawals in the steady-state, long-term, regional-scale model boundary package of MODFLOW-2000 (Harbaugh and oth-
totaled approximately 300 Mgal/d for Georgia, Alabama, and ers, 2000) were used to simulate stage and flows in and out
Florida. The long-term average withdrawal is greater than that ~ of Lake Seminole and Lake Blackshear in the regional-scale
of the calibration period because the calibration period was at ~ model. The use of the head-dependent boundary requires a
the end of the growing season and irrigation withdrawals were  stage and lakebed conductance term. Lakebed conductance is

less than average. defined as the product of the vertical hydraulic conductivity of
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lake sediments and the area of the lake within the model-grid
cell divided by the thickness of the lake sediments. Stage was
set at 237.00 ft and 75.9 ft for Lakes Blackshear and Seminole,
respectively. The vertical hydraulic conductivity for lakebed
sediments in these two lakes are within the range of observed
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values reported in selected literature (10 to 10 ft/d; Taylor
and Cherkauer, 1984; Cherkauer, and others, 1987). Lakebed
hydraulic conductivities for Lake Blackshear ranged from
9.3 x 107 to 6.6 x 10 ft/d (average of 2.8 x 10 ft/d) and for
Lake Seminole they ranged from 1.4 x 10 to 7.9 x 10~ ft/d
(average of 3.0 x 107 ft/d).
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Distribution of net recharge in the regional-scale long-term model.
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Calibration Criteria and Strategy

Calibration of the regional-scale model was achieved
using parameter estimation in MODFLOW-2000 (Harbaugh
and others, 2000). Parameter estimation in MODFLOW-2000
uses regression to minimize the weighted sum of squared
errors on the basis of observed data compared to simulated
head and flow data. The program iterates between model runs,
calculating the total weighted sum of squared errors, updating
the parameter values, and finally running the model again. The
program continues until the convergence criteria are met and
values of the parameters are optimized (Hill and Tiedeman,
2007). Additionally, the use of parameter estimation means
that hydraulic properties and (or) stresses can be grouped
together into parameters that are estimated by the regression
by defining zones and (or) multiplier arrays.

The regional-scale model was based on two previously
completed one-layer models of the Floridan aquifer system
that were calibrated with a trial and error approach. Water
levels in wells and flow observation locations are shown
in figure 18. Thus, the calibration criteria were similar to
past models and were based on the average accuracy of the
observed data. Most of the water levels are accurate to +5 ft.
Accuracy of streamflow gains and losses for the river reaches
or for spring discharge is difficult to determine because
streamgaging accuracy typically is defined as a percentage,
and the subtraction of two flow measurements may magnify
the error in an individual measurement. Additionally, simu-
lated small flows could be widely inaccurate, but would not
be a substantial quantity of the simulated water budget. Thus,
no absolute number criterion or range in flow was established,
as in Jones and Torak (2006). Weighting of the residuals for
flows was based on an assumption that the observed flows are
accurate within 30 percent.

Flow observations used for the calibration model
included 53 river reaches, springs, and non-perennial stream-
flows (fig. 18). Flows were measured along reaches in the
Flint River and other smaller tributary streams in the lower
ACFB. In the Chipola River, no flows for the specified time
period were available for Jackson Blue Spring, Baltzell
Springs Group, Sandbag Spring, Cowarts Creek, and Marshall
Creek, so an average flow and stage were used for reference.
Four additional gaging stations along reaches were added from
the Chipola River Basin to calibrate the regional-scale model
in that basin. Groundwater levels (treated as local aquifer
head observations in the model calibration procedure) from
328 wells open to the Upper Floridan aquifer in the Dough-
erty Plain and Marianna Lowlands also were used to calibrate
the model (fig. 18). The range in the observed water levels is
232 ft. The water-level residual calibration criteria ideally is
achieved when the average residual is close to 0.0 ft (less than
1 ft), the weighted sum of squared errors of the residual is less
than 10 ft (about twice the accuracy), and the weighted sum
of square errors of the residual divided by the range is less
than 0.1.

When flow and water-level observations are used in
parameter estimation, weighting is required in order to have
similar ranges in values and dimensionless units in the least-
squares minimization objective function (Hill and Tiedeman,
2007). Often the inverse of the variance of the observations is
used because this results in dimensionless units and incorpo-
rates some statistics related to observation error or accuracy.
Sometimes weights can be used to emphasize or de-empha-
size observations. Observations that are more accurate, for
example water levels from wells that are surveyed with spirit
leveling, could have been given a relatively greater weight
than those that are not surveyed with spirit levels; however, a
weighting factor of 1.00 ft* was used for all water-level mea-
surements (water-level observations calibrated in the model).

Weighting of flow observations is more complex
because the range in flow is quite large and the accuracy
is based on a percentage of the observed flow. The inverse
of flow observation squared multiplied by a factor of 0.1
was used to weight all flow observations. This computation
results in weights decreasing as observed flow increases and
may result in weighted residuals having similar magnitudes.
This method represents a coefficient of variation approach
and is appropriate for accuracies based on percentage error.
The multiplication factor of 0.1 results in a coefficient of
variation of 0.31 (to match the assumption that the observed
gains or losses are accurate within 30 percent).

Strategy for Calculating Hydraulic Properties and Other
Estimated Parameters

The current modeling effort is designed to investigate
the transport of nutrients in the aquifer, whereas previously
published models were developed to investigate groundwa-
ter/surface-water interactions for the study area. The major
change in this model compared to models by Torak and other
(1996) and Jones and Torak (2006) is the incorporation of
karst features to simulate advective transport with particle
tracking. A fully three-dimensional model was needed for
the simulation. Lindsey and others (2010) determined that
carbonate aquifers with high sinkhole density (greater than
25 sinkholes per square kilometer) generally had higher
concentrations of nitrate in groundwater than areas with low
sinkhole density (less than 1 sinkhole per square kilome-
ter). To incorporate karst features, vertical and horizontal
hydraulic conductivities for the Upper Floridan aquifer were
multiplied by an array that increases with the presence and
density of sinkholes. Sinkhole area and density per grid
cell were determined using data from the NED. For much
of the study area, digital versions of the original 1:24,000-
scale topographic maps were the best available sources of
information. The resolution of the NED in the study area is
5 meters. Geographic information system (GIS) tools were
used with the NED to identify areas where topographic data
form closed contours or closed-basin depressions likely to be
sinkholes. These depressions or sinkholes commonly occur in
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karst terrain where internal drainage is the primary mechanism
of recharge to aquifers.

A sinkhole multiplier array was created to incorporate
karst features into the groundwater-flow model. The array
initially was created by scaling the product of the number of
closed-basin depressions multiplied by the total contributing

Measured water levels in wells, September 1999 through October 2000, and locations of river and drain observation

area of all closed-basin depressions per grid cell. The total
drainage area of closed-basin depressions was limited to less
than or equal to the total area of a model-grid cell. The resul-
tant multiplier array was biased in both the number and loca-
tions of closed-basin depressions. The initial sinkhole multi-
plier array showed a strong bias along the boundaries of each
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1:24,000-scale topographic map and among different maps
(created by different cartographers and at different times).

An edge effect was created where the contour lines spanning
more than one topographic map do not match up exactly; the
differences caused the sinkhole identification routines to over-
estimate the number of closed-basin depressions along map
edges (U.S. Geological Survey, 2009). The edge effect among
adjacent maps created substantial differences in the multipli-
ers along the boundaries of adjacent maps, thereby negatively
affecting model calibration. Also, the closed-basin depressions
in relatively flat areas were underestimated. Different methods
of developing the 1:24,000-scale topographic maps emerged
as technology improved. As a result, inconsistent values were
produced for mapped adjacent areas (noticeably greater or
smaller sinkhole density than adjacent maps).

To compensate for the problems, individual map areas
were normalized to correct the multiplier array. Separate addi-
tional multipliers were developed for individual topographic
map extents using a trial-and-error approach until the array
was relatively similar and random throughout the study area
(fig. 19). The scaled sinkhole multiplier array then was used
to increase hydraulic conductivities in layers representing the
Upper Floridan aquifer. Final values of the sinkhole multiplier
array range from 1.0 (the minimum—where there are no
sinkholes or the overburden is greater than or equal to 100 ft)
to 19.9.

Local-Scale Models

Two local-scale groundwater-flow models were nested
within the boundaries of the regional-scale model (fig. 13)
and used to predict nitrate concentration over time in selected
wells and springs under three different nitrogen management
scenarios. Model geometry, discretization, boundary condi-
tions, stresses, and parameters were taken from the regional-
scale simulation of long-term average (1995-2005) steady-
state conditions. The local-scale models included the areas
contributing recharge to the selected wells and springs and are
a refinement of the regional-scale model grid. Spatial refine-
ment is necessary to improve estimates of travel time from the
recharge area to selected springs or wells with particle tracking
(Pollock, 1994).

The Chipola Local-Scale Model (CLSM) active model
area covers 1,653 mi? in the upper Chipola River Basin in
the unconfined and semiconfined areas of the Upper Floridan
aquifer (fig. 10), and includes the area contributing recharge
to the three selected springs—Jackson Blue Spring, Baltzell
Springs Group, and Sandbag Spring (fig. 10). The CLSM
model grid has 11 layers, 198 rows, and 255 columns. The
Middle Flint Local-Scale Model (MFLSM) active model area
covers 1,383 mi? in the central-northern Flint River Basin in
the study area (fig. 13), and includes the area contributing
recharge for the NAWQA long-term monitor wells (CP-18A,
RF-41, and CP-21A) selected for detailed study (fig. 10).

The MFLSM model grid has 11 layers, 252 rows, and
171 columns.

Local-Scale Model Geometry and Discretization

Local-scale model grids were created by dividing the
regional-scale model-grid cells in layers 1-3 by 3 in vertical
and horizontal (XYZ) directions. Layer 4 of the regional-scale
model was divided by 2 in the vertical direction and by 3 in
each of the x and y directions. The resultant local-scale model
grids have 11 layers; layers 1-3 correspond to layer 1 of the
regional-scale model, and layers 4-11 correspond to layers
2-4 of the regional-scale model. Regional-scale model layers
2 and 3 form local-scale model layers 4-9. Regional-scale
model layer 4, divided into two layers in the vertical, forms
local-scale model layers 10 and 11.

Boundary Conditions and Model Stresses

Both local-scale models use constant-head boundary
conditions on the northwestern boundaries and specified flux
on all other boundaries with the exception of the western
boundary of the CLSM, which is a no-flow boundary. Speci-
fied flows were obtained from the steady-state long-term
(1995-2005) average regional-scale simulation and distributed
on the corresponding eastern, western, and southern boundar-
ies. Specified flows represent average steady-state flow that
passes through a regional-scale model-grid cell coincidentally
located along the boundary of a local-scale model-grid cell.
Flow boundaries were obtained for each grid cell of the shared
local-regional-scale grid-cell boundary. The flow represents
the water that passes in or out of the cell on the outer vertical
boundary face. Total flows from the regional-scale shared
cell face are divided by a factor of 9 for each local-scale grid
cell except in regional-scale model layer 4 (local-scale model
layers 10 and 11). In layer 4, flows are divided by 6 because
there are only two layers in the vertical direction. Flows were
distributed evenly within each shared local-regional-scale grid
cell.

Porosity, the only new parameter in the local-scale
models, is needed for particle tracking. The groundwater-flow
model calculates the Darcy flux and Darcy velocity. To cal-
culate the pore velocity, the Darcy velocity is divided by the
porosity in the particle-tracking program (Pollock, 1994). The
pore velocity is used to calculate the time for water particles
to travel through the aquifer from the water table below an
area contributing recharge to the final discharge or observation
point (a spring or well). Effective porosity values are based
on published values for the Upper Floridan aquifer, sand, and
clays (Knochenmus and Robinson, 1996; Langevin, 1998);
however, effective porosity values were distributed using the
sinkhole multiplier array for layers representing the Upper
Floridan aquifer. The effective porosity was set at 0.01 (faster
velocities in karst areas) in grid cells that had a relatively high
sinkhole multiplier (greater than 18); grid cells that had lower
values for the sinkhole multiplier array (less than or equal to
18) had porosities that were set at 0.15—a common value for
porous block limestones (Langevin, 1998). Porosities for layer
1 were distributed using zones of residuum and sand overbur-
den from Torak and others (1996) and Jones and Torak (2006).
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Porosities in grid cells identified as residuum in layer 1 were
set at 0.30 (a typical porosity for clay); porosities at grid cells
identified as sand were set at 0.10 (a typical porosity for sand).
Average particle travel times (used in this report as surrogates
for age) were compared to the measured apparent average age
derived from multiple age tracers (CFC, SF, and *H/*He_,) to
validate porosity values.

trit:

Simulation of Particle Tracking

Particle tracking was used to identify flow paths, ACR,
advective travel times, and zones of contribution for the
selected receptor wells and springs, and to estimate tempo-
ral nitrate concentrations in the selected wells under three
management scenarios. The management scenarios were:
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(1) nitrate input to groundwater remained constant at 2001
levels from 2002 to 2050, (2) nitrate input to groundwater
decreased at a rate of 4 percent per year from 2002 to 2050,
and (3) nitrate input to groundwater ceased altogether after
2001.

The ACR was defined as the areal expression at land
surface that contributes recharge water to a specific receptor
(a well or spring) that intersects the water table, assuming that
water particles travel mostly vertically downward through the
unsaturated zone from land surface to the water table (Focazio
and others, 2002). The travel times simulated by this method
represent the range and distribution in travel times for particles
reaching a receptor or discharge point. A conservative water-
quality constituent, such as nitrate in an oxygenated environ-
ment, can travel coincidently with water particles. Particle
tracking does not consider the effects of dispersion, diffusion,
adsorption, retardation, degradation, or other processes that
can affect concentrations of water-quality constituents. The
simulated distribution of travel times at a well or spring is
computed by tracing water particles either backward from the
monitor well or spring to an area contributing recharge or for-
ward from the area contributing recharge to a selected receptor
well or spring (Pollock, 1994).

A backward particle-tracking simulation was performed
for each well and spring; simulations were used to track
particles from selected wells or springs toward the correspond-
ing area contributing recharge to calculate the average age
of water for each selected well or spring. Forward particle-
tracking—simulations that track particles from the water table
to the receptor—was performed to identify potential additional
ACRs to each spring. For the backward simulations, 999 par-
ticles were evenly distributed over each cell face in the layers
containing the open interval of the well or spring. For the for-
ward simulations, one particle was placed on the top face over
the entire active local-scale grid. Particles moving to the three
selected receptor springs were tracked and analyzed. A total
of 1,015 particles were used to track particle travel times (as
a surrogate for age) at Sandbag Spring. Approximately 2,133
and 16,845 particles were used for particle tracking from Balt-
zell Springs Group and Jackson Blue Spring, respectively.

Distribution of Nitrate in Groundwater
and Estimated Nitrate Concentration at
Selected Wells and Springs

Nitrate concentrations were measured in water samples
from wells and springs in the study area. Three springs and six
flow-path wells in the Chipola River Basin, and three long-
term monitor wells in the Flint River Basin were sampled
to identify water-quality and geochemical conditions and
determine the age of water. A regional-scale groundwater-flow
model was developed and calibrated against measured ground-
water levels and flows. Two local-scale groundwater-flow

models were developed and used to generate particle-tracking
models that delineate areas contributing recharge and particle
travel times for selected wells and springs. Additionally, future
nitrate concentrations were predicted with model simulations
under three different nitrate management scenarios.

Occurrence and Distribution of Nitrate from
Water-Quality Sampling

Nitrate concentrations in water samples collected during
1993-2007 from the selected wells and springs in the study
area were elevated above background concentrations (less than
0.10 mg/L). Nitrate concentrations were measured in ground-
water samples from each of three selected long-term monitor
wells from 1993 to 2007 (fig. 10; tables 1 and 2). Among the
three wells, measured nitrate concentrations were highest in
well CP-18A and ranged from 4.70 to 12.73 mg/L. Nitrate
concentrations in well CP-21A ranged from 3.40 to 6.10 mg/L,
and nitrate concentrations in well RF-41, a background well,
ranged from 0.86 to 1.04 mg/L (table 1).

Nitrate concentrations were analyzed in water samples
from three selected springs—Jackson Blue Spring, Baltzell
Springs Group, and Sandbag Spring—between 2001 and
2007 (table 2). Samples also were collected from two adjacent
wells along approximate flow paths to each of these springs
(table 2; fig. 20). Nitrate concentrations were highest in the
Baltzell Springs Group and its two adjacent flow-path wells;
the average concentration was 3.74 mg/L in the spring and
about 6.4 mg/L in both wells). Jackson Blue Spring had the
second highest nitrate concentration (3.24 mg/L in the spring,
and 3.27 and 3.81 mg/L in the two upgradient flow-path
wells). Sandbag Spring had the lowest nitrate concentrations
(0.49 mg/L in the spring, and 0.37 and 0.99 mg/L in flow-path
wells).

Measured Age-Tracer Concentrations and Age
of Recharge Water

Measured age-tracer concentrations (*H/He, CFC, and
SF,) were used to assess the age of recharge water and particle
travel times in the aquifer. Lumped parameter models were
used in this study to evaluate mixing of different age waters
and to estimate the mean transit time of groundwater. These
multiple models treat the aquifer system as a homogeneous
compartment in which tracer input concentrations are con-
verted to tracer output concentrations according to the system
response function used and how the flow system is described
(Zuber, 1986; Maloszewski and Zuber, 1996; Ozyurt and
Bayari, 2003). The lumped parameter models assume a steady-
state flow system and assume that the selected tracers behave
like a water molecule. This assumption typically is valid for
*H, which is part of the water molecule, but the gas tracers
(CFC and SF,) can show substantial variation due to sorp-
tion and other biogeochemical processes (Cook and others,
1995; Plummer and Busenberg, 1999). The lumped parameter
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Table1. Measured dissolved oxygen, dissolved organic carbon, iron, and nitrate in groundwater samples from
selected wells, 1993-2007 and calculated nitrate concentrations during measured year.

[mg/L, milligrams per liter; *, sum of flow-weighted concentrations in particles for year; <, less than; --, not measured; E, estimated]

Dissolved Dissolved Nitrate as . Simulated* nitrate
Sample date oxygen, organic carbon, . Iron, nitrogen, Simulated concentration,
in mg/L in mg/L in mg/L in mg/L year in mg/L
Well CP-18A; Station ID 310552084435601; Well depth 68.8 feet
8/25/1993 6.8 0.1 <0.1 4.70 1993 7.84
4/5/1994 7.6 0.2 <0.1 5.20 1994 8.02
9/15/1999 7.32 -- -- 6.98 1999 9.99
4/11/2002 7.1 E0.3 0.09 7.97 2002 10.55
10/26/2004 7.1 - <0.1 11.10 2004 11.64
1/26/2005 7.88 -- <0.1 10.05
4/19/2005 7.55 -- 0.059 11.45 2005 11.06
7/21/2005 6.6 -- 0.1 11.67
8/15/2007 7.42 - <6.0 12.73 2007 12.73
Well CP-21A; Station ID 312119084215601; Well depth 48.8 feet
8/31/1993 6.6 0.3 <0.1 6.00 1993 3.71
4/4/1994 5.5 0.2 0.1 3.40 1994 3.82
6/26/2001 6.4 - -- 4.12 2001 4.83
4/8/2002 5.7 0.2 <0.1 4.37 2002 4.90
12/21/2004 7.2 -- <0.1 4.97 2004 4.95
1/26/2005 6.54 -- <0.1 4.69
4/19/2005 6.6 - <0.1 5.88 2005 5.14
7/21/2005 6.09 - <0.1 6.10
8/16/2007 5.35 -- <6.0 4.78 2007 5.63
Well RF-41; Station ID 311327084484101; Well depth 69 feet
8/26/1993 5.4 -- <0.1 0.86 1993 0.54
4/5/1994 6.5 0.1 <0.1 1.00 1994 0.56
9/14/1999 4.8 - -- 1.02 1999 0.74
10/31/2000 5.1 -- -- 1.01 2000 0.73
3/21/2002 4.6 E0.2 <0.1 0.98 2002 0.73
1/25/2005 5.01 - <0.1 1.00
4/18/2005 5.03 -- 0.1 1.04 2005 0.88
7/28/2005 437 -- 0.1 1.03
8/15/2007 448 -- <6.0 1.04 2007 0.95

models are consistent with different configurations of ground-  mixing model, exponential piston-flow model, and binary

water flow from a recharge area in the aquifer to a discharge mixing model . The lumped parameter models account for
location (well or spring) in the aquifer. The lumped parameter ~ groundwater flow from a recharge area to a point of discharge
models assume recharge occurs across the unconfined Upper (well or spring) and are represented mathematically as exit
Floridan aquifer in the study area. age (transit time) distribution functions (Maloszewski and
Several lumped parameter models are appropriate for Zuber, 1996). Model-simulated tracer concentrations at a well
estimating the age of recharge water and travel times for the or spring are calculated from the tracer input history in the
groundwater-flow system in the study area. These lumped recharge area (fig. 12), the exit age distribution function, and

parameter models include a piston-flow model, exponential the decay function that applies for tritium.
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The piston-flow model assumes that after a tracer is
isolated from the atmosphere (at the time of groundwater
recharge), it becomes incorporated in a parcel of water that
moves from the recharge area with the mean velocity of
groundwater. The mean groundwater velocity is represented
with the steady-state groundwater velocity from the local mod-
els. All flow lines to the sampled well or spring are assumed
to have similar velocities and hydrodynamic dispersion, and
molecular diffusion of the tracer is assumed to be negligible.

The exponential mixing model represents an unconfined
aquifer system where there is vertical stratification of ground-
water age, which increases logarithmically from zero at the
water table (assuming short travel times through the unsatu-
rated zone) to ages that approach infinity at great depths in
the aquifer. Mixing occurs in the well bore during pumping
or in conduits feeding the spring. Spring flow is composed of
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recharge waters with a large range in ages; however, the con-
tributions to spring discharge decrease exponentially from the
most recent recharge (young water) to that which has occurred
in the distant past (older water). Groundwater moves slowly
through small openings in the carbonate matrix, fractures or
fissures, and much more rapidly through large conduits or
caverns.

The exponential piston-flow model represents an aquifer
system that contains two components of flow in series, a
component of exponential flow followed by a segment of
piston flow. The exponential piston-flow model is also appli-
cable for piston-flow transport through the unsaturated zone
followed by exponential mixing in springs or wells in the
aquifer. The exponential piston-flow model has an additional
parameter—the ratio of the exponential flow to piston flow.
Exponential piston-flow model ratios greater than 1 produce
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more piston-flow model behavior, whereas ratios less than 0.1
produce more exponential mixing model behavior. The expo-
nential piston-flow model ratio used in this study was 0.5.

The binary mixing model is used to evaluate mixing
scenarios involving groundwater with two age compo-
nents: (1) relatively young water (recharged within the past
5-10 years) from the shallow (or a highly transmissive) part of
the flow system, and (2) older aquifer matrix water (decades or
older) presumably from the deeper parts of the aquifer (Katz
and others, 2001). Both end members of a binary mixture can
be of any age, but the calculation is greatly simplified if it is
assumed that one end-member water is “young” (recharged
after 1995 when CFC concentrations in the atmosphere have
been relatively constant) and the other end-member water is
“old” (recharged before 1940 with undetectable CFC or SF,
concentrations). The output from the binary mixing model for
the tracers used in this study produced a straight line that orig-
inates from the output concentration of the old end-member
water and ends at the concentration of the young end-member
water.

The total mean age of a water sample is defined as the
mean age or travel time in the saturated zone plus the travel
time through the unsaturated zone. Travel time of recharge
water through the unsaturated zone to the Upper Floridan
aquifer is assumed to be less than 1 year, so the total mean age
is approximately equal to the mean age of the saturated zone
travel times. The total mean age for the binary mixing model
is obtained by the following expression:

Total mean age =f  *age +
young young water

(17fyoung) * ageo]d water + UZ

where
fymmg is the fraction of young water in the
mixture, and UZ denotes the travel
time through the unsaturated zone.

Measured tracer concentrations are plotted relative to
each other and the output curves for the different models.
Groundwater ages estimated using multiple tracers are more
effective in reducing the uncertainty that arises from the use
of a single tracer. Lack of agreement between the apparent
ages of groundwater based on individual tracers can occur if
complex mixtures of groundwater are contributed from differ-
ent parts of the Upper Floridan aquifer where contamination
is unlikely from non-atmospheric sources of CFC or SF_. The
CFC and SF, data were used to estimate groundwater age in
this study where contamination from non-atmospheric sources
was considered unlikely in an attempt to assess and quantify
various groundwater mixing scenarios from the evaluation
of multiple tracer data. Non-atmospheric sources for CFC
include improper disposal of refrigerants, and for SF include
the intentional introduction into the aquifer as a tracer of
groundwater flow and (or) natural sources in the subsurface. A
comparison of the apparent ages of groundwater based on SF,
and CFC concentrations in all samples (fig. 21) indicates that

the CFC apparent ages are slightly older than the SF_ apparent
ages.

The SF, concentration was plotted relative to CFC-12,
CFC-113, and tritium (figs. 22—-24) and compared to output
curves for the lumped parameter models (Bohlke, 2006)
that represent the groundwater-flow scenarios previously
described. The four water samples with useable CFC-12 and
SF, concentrations (Malone No. 2, Hwy 69 VISA, Baxter
VISA, and JAPSTO001) plot near the output curves for all four
models (fig. 22). For the SF, versus CFC-113 plot, four water
samples (Jackson Blue Spring, Hwy 69 VISA, Malone No. 2,
and Baxter VISA) cluster along the exponential mixing model
output curve, but three other samples (Cottondale No. 3,
JAPSTO001, and Sandbag Spring) plot closer to the piston-flow
model output curve (fig. 23). Most tracer concentrations from
groundwater and springs cluster along curves that represent
exponential mixtures of waters for the tritium versus SF, plot
(fig. 24). However, generally older apparent CFC-12 ages than
apparent CFC-113 ages could account for the clustering of
points near the piston-flow model and exponential piston-flow
model curves for the same four sites (Malone No. 2, Baxter
VISA, Hwy 69 VISA, and JAPSTO001).

The piston-flow model yields an estimate of mixed-age
waters. The average apparent age derived from the piston-
flow model varies depending on the amount of water in the
mixture from end-member components. Tracer concentrations
(CFC-11, CFC-12, CFC-113, and SF) in water samples did
not yield concordant ages based on atmospheric equilibration
data (table 3). The average apparent ages based on CFC con-
centrations were older than those based on SF, concentrations
(table 3) with the exception of samples from Cottondale No. 3,
Sandbag Spring, and JAPST001 (table 3). Older CFC-11
apparent ages (compared to CFC-12 or CFC-113 apparent
ages) are attributed to microbial degradation in the aquifer
system under reducing conditions (Plummer and Busenberg,
1999). Several sites (Jackson Blue Spring, Hutton, Sandbag
Spring, Cottondale No. 3, Baltzell Springs Group, and Malone
No. 2) have at least one CFC compound with a concentration
higher than what is possible for equilibrium with modern air.
These concentrations were not reported in table 3 and samples
are considered to be contaminated. Local non-atmospheric
sources of CFC (likely the causes of the CFC contamination)
could result from improper disposal of refrigerants on the land
surface, particularly near sinkholes.

The average date of likely recharge based on the piston-
flow model analysis ranged from mid-1970s to early 1990s for
selected wells and springs (table 3). The average apparent age
of recharge water reaching wells RF-41, CP-18A, and CP-21A
was 32, 23, and 29 years, respectively, indicating that recharge
of the aquifer near these wells occurred in the mid-1970s to
the mid-1980s (table 3). The average apparent age using SF,
ranged from about 13 years at Malone No. 2 to about 30 years
at Cottondale No. 3 (table 3). The average apparent age (16—
21 years) for water sampled in 2007 at Jackson Blue Spring
was consistent with the apparent age reported in a previous
study (9—13 years; Katz, 2004).
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Table 3. Summary of average apparent ages of water derived from CFC-11, CFC-12, CFC-113, SF,, and *H/*He measurements,

and the estimated date of recharge.

[CFC, chlorofluorocarbon; SF,, sulfur hexafluoride; *H/He, tritium/tritiogenic helium-3]

sl::::;“ CFC-11 CFC-12  CFC-113 SF, HPHe  Average  Estimated
(alternate Date age, in age, in age, in age, in age, in age, in date of
name) years years years years years years recharge
RF-41 8/15/2007 33 31 33 32 mid 1970s
CP-21A 8/16/2007 30 26 30 29 late 1970s;
early 1980s
CP-18A 8/15/2007 25 20 25 23 early to mid
1980s
Malone No.2 8/15/2007 15 22 13 17 late 1980s;
early 1990s
JAPSTO001
(McArthur) 8/15/2007 24 18 20 21 21 late 1980s
Baltzell 8/15/2007 16 16 early 1990s
Springs
Group
Cottondale 8/15/2007 32 25 30 29 early 1980s
No.3
Hutton 8/15/2007 17 17 early 1990s
Sandbag 8/15/2007 12 22 19 18 late 1980s
Spring
Highway 69 8/15/2007 23 18 20 14 20 late 1980s
VISA
(NWFW-
MD-80)
Baxter VISA  8/15/2007 25 19 20 16 19 late 1980s
(NWFW-
MD-85)
Jackson Blue 8/15/2007 21 16 19 late 1980s
Spring early 1990s

CFC ratios generally were less useful for determination
of apparent ages given the relatively high incidence of CFC-12
contamination (table 3). However, the CFC-113/CFC-11 ratio
was useful in estimating average apparent ages for four sites:
Cottondale No. 3, Baxter VISA, Hwy 69 VISA, and JAPSTO0O01.
The average apparent ages generally agreed relatively well with
those based on SF, concentrations, with the exceptions of water
samples from wells Hwy 69 VISA and Baxter VISA where the
SF, average apparent ages underestimated the CFC-113 ages by
6 and 4 years, respectively. The SF, average apparent ages also
underestimated the CFC-11 ages at these two wells by 9 years.
Unfortunately, no age determinations could be obtained using
’H and its daughter decay product *He_ at these sites due to
sampling and laboratory problems. However, based on analyses
of 3H alone, the *H apparent age at Cottondale No. 3 is consis-
tent with the SF, apparent age at that site. Otherwise, the lack
of agreement between average apparent ages based on CFC and
SF, indicate the likelihood of mixtures of waters from different
parts of the aquifer.

Model Calibration, Simulated Water Budgets,
and Limitations

The regional-scale model was calibrated with 328
observed groundwater level measurements, 68 observed
streamflow measurements, and 2 lake measurements, repre-
senting conditions during September 19—October 18, 1999.
The simulated potentiometric surface of the Upper Floridan
aquifer (1980-2005) followed historic measured potentiomet-
ric surfaces of the Upper Floridan aquifer (fig. 25); simulated
heads matched observed heads reasonably well (fig. 26). Head
residuals (observed heads minus simulated heads) ranged
from —36.20 to 46.77 ft (fig. 27) with an average residual of
—0.14 ft and a median of —1.96 ft. The standard deviation was
13.49 ft. Fifty percent of head residuals were less than 5 ft and
63 percent were less than 10 ft (fig. 28). Simulated heads in
the north-central part of the active modeled area are lower than
observed heads (fig. 25). Actual (reported) precipitation was
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comparatively low in the north-central part of the model area
during the calibration period compared to the rest of the model
area; therefore, simulated recharge may have been underesti-
mated in this area (fig. 16).

Sixty-eight simulated stream and spring flows were
compared to observed flows. The majority of observed stream-
flows matched simulated streamflows with little or no adjust-
ment to conductances used in the original models; however,

a few of the conductances were adjusted during calibration to
better match the observed flow. Flow residuals (the difference
between observed and simulated flows) were small (fig. 29).
The average flow residual was —1.1 ft¥/s. More than 50 percent
of simulated flows were within 10 percent of observed flows.
The maximum flow residual was 36.5 ft¥/s for an observed

Nitrate Concentrations in Groundwater, Dougherty Plain and Marianna Lowlands, Georgia, Florida, and Alabama

flow of 363.4 {t/s, and the minimum flow residual was

—61.3 ft¥/s for an observed flow of —44.4 ft¥/s (fig. 30). Simu-
lated flow was less than observed flow 20 times, simulated
flow exceeded observed flow 28 times, and simulated and
observed flows were equal 20 times. The median flow residual
was 0.0 ft*/s. The total of all observed flows was 3,326.5 ft*/s,
and the total of all simulated flows was 3,254 ft/s, an error of
less than 1 percent of total observed flows. Additionally, simu-
lated lake flows were compared to estimated flows for Lakes
Seminole and Blackshear. The estimated flow at Lake Blacks-
hear was —105 ft¥/s (out of the aquifer into Lake Blackshear),
and simulated flow was —112 ft*/s. Estimated flow at Lake
Seminole was 125 ft*/s (from Lake Seminole into the aquifer),
and simulated flow was 162.2 ft*/s.
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Figure 26. Comparison of observed heads and simulated heads in the regional-scale calibration model.

The final calibrated horizontal and vertical hydraulic
conductivities for layers representing the Upper Floridan
aquifer were the result of the published hydraulic conductiv-
ity values from Jones and Torak (2006) and Torak and others
(1996) multiplied by the sinkhole multiplier array and then
adjusted in parameter estimation by a scaling variable. The
Upper Floridan aquifer is represented in model layers 2 to 4.
Model layer 1 has three zones that represent residuum, sand,
or the limestone of the Upper Floridan aquifer.

Final calibrated horizontal hydraulic conductivity for
layer 1 in the regional-scale model was a constant 5.13 ft/d for
model-grid cells zoned as residuum (67.1 percent of the active
modeled area; fig. 31). For areas zoned as sand (25.7 percent
of the active modeled area) hydraulic conductivity was
163.5 ft/d. Horizontal hydraulic conductivities vary from 28.5
to 45,000 ft/d in areas where layer 1 is zoned as the Upper
Floridan aquifer (7.2 percent of the active modeled area—in
riverbeds). Horizontal hydraulic conductivities for layer 1
were calibrated using parameter optimization, but the model
was relatively insensitive to changes in layer 1 parameters
(less than 5 percent of the composite scaled sensitivities).

The calibrated vertical hydraulic conductivity for layer
1 ranged from 0.003 to 40,470 ft/d (fig. 32), with a mean of
118.0 and a median of 7.714x10 ft/d. The vertical hydrau-
lic conductivity for layer 1 was greatest in river channels

and valleys where water has eroded sediments and the units
composing the Upper Floridan aquifer are at land surface or
exposed in the riverbed. The vertical hydraulic conductiv-

ity for layer 1 in model-grid cells categorized as the Upper
Floridan aquifer ranged from 40.5 to 40,470 ft/d, and the
mean was 1,295.7 ft/d. The vertical hydraulic conductivity for
model-grid cells categorized as residuum ranged from 0.003
to 0.17 ft/d, and the mean was 0.05 ft/d. Vertical hydraulic
conductivity for sandy materials ranged from 1.9 to 105.2 ft/d,
and the mean was 96.6 ft/d.

The calibrated hydraulic horizontal conductivities for
layers 2 through 4 of the regional-scale model ranged from
28.53 to 45,000 ft/d (fig. 33). The mean and median were
2,977.5 and 1,741.5 ft/d, respectively. The calibrated vertical
hydraulic conductivity of layers 2 through 4 of the regional-
scale model ranged from 40.47 to 40,470.0 ft/d (fig. 34); the
mean and median vertical hydraulic conductivity were 617.8
and 593.7 ft/d, respectively.

The number and location of observations used in the
model calibration affect parameter sensitivities and determine
which parameters are sensitive enough to be estimated using
optimization techniques (Poeter and others, 2005). The com-
posite scaled sensitivities are calculated as part of the param-
eter estimation process. The most sensitive parameters are
recharge and the horizontal conductivity of the Upper Floridan
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Figure 30. Observed flow and flow residual (October 1999) for
the regional-scale calibration model.

aquifer (layers 2—4). Simulated heads and flows respond most
to changes in these two parameters. Remaining parameters,
including vertical hydraulic conductivity of the residuum,
were less sensitive. The sensitivities of the vertical hydraulic
conductivity of the Upper Floridan aquifer (layers 2—4) and
the horizontal and vertical conductivity of the sand (layer 1)
had the lowest composite scaled sensitivity.

Water Budgets from Regional-Scale
Groundwater-Flow Simulations

The inflows and outflows in the volumetric water
budget for the regional-scale steady-state groundwater
calibration model for September—October 1999 were equal
(total 5,973 ft’/s or 3,860 Mgal/d) (table 4). Water levels,
flows, recharge rates, potentiometric surface patterns, and
water budget components were used in the calibration of the
groundwater-flow model. Total inflows and outflows from
the constant-head boundary were 991 ft¥/s (640 Mgal/d) and
803 ft/s (519 Mgal/d), respectively. Total inflows and total

outflows from the head-dependent boundary were 1,457 ft¥/s
(942 Mgal/d) and 1,209 ft*/s (782 Mgal/d). Total discharge/
leakage to rivers (perennial streams in this model) was

3,444 ft/s (2,226 Mgal/d). Leakage from river cells to the
groundwater system was 230 ft*/s (149 Mgal/d) and occurred
mainly upstream from Lake Seminole (fig. 15). Total discharge
to springs and non-perennial streams from drains was 290 ft/s
(187 Mgal/d) (table 4; fig. 15). The total withdrawal from
wells (irrigation and public-supply) was 228 ft*/s (148 Mgal/d)
(table 4).

The inflows and outflows in the volumetric water budget
for the regional-scale long-term steady-state model also were
equal (total 5,735 ft¥/s or 3,705 Mgal/d) (table 4). Total inflows
and outflows from the constant-head boundary were 1,022 ft3/s
(660 Mgal/d) and 631 ft*/s (408 Mgal/d), respectively. Total
inflows and total outflows from the head-dependent boundary
were 1,531 ft¥/s (990 Mgal/d) and 1,164 ft*/s (752 Mgal/d),
respectively. Total discharge to rivers (perennial streams in
this model) was 3,254 ft¥/s (2,103 Mgal/d). Leakage from river
cells to the groundwater system was 243 ft3/s (157 Mgal/d).
Total discharge to springs and non-perennial streams from
drains was 222 ft¥/s (143 Mgal/d). The total withdrawal from
irrigation and public-supply wells was 464 {t*/s (300 Mgal/d)
(table 4).

Chipola Local-Scale Model Water Budget

Total flow in the Chipola Local-Scale Model (CLSM)
area was 2,523 ft¥/s (1,631 Mgal/d), and inflows equaled
outflows (table 5). The majority of inflows were from recharge
(34.3 percent) and from the head-dependent boundary (Lake
Seminole, 45.5 percent). Outflow to rivers was overwhelm-
ingly the largest component (80.1 percent) of the flows out of
the model (2,022 ft¥/s, or 1,307 Mgal/d). Specified flows on
the boundaries totaled 7.7 percent of the total inflows (194
ft¥/s or 125 Mgal/d) and 2.5 percent of the total outflows (64
ft¥/s or 41 Mgal/d) (fig. 35; table 5). Specified flow boundar-
ies were used because the location of water divides in the area
is uncertain. Constant heads provided 9.6 percent of the total
budget as inflows (241 ft*/s or 156 Mgal/d) and 6.5 percent

Table 4. Volumetric water budgets for the regional-scale steady-state calibration and long-term models.

[ft/s, cubic feet per second]

Regional-scale steady-state
calibration model

Regional-scale steady-state
long-term model

Volumetric water-budget components Inflows, in ft¥/s

Outflows, in ft¥/s Inflows, in ft¥/s Outflows, in ft¥/s

Constant head boundary 991
Wells 0
Drains 0
River leakage 230
Head-dependent boundary 1,457
Recharge 3,295
Total 5,973
Areal average recharge, in inches per year 7.44

803 1,022 631
228 0 464
290 0 222
3,444 243 3,254
1,209 1,531 1,164
0 2,939 0
5,973 5,735 5,735
6.63
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Figure 31.

of the total budget as outflows (163 ft*/s or 105 Mgal/d).
Recharge in the CLSM ranged from 0.34 to 24.6 in/yr in the
model area; however, the areal average recharge was 6.61 in/
yr. A total of 5 percent of cells had recharge of 10.0 in/yr or
more. Rivers in the CLSM lost 76 ft¥/s (49 Mgal/d) to the

Distribution of horizontal hydraulic conductivity for layer 1 of the regional-scale model.

aquifer and gained 2,022 ft¥/s (1,307 Mgal/d), which included
tributaries of the Chattahoochee and Flint Rivers as well as
Spring Creek (fig. 354). Drains (springs) received a total of
138 ft¥/s (89 Mgal/d) from the aquifer in the CLSM (table 5).
Withdrawals from wells totaled about 53 ft*/s (34 Mgal/d).

Ly
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Figure 34. Distribution of vertical hydraulic conductivity for layers 2—4 of the regional-scale model.

Withdrawals, primarily for irrigation, accounted for 2.1 per-
cent of the total outflows in the water budget of the CLSM. A
total of 742 cells simulated withdrawals in the CLSM. A part

of Lake Seminole was simulated with head-dependent bound-
ary conditions, and flows were 1,149 ft*/s (742 Mgal/d) into
and 84 ft*/s (54 Mgal/d) out of the aquifer (fig. 354).
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Middle Flint Local-Scale Model Water Budget

Total flow in the Middle Flint Local-Scale Model
(MFLSM) was 2,671 t*/s (1,727 Mgal/d). The greatest com-
ponents of inflow were recharge (27.1 percent), constant head
(20.6 percent), and specified flows (40.7 percent). The greatest
components of outflows were constant heads (10.1 percent),
river leakage (73.2 percent), and wells (5.7 percent). Specified
flows into the modeled area totaled 1,088 ft*/s (703 Mgal/d)
whereas specified flows out of the area were 163 ft*/s
(105 Mgal/d) (fig. 35B; table 5). Specified flow boundaries
were used because of the uncertainty of the location of water
divides in the area. Constant-head boundaries on the northern
side provided flow into (549 ft*/s or 355 Mgal/d) and out
of (270 ft*/s or 174 Mgal/d) the local-scale model (fig. 36;
table 5). Areal average recharge was 6.77 in/yr, and recharge
ranged from 0.01 to 14.56 in/yr. Leakage from the aquifer to
rivers in the MFLSM was 1,954 ft3/s (1,263 Mgal/d); leakage
from the rivers to the aquifer was 309 ft*/s (200 Mgal/d)
(table 5; fig. 35B). Drains (springs and non-perennial streams)
accounted for 133 ft*/s (86 Mgal/d) of the total discharge out
of the aquifer (table 5). Withdrawals, primarily for irriga-
tion, totaled 151 ft3/s (98 Mgal/d); the MFLSM has a total of
914 wells. Withdrawals from individual wells in the MFLSM
ranged from 0.01 to 26.5 {t*/s (0.009 to 17.2 Mgal/d), and the
average withdrawal was 0.2 ft*/s (0.11 Mgal/d).

Limitations of the Models

The conceptualization of the groundwater-flow system
was based on the work of Torak and others (1993, 1996) and
Jones and Torak (2006). Thus, no effort was made in the cur-
rent study to test how the previously used boundary condi-
tions affected the model results. The model developed for this
study is fully three-dimensional in order to more accurately
simulate long-term transport of nitrate with particle tracking,
whereas the previous models were one-layer two-dimensional
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models focused on groundwater/surface-water interactions.
Additionally, the hydraulic conductivity distribution of the
Upper Floridan aquifer was modified in an attempt to incorpo-
rate karst features into the flow model. In the current study the
upper unit in both local and regional models has a minimum
thickness of 10 ft in areas, where the Upper Floridan aquifer
is at land surface, and a maximum thickness of more than

600 ft. The upper part of the system represents three distinc-
tive hydrogeologic units—the sandy sediments that form the
surficial aquifer system, the residuum, and the Upper Floridan
aquifer in the river channels. The incorporation of these details
facilitates a more accurate estimation of movement of water
from the top of the system through surficial materials and into
the Upper Floridan aquifer.

To simulate the long-term transport of nitrate, it was
important to incorporate karst features into the model, because
these features focus recharge and increase groundwater flow
nearby. Most hydraulic conductivity estimates for the Upper
Floridan aquifer were derived from kriging of aquifer test
data in the Jones and Torak (2006) model or blocky zones in
the Torak and others (1996) model. Methods of geospatial
analysis were used in conjunction with available DEM data
to identify sinkhole densities that impart higher horizontal
and vertical hydraulic conductivity and are used to highlight
model cells with maximum sinkhole density. However, older
DEM data for some of the 1:24,000-scale maps in some areas
limit the accuracy of sinkhole density calculations. Improved
topographic data acquisition would increase the accuracy of
sinkhole density delineation in future studies.

The equivalent porous media approach applied in this and
previous models might be improved by explicitly simulating
karst features, such as submerged caverns, within the aquifer.
Simulating these features with the conduit flow process for
MODFLOW (Shoemaker and others, 2008) may be a better
method for incorporating conduit or pipe-like features; how-
ever, submerged conduits have not been mapped in the ACFB.

Table 5. Volumetric water budgets for the Middle Flint and Chipola Local-Scale Models.

[ft¥/s, cubic feet per second; MFLSM, Middle Flint Local-Scale Model; CLSM, Chipola Local-Scale Model]

Volumetric water-budget Flows into the

Flows out of the

Flows into the Flows out of the

components MFLSM, in ft¥/s MFLSM, in ft¥/s CLSM, in ft¥/s CLSM, in ft¥/s

Constant-head boundary 549 270 241 163
Wells 0 151 0 53
Drains 0 133 0 138
River leakage 309 1,954 76 2,022
Head-dependent boundaries 0 0 1,149 84
Recharge 725 0 863 0
Specified flows 1,088 163 194 64
Total 2,671 2,671 2,523 2,523
Areal average recharge, 6.77 6.61

in inches per year
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Figure 35.
constant head for (A) the Chipola River Basin.

The regional model was recalibrated for a stressed
steady-state period (September 19—October 18, 1999) that
differed from long-term average conditions for transport;

328 groundwater level measurements and 68 streamflow
observations were used for the recalibration. None of the 328
water-level measurements were in the surficial aquifer system
(model layer 1); therefore, the hydraulic properties of model
layer 1 were mostly insensitive compared to other parameters
in the parameter estimation process. The hydraulic properties
of the surficial aquifer system cannot be accurately estimated
given the calibration data available for the study. Many flow
measurements used in the calibration were small or zero,
because the period included the end of a long drought. Springs
and river-flow observations in the Chipola River Basin were
not measured during the period of calibration, and values
used were an average of the available measured flows. Since
this model was largely based on information from previous
models, net recharge estimates are based on the percentage of
precipitation. The sensitivity analysis indicated that recharge
and hydraulic conductivity of the Upper Floridan aquifer were
the most sensitive parameters given the available observation

Flow components, including specified and head-dependent boundary fluxes, wells, river leakage, drains, and

dataset. Additional precipitation observations could refine
spatial distribution of recharge and improve calibration and
future simulations.

An important simplifying assumption was the use of
long-term average (1975-2005) steady-state conditions for
particle tracking the transport of nitrate. Inherent in this
assumption is the transient seasonal nature of both rainfall and
groundwater withdrawals, which were averaged and assumed
to provide reasonable estimates of Darcy flux when using par-
ticle tracking to define contributing areas to selected springs
and wells. The timeframe of the model included a period
during which the nitrate was applied (Frick and others, 1996)
and another period that included dry, wet, and average years.
Ideally, if the observed head and flow data were available for
transient calibration of the model for the full period of record,
there would be more confidence in the estimates of hydraulic
conductivity and recharge. However, the use of steady-state
stresses (representing long-term average) has been successful
for similar studies in the past and has been used commonly
for creating the flow fields used in particle tracking (Pollock,
1994; Eberts and others, 2005; Crandall and others, 2009).



Distribution of Nitrate in Groundwater and Estimated Nitrate Concentration at Selected Wells and Springs

47

CP-21A  BAKE}
o....: L *®

HOUSTON

JACKSON

GRADY

EXPLANATION

Flow components of the
Middle Flint Local-Scale Model

Head-dependent boundary
Flow out
Flow in

River leakage
Flow out
Flow in

WORTH

r Drains
[ [ ] Flow out
Constant-head boundary
Flow out
Flow in

Inactive area
e Regional-scale model boundary

w= == == Updip limit of the Floridan aquifer system

= CcP-18A @ Selected trend well and number

1=

I =4 ° Well

I: 0 25 MILES
l———. I e |I ] J

L
| 0 25 KILOMETERS
THOMAS

\

1

Base from U.S. Geological Survey digital data, 1:24,000
Albers Equal-Area Conic Projection

Figure 35.

In the study by Jones and Torak (2006), hydraulic
conductivity was calibrated for the initial conditions; only
the storage properties in the transient calibration of 1 year of
monthly data required further modification. The Jones and
Torak (2006) model, however, was calibrated with a trial-
and-error process. Since the current model was calibrated
with stressed steady-state simulations, no effort was made to
estimate storage properties. If parameter estimation is used in
a transient calibration of the regional model, it is possible that
the estimates of hydraulic conductivity and net recharge may
change.

Simulated Particle Travel Times

The range in simulated particle travel times (a surrogate
for age) for recharge waters reaching selected wells or springs
cannot be compared directly with the average apparent age of
recharge water derived from atmospheric tracers. Atmospheric
tracers yield an average apparent age for each well or spring
(Katz and others, 2007). Particle tracks yield a distribution
of particles, each with an associated travel time (age). The

Flow components, including specified and head-dependent boundary fluxes, wells, river leakage, drains, and
constant head for (B) the middle Flint River Basin. —Continued

average tracer-derived apparent age of water was compared

to the median water particle ages (based on travel times). Par-
ticles move through the aquifer on the basis of pore velocity,
which equals the Darcy velocity divided by porosity; thus, this
comparison was used to calibrate porosities.

Simulated particle travel times (ages) for all sites ranged
from less than 1 day to more than 511 years for Jackson Blue
Spring (table 6). The range in simulated particle travel times
was greater for the springs than it was for the wells. This is
consistent with what is known about groundwater discharging
to springs from young (conduit flow) and older (porous matrix
flow) sources. Simulated particle travel times ranged from
about 2 to 153 years for the three selected NAWQA long-
term monitor wells RF-41, CP18A, and CP-21A (table 6).

The monitor wells are open to the base of the surficial aquifer
system and to the top of the Upper Floridan aquifer. Over-

all, the median travel times were within the same order of
magnitude of measured average apparent ages using tracers.
Median simulated travel times were slightly older than average
apparent travel times. Median particle travel times for wells
RF-41, CP-21A, and CP-18A were about 36, 35, and 50 years
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(table 6), whereas measured average apparent travel times of
the wells were about 32, 29, and 23 years (table 3), respec-
tively. Median particle travel time for groundwater reaching
well CP-18A was about 26 years older than the average appar-
ent age determined using tracers. The median particle travel
time for groundwater reaching well RF-41, however, was
only about 4 years older than the measured average apparent
age using tracers. The maximum particle travel time for all
wells (about 153 years) was computed for well RF-41; about
70 percent of the particle travel times for all three wells was
70 years or less (fig. 36).

The median travel times of simulated particles reaching
Jackson Blue Spring, Baltzell Springs Group, and Sandbag
Spring were about 30, 62, and 38 years, respectively (table 6).
The distribution of particle travel times (ages) for the three
springs was bi-modal (fig. 36) with more than 50 percent
of the particles having travel times of 50 years or less and
the remaining particle travel times ranging from about 51 to
512 years. A bi-modal distribution is expected for travel times
in karst areas where conduit flow paths are relatively rapid,
and flow through the matrix is much slower. The measured
average apparent ages from tracers were about 19, 16, and
18 years for Jackson Blue Spring, the Baltzell Springs Group,
and Sandbag Spring, respectively (table 3). The oldest median
particle travel time (age) occurred for Baltzell Springs Group
(about 62 years). Baltzell Springs Group is a series of five
or more springs (average flow approximately 30 ft*/s) with a
short spring run flowing into the Chipola River. Jackson Blue
Spring is a first-order magnitude spring (flows greater than
100 ft¥/s) that has many large conduits contributing flow from
several directions. The relatively short simulated travel times
of water discharging at springs indicate their possible occur-
rence within a stratigraphic layer having a higher frequency of
larger interconnected voids or conduits. Anecdotal evidence
indicates that many conduits are visible along the bed and
bank of the Chipola River for most of the upper and middle
reaches. The median particle travel time to these springs was
less than about 60 years, indicating fairly young recharge to
the springs.

Nitrate Concentrations in Groundwater, Dougherty Plain and Marianna Lowlands, Georgia, Florida, and Alabama

Predicting Future Nitrate Concentrations at
Selected Sites

Nitrate concentrations in groundwater were estimated for
six sites in the lower ACFB for the period 2002—50. Irrigated
agriculture land-use practices are extensive in the study area
and will likely continue for the foreseeable future. Travel
times were estimated along flow paths reaching selected wells
and springs to examine temporal changes in nitrate concentra-
tion within the aquifer. Fertilizer sales data and temporal atmo-
spheric deposition totals were used to predict future nitrate
concentrations. County-level nitrogen fertilizer sales and
atmospheric deposition totals were developed for each county
where selected sites were located and were used as a proxy
for nitrate input to groundwater for the period 1945-2001.
These input functions were used with particle travel times and
recharge rates to predict nitrate concentrations in selected sites
from 2002-50 under three different nitrogen management sce-
narios. The first scenario simulated nitrate input fixed at 2001
levels for the period 2002—50. The second scenario simulated
a 4 percent per year reduction (from each previous year) in
nitrate input to groundwater for 2002—50. The third scenario
eliminated the input of nitrogen to the groundwater system
after 2001 for the 2002-50 simulation period.

Areas Contributing Recharge

Areas contributing recharge (ACR) to selected discharge
sites were identified using particle-tracking methods, and his-
toric and current land-use practices were assessed with respect
to their effects on water quality. Recent land use/land cover in
the contributing areas include row-crop agriculture, wetlands,
and forested areas, but nutrient sources mainly occurred in
populated and agricultural land-use areas (Frick and others,
1996). Forward particle tracks from land surface usually termi-
nate at discharge points, such as springs and streams; however,
the quality of groundwater from a monitor well or spring may
reflect the mixing of water from local and intermediate flow

Table 6. Summary statistics for particle ages for selected wells and springs.

[<, less than]

Age of particles, in years

Percentile
of flow Jackson Blue Baltzell Sandbag Well Well Well
Spring Springs Group Spring RF-41 CP-21A CP-18A
Minimum <1 day 1 <1 day 21 2 35
Median 30 62 38 36 35 50
Average 43 166 23 48 32 56
Maximum 512 339 39 153 87 99
Number of particles 16,845 2,133 1,015 999 999 999
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paths within the aquifer near the wells. Simulated ACR extend
north and northwest from the springs or well head (figs. 37 and
38). Irrigated row-crop agriculture predominates in the ACR
for wells CP-21A, Jackson Blue Spring, and Baltzell Springs
Group; the ACR for Sandbag Spring and wells RF-41 and
CP-18A also includes wetlands and forested areas.

Estimation of Nitrate Concentrations

Nitrate concentrations were estimated on the basis of
nitrogen fertilizer sales data obtained from the U.S. Depart-
ment of Agriculture Bureau of Agricultural Statistics (1945—
2001) and nitrogen deposition from atmospheric sources
obtained from the National Atmospheric Deposition Program
(NADP). The data were compiled by county as part of the
nationwide NAWQA Program (Alexander and Smith, 1990;
Battaglin and Goolsby, 1994; Ruddy and others, 2006; fig. 11).
Potential data uncertainties and constraints include: (1) fertil-
izer application might not occur in the same year or county
in which it was purchased, (2) fertilizer application is not
evenly distributed within counties, (3) fertilizer applications
cover an unknown fraction of the area contributing recharge,

Nitrate Concentrations in Groundwater, Dougherty Plain and Marianna Lowlands, Georgia, Florida, and Alabama

(4) individual States might use different methods to report
non-farm sales and total sales of nitrogen fertilizer, (5) vari-
able rainfall recharge affects fertilizer applications, and (6) the
depth to the water table (travel times through the unsaturated
zone) is variable. Typically, there is a lag time between fertil-
izer application at land surface and nitrate arrival at the water
table. Travel times in the unsaturated zone vary depending on
permeability of soils, irrigation practices, and the presence
of sinkholes. Furthermore, geochemical processes, such as
dilution and denitrification, may reduce the concentration of
nitrate along groundwater flow paths.

Estimates of the nitrate input to the groundwater system
were calculated for the period 1945-2050. Simulated nitrate
concentrations in the input function were scaled to match
observed nitrate concentrations (calibration data) over time
in groundwater at each sampling site. Scaling was necessary
because the historic fertilizer sales data may not accurately
reflect the application amount. Other issues also may con-
tribute to uncertainty, including the units used for the input
function, the number of particles used to track the flow paths
and travel times to the receptor sites, agricultural practices
(crops grown and irrigation and fertilizer usage rates),
recharge rates, soil and aquifer properties, the percentage of
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Figure 37.
Spring in the Chipola Local-Scale Model.

Particle endpoint travel times and land use for Jackson Blue Spring, Baltzell Springs Group, and Sandbag
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the area contributing recharge to the selected receptor sites, the
percentage of fertilizer bought that was used during the year,
and the size of the agricultural land area contributing recharge
to the aquifer. The scaling factors were as follows: 0.0029 for
Jackson Blue Spring (16,845 particles were used for 11 drain
cells); 0.03 for Baltzell Springs Group (2,133 particles used
for 2 cells); 4.5 for Sandbag Spring (1,015 particle used for

1 cell); 1.0 for well CP-18A; 0.5 for well CP-21A; and 0.09
for well RF-41 (999 particles for each well cell). Addition-
ally, particle-simulated ages were an overestimate in well
CP-18A, whereas the five other sites used in the calibration

of porosity had close age matches. To account for the poor

fit at well CP-18A, nitrate applications were shifted 21 years
ahead in the input function to provide a closer match to the
observed concentrations. Nitrate groundwater concentrations
were within the anticipated range for this site, but travel times
were overestimated as compared to tracer-derived estimates.
Simulated travel time is within the same order of magnitude as
tracer-derived ages at all sites.

Nitrate concentrations in each well or spring were
determined by summing the total recharge-weighted nitrate
concentration assigned to each water particle recharged during
a specific year for each well. During a given year, the nitrate

concentration for each traced water particle is a function of the
applied nitrogen fertilizer plus the atmospheric deposition dur-
ing the year of recharge for the appropriate year and county.
Nitrate concentrations for wells and springs were calculated
for three management scenarios during the period 1945-2050.
Calculated nitrate concentrations for the period 1945-2007,
however, were used only for calibration purposes and com-
pared to measured nitrate concentrations. Nitrate concentra-
tions were estimated for 2002—50 using model simulation.
Nitrate concentrations from groundwater samples collected
during 1993-2007 were used to calibrate the transport aspect
of the model. Simulated nitrate concentrations were compared
to observed concentrations (fig. 39); the relation had a coef-
ficient of regression (1) of 0.90.

Estimated nitrate concentrations were close to the
observed nitrate concentrations in groundwater samples from
most wells and springs, although travel times to well CP-18A
and Baltzell Springs Group were somewhat longer, causing the
simulated nitrate to have a later arrival time than the observed
values. Simulated nitrate concentrations in Baltzell Springs
Group, however, matched fairly closely even though simulated
travel times for water particles tend to exceed the apparent
tracer-derived age.

i v
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Figure 39. Comparison of observed and simulated nitrate
concentrations in wells and springs, 1993-2007.

Simulated Nitrate Concentrations Under Three
Nitrate Fertilizer Management Scenarios

Nitrate concentrations were simulated during 2002-50 in
wells RF-41, CP-21A, and CP-18A, and in Baltzell Springs
Group, Jackson Blue Spring, and Sandbag Spring under three
different nitrate fertilizer management scenarios. In scenario 1,
nitrate inputs were fixed at 2001 levels for the period 2002-50.
Scenario 2 simulated a gradual (4 percent per year) reduction
in nitrate input to groundwater for the period 2002—50. Sce-
nario 3 eliminated all nitrate input to the groundwater system
after 2001.

A comparison of the three management scenarios
indicates that simulated nitrate concentrations in wells
(fig. 40) would peak up to 40-50 years after fertilizer sales and
atmospheric deposition totals reached their maximum levels.
Nitrogen fertilizer sales and atmospheric deposition totals
for Jackson County, Florida, peaked in 1979-82; nitrogen
inputs declined in 1984 and then remained relatively constant
through 2010 (fig. 11). Nitrate concentrations had exceeded
3.00 mg/L in wells CP-18A and CP-21A in 1978 and 1984,
respectively. Simulated nitrate concentrations in CP-18A
were projected to reach 12.82 mg/L in 2012, and are projected
to peak at 13.76 mg/L in 2026 under management scenario
1. Nitrate concentrations are projected to remain above
3.00 mg/L in well CP-18A through the end of the simulation
period 2002—-50 under all management scenarios. Simulated
nitrate concentrations in well CP-21A exceeded 5 mg/L by
2012 and were projected to peak at 7.82 mg/L in 2030, under
management scenario 1 (fig. 40). Projected nitrate concen-
trations in CP-21A will decrease slowly under management
scenarios 1 and 2 by 2050, but concentrations will remain
relatively high by the end of the simulation period under
scenarios 1 and 2 (6.84 mg/L and 4.0 mg/L, respectively).
After 2030, nitrate concentrations will decrease steadily under
management scenario 3 (nitrate input set at zero), to less than
3.00 mg/L by 2042 and to slightly less than 1.0 mg/L by 2050.
Simulated nitrate concentrations in well RF-41 are projected

to peak in 2020 at 1.10 mg/L for all scenarios; concentrations
are projected to remain at 1.10 mg/L by 2050 under scenario
1, and to decrease to 0.77 and 0.25 mg/L under management
scenarios 2 and 3, respectively (fig. 40).

Simulated nitrate concentrations will peak between 2006
and 2018 in the springs under the three management scenarios,
which is approximately 3040 years after maximum fertil-
izer sales and atmospheric deposition totals. The peak nitrate
concentrations occur 10-20 years earlier in the springs than
in the wells. Simulated nitrate concentrations were highest in
scenario 1, when nitrate input was fixed at 2001 levels (the
most likely management scenario), and lowest in management
scenario 3 when nitrate input ceased in 2001 (fig. 40).

Simulated nitrate concentrations in the Baltzell Springs
Group began to increase in the mid-1960s and peaked in 2006
at 3.77 mg/L for all three nitrogen management scenarios
(fig. 40). Simulated concentrations are projected to drop
below 3.00 mg/L by 2012 under all management scenarios.
Simulated nitrate concentrations in groundwater from Baltzell
Springs Group will drop below the minimum detection level
(0.10 mg/L) by 2033 under scenario 3 (nitrate input eliminated
after 2001). Nitrate concentrations are projected to drop to
1.57 and 0.65 mg/L for scenarios 1 and 2, respectively, by
2050.

Simulated nitrate concentrations for Jackson Blue Spring
peaked in 2011 at 3.51 mg/L under management scenarios 1
and 2 (fig. 40). Simulated nitrate concentrations decrease to
less than 3.0 mg/L by 2020 in scenario 1 (fixed at 2001 levels)
and by 2013 in scenario 3 (nitrate input eliminated after 2001).
Simulated concentrations will continue to decrease by 2050 to
2.28,1.22, and 0.50 mg/L for management scenarios 1, 2, and
3, respectively, but will not reach background levels of less
than 0.10 mg/L by the end of the simulation period under all
management scenarios (fig. 40).

Simulated nitrate concentrations in Sandbag Spring are
not projected to exceed 1.0 mg/L; concentrations are projected
to peak in 2018 at 0.81 mg/L for all three nitrogen manage-
ment scenarios (fig. 40). Nitrate concentrations will decrease
and stabilize at 0.29 mg/L by 2040 under management
scenario | (input fixed at 2001 levels). Under management
scenario 2 (a gradual reduction), nitrate concentrations will
decrease to 0.2 mg/L by 2050. Under management scenario
3 (nitrate input eliminated after 2001), nitrate concentrations
decrease to background levels (less than 0.10 mg/L) by 2041.

Limitations of Particle Tracking and Estimation of
Nitrate Concentrations

Particle tracking uses advective transport only and does
not account for adsorption, degradation, dispersion, diffusion,
and other processes that may reduce nitrate concentrations
in groundwater. Fertilizer sales plus atmospheric deposition
totals at the county level are not a refined representation of
nitrate input to groundwater over time, although they pro-
vided the best approximation available. Ideally, a land-use
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history for nitrate application would be constructed for each
agricultural field in the area contributing recharge, and the
exact recharge for each well or spring at the time of sampling
would be used to weight the nitrate concentration. Addition-
ally, the areas contributing recharge can change substantially
with hydraulic conductivity changes. The robustness of the
estimates for hydraulic conductivity and, therefore, the areas
contributing recharge would benefit from a probability analy-
sis. Porosities are based on literature values for the appropriate
hydrogeologic units. Actual porosities may vary depending

on the distribution of surficial sediments and karst features.
Estimated contributing areas should be regarded as the most
likely areas contributing recharge, travel times, and flow paths
to a discharging site (wells, streams, springs), because of

the uncertainty associated with karst features and hydraulic
conductivity, boundary conditions, withdrawals, flows, and
recharge. Additionally, the general nature of the nitrate input
function means that simulated nitrate concentrations should be
considered the best available estimates in the absence of more
data and model simulations.

Summary and Conclusions

The Upper Floridan aquifer supplies irrigation and
drinking water in the lower Apalachicola—Chattahoochee—Flint
River Basin. Agriculture is the major land use in the lower
part of this basin, and withdrawals from the Upper Floridan
aquifer, in decreasing order of volumetric consumption, are
for agriculture, industry, and domestic and public supply. The
aquifer also supplies base flow to streams and provides spring
discharge. Much of the groundwater-flow system has rela-
tively short flow paths, high recharge rates (approximately 5
to 25 in/yr), and large discharge features (springs) that provide
base flow to streams. Hydrogeology and land uses in the area
combine to render the Upper Floridan aquifer system highly
vulnerable to nitrate contamination.

Nitrate concentrations in groundwater of the Upper
Floridan aquifer in the lower ACFB are higher than in other
areas of the Upper Floridan aquifer, and concentrations
occasionally exceed the USEPA maximum contaminant level
of 10.0 mg/L as nitrogen (U.S. Environmental Protection
Agency, 2012). Elevated nitrate concentrations in drinking
water are a concern because infants under 6 months of age
who drink water containing nitrate concentrations above the
USEPA maximum contaminant level of 10 mg/L as nitro-
gen can become seriously ill with blue baby syndrome (U.S.
Environmental Protection Agency, 2012). The maximum
concentration of nitrate found during 1993-2007 in the study
area was 12.73 mg/L, measured in a water sample from a shal-
low monitor well. The maximum concentration of nitrate in
groundwater from wells or springs discharging to the Chipola
River was 6.43 mg/L.

Synoptic sampling of 33 springs and 17 surface-water
sites on the Chipola River or its major tributaries was com-
pleted during the spring and early summer of 2007. A review
of the synoptic data from the springs and surface-water sites
was used in conjunction with historical water-quality data to
select three springs and two companion flow-path wells for
each spring in the Chipola River Basin and three long-term
monitor wells in the Flint River Basin for further study. Wells
upgradient from the springs were selected on the basis of their
locations in the areas contributing recharge to the selected
springs. These three springs and their upgradient flow-path
wells were sampled late in the summer of 2007 to identify
water-quality and geochemical conditions and determine the
age of water.

A regional-scale, steady-state, groundwater-flow model
was developed and calibrated in MODFLOW 2000 for Sep-
tember—October 1999 conditions, using data collected from
previous models for calibration and initial conditions. Param-
eter estimation was used to calibrate new hydraulic parameters
and recharge properties. The regional-scale model was cali-
brated against 328 measured groundwater levels and 68 flows
between reaches. The regional-scale model was then used
with long-term average (1975-2005) recharge and withdrawal
conditions to generate flow boundaries for two local-scale
models. The two local-scale groundwater flow models were
used to generate particle-tracking models (MODPATH) and to
delineate areas contributing recharge and travel times (particle
age distributions) to six sites (three wells and three springs).
Average apparent ages of water, obtained from the age trac-
ers tritium-helium, CFC, and SF, were used to calibrate
porosities.

Particle travel times (a surrogate for age) in wells ranged
from a minimum of about 2 years (CP-21A) to a maximum
of about 153 years (RF-41). The median particle travel times
for the selected monitor wells RF-41, CP-18A, and CP-21A,
were about 36, 50, and 35 years, respectively. The average
apparent ages of water derived from tracer data were about 32,
23, and 29 years, respectively. Overall, particle travel times
were within an order of magnitude and in some cases were
quite close to the mean apparent ages determined from age
tracer models for two of the three wells. Particle travel times
in well CP-18A were older than travel times in the other two
wells. About 70 percent of the weighted particle travel times
were less than 50 years in wells CP-18A and RF-41. About
70 percent of particle travel times were less than 40 years in
well CP-21A.

Particle travel times for the three springs ranged from
approximately 1 day to 512 years. The median particle travel
times for Jackson Blue Spring, Baltzell Springs Group, and
Sandbag Spring were about 30, 62, and 38 years, respectively;
The oldest and youngest water particle travel times were
simulated for the Jackson Blue Spring and were consistent
with processes recharging major springs. The average appar-
ent age of groundwater from tracers for Jackson Blue Spring,



Baltzell Springs Group, and Sandbag Spring was about 19, 16,
and 18 years, respectively. About 50 percent of the simulated
particle travel times were less than about 66 years for Baltzell
Springs Group. Eighty percent of particle travel times for
Jackson Blue Spring were less than 50 years.

Nitrate concentrations in the selected wells and springs
were estimated using scaled fertilizer sales and atmospheric
deposition totals. Particle travel times were derived from
the two local-scale groundwater-flow and particle-tracking
models. Annual fertilizer sales and atmospheric totals were
compiled by county for 1945 to 2001 and were scaled to use
as a proxy for nitrogen input to the groundwater-flow system.
A nitrate concentration input history was developed for each
well or spring on the basis of the county where the well or
spring is located. Scaling was used to improve the overall
match between simulated and measured nitrate concentrations
and to account for uncertainties.

The potential effects of three different nitrogen fertilizer
management scenarios on nitrate concentrations in ground-
water were assessed by simulating nitrate concentrations in
groundwater from 2002 to 2050, using the three nitrogen
management scenarios and groundwater particle travel times
or apparent ages of water obtained from the groundwater-flow
and particle-tracking models. In scenario 1, the nitrate input
concentration was fixed at the 2001 level for the 2002 to 2050
simulation period. In scenario 2, the nitrate input concentration
was reduced by 4 percent per year for the simulation period.
In scenario 3, the nitrate input was set at zero for the 2002 to
2050 simulation period.

Groundwater-flow and particle-tracking models and
simulated nitrogen management scenarios indicate that it
would take decades for nitrate concentrations in groundwater
to decrease below background concentrations even if nitrogen
fertilizer use was discontinued completely. Under nitrogen
management scenario 3 (nitrate input eliminated after 2001),
simulated nitrate concentrations in groundwater at Baltzell
Springs Group and Sandbag Spring did not decrease below
the background concentration of 0.10 mg/L until 2033 and
2041, respectively. Under management scenario 3, simulated
nitrate concentrations in Jackson Blue Spring did not decrease
to the background concentration during the simulation period.
Under nitrogen management scenarios 1 (nitrate input fixed
at 2001 levels) and 2 (a 4 percent reduction per year in nitrate
input from 2002 to 2050), simulated nitrate concentrations
in all wells and springs remained above the background
concentration of 0.10 mg/L in 2050. Nitrate concentrations
in groundwater from wells CP-18A and CP-21A remained
above 3.0 mg/L through 2050 under nitrogen management
scenarios 1 and 2.
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