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Abstract Geochemical reaction models were evaluated
to improve radiocarbon dating of dissolved inorganic
carbon (DIC) in groundwater from confined parts of the
Upper Floridan aquifer in central and northeastern Flori-
da, USA. The predominant geochemical reactions affect-
ing the 1C activity of DIC include (1) dissolution of do-
lomite and anhydrite with calcite precipitation (de-
dolomitization), (2) sulfate reduction accompanying mi-
crobial degradation of organic carbon, (3) recrystalliza-
tion of calcite (isotopic exchange), and (4) mixing of
fresh water with as much as 7% saline water in some
coastal areas. The calculated cumulative net mineral
transfers are negligibly small in upgradient parts of the
aquifer and increase significantly in downgradient parts
of the aquifer, reflecting, at least in part, upward leakage
from the Lower Floridan aquifer and circulation that
contacted middle confining units in the Floridan aquifer
system. The adjusted radiocarbon ages are independent
of* flow path and represent travel times of water from
the recharge area to the sample point in the aquifer.
Downgradient from Polk City (adjusted age 1.7 ka) and
Keystone Heights (adjusted age 0.4 ka), 14 of the 22 wa-
ters have adjusted 4C ages of 20-30 ka, indicating that
most of the fresh-water resource in the Upper Floridan
aquifer today was recharged during the last glacial peri-
od. All of the paleowaters are enriched in 180 and 2H rel-
ative to modefn infiltration, with maximum ennchment
in 8180 of approximately 2.0%o.

Résumé Les modgles de réactions géochimiques ont été
évalués afin de tester la datation par le radiocarbone du
carbone minéral dissous (CMD) des eaux souterraines
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dans les parties captives de la nappe supérieure de Flori-
de, en Floride centrale et nord-orientale (Btats-Unis). Les
réactions géochimiques prédominantes affectant 1’activi-
té en 14C du CMD comprennent (1) la dissolution de la
dolomite et de I’anhydrite accompagnée de la précipita-
tion de la calcite (dédolomitisation), (2) la réduetion des
sulfates accompagnant une dégradation microbienne du
carbone organique, (3) la recristallisation de la calcite
(échange isotopique), et (4) le mélange d’eau douce avec
de I’eau salée, jusqu’a 7%, dans certaines zones cotitres.
Les transferts minéraux nets calculés sont extrémement
faibles dans les parties situées dans I’amont de I’aquif-
gre; ils augmentent significativement dans les zZones de
I’aval, montrant en partie au moins 1’existence d’une

" drainance ascendante depuis 1’aquifere inférieur de Flori-

de et une circulation qui met en relation les unités capti-
ves du systéme aquiftre de Floride. Les 4ges radiocarbo-

_ne corrigés sont indépendants des trajets d’écoulement et

représentent des temps de transit de I’eau depuis la zone
de recharge vers le point de prélévement dans 1’aquifere.
En aval de Polk City (age corrigé 1,7 ka) et de Keystone
Heighats (4ge corrigé 0,4 ka), 14 des 22 échantillons
d’eau présentent des 4ges corrigés compris entre 20 et
30 ka, ce qui montre que.la plus grande partie des res-
sources actuelles en eau douce de la nappe supérieure de
Floride provient d’une rechatge effectuée au cours de la
derniére période glaciaire. Toutes ces eaux anciennes
sont enrichies en 180 et en 2H par rapport & Vinfiltration
actuelle, avec un enrichissement maximal de 8180 d’en-
viron 2.0%o.

Resumen Se han evaluado varios modelos geoquimicos
con el fin de mejorar la datacion del carbono inorgénico
disuelto (CID) en las aguas subterrdneas de las zonas
confmadas del acuiffero Superior de Florida, que ocupa el
centro y nordeste de Florida (Estados Unidos). Las reac-
ciones geoquimicas dominantes en cuanto a la actividad
del 14C del CID incluyen: (1) disolucién de dolomita-y
anhidrita, con precipitacién de calcita (o de-dolomitiza-
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c10n), (2) reduccion de sulfato, acompaiiada por degrada-
cién microbiana de carbén orgénico, (3) recristalizacién
de calcita (intercambio isotdpico), y (4) mezcla de agua
dulcé con hasta un 7% de agua salina en algunas 4reas
costeras. Se ha calculado que las tramsferencias netas
acumuladas de mineral son despreciables en las zonas si-
tuadas aguas arriba, y aumentan significativamente
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aguas abajo. Esto refleja, al menos en parte, el goteo des-
de el acuffero Inferior de Florida y'la interconexién de
las unidades confinantes en €l sistema acuffero de Flori-
da. Las edades de radiocarbono estimadas son indepen-
dientes de las lfneas de flujo y representan tiempos de
trénsito de aguas desde el 4rea de recarga hasta el punto
de muestreo en el acuifero. Aguas debajo de la cindad de
Polk (edad de 1.700 afios) ¥ Keystone Heighats (edad de
400 afios), 14 de las 22 muestras tienen edades estimadas
de entre 20.000 v 30.000 afios, hecho que indica que la
mayor parte de los recursos actuales de agua dulce en el
acuffero Superior de Florida fue recargada durante el l-
timo perfodo glacial. Todas las paleoaguas estén enrique-
cidas en 180 y 2H con respecto al agua actual de recarga,
con un factor méximo de enriquecimiento en 180 de,
aproximadamente, 2.,0.

- Keywords grodndwater age - Floridan aquifer -
hydrochemical modeling - USA. - carbonate rocks

Introduction

Ninety-two percent of the population of the state of Flor-
ida, USA, depends on groundwater 1esources for fresh-
water supply (Solley et al. 1998). In 1993, the Floridan
aquifer system supplied 57% of the fresh water with-
drawn for public supply in Florida (Marella 1999). As
groundwater withdrawals increase, the need increases for
more precise hydrologic data to help refine management
decisions on water use. Information on groundwater age
can be used to locate areas where recharge is occurring,

estimate recharge rates, refine groundwater flow models, -

and identify water resources that, on human time scales,
are non-renewable.

The hydrology and chemistry of the Floridan aquifer
system have been extensively studied (see, for example,
Stringfield 1966; Back and Hanshaw 1970; Plummer
1977; Plummer and Back 1980; Steinkampf 1982;
Plummer et al. 1983; Ryder 1985; Miller 1986; Aucott
1988; Bush and Johnston 1988; Johnston and Bush 1988;
Krause and Randolph 1989; Meyer 1989; Sprinkle 1989;
Miller 1990; Tibbals 1990; Katz 1992; Swancar and
Hutchinson 1992; Budd et al. 1993; Jones et al. 1993;
Sacks et al. 1995; Wicks et al. 1995; Sacks and Tihansky
1996), yet few studies exist in which the radiocarbon age
of the dissolved inorganic carbon (DIC) in the ground-
water has been interpreted. The available radiocarbon
data (Hanshaw et al. 1965, 1966; Back and Hanshaw
1970; Sprinkle 1989) indicate generally old unadjusted
ages (>15 ka) of groundwater in confined parts of the
Upper Floridan aquifer (UFA). Although there seems lit-
tle doubt that paleowaters occur within the UFA, most
. previously determined radiécarbon ages are uncertain
because they have not been corrected. for geochemical
reactions occurring in the aquifer.

The predominant geochemical reactions occurring in
the Floridan aquifer system (Plummer 1977; Plummer
and Back 1980; Plummer et al. 1983) that can affect the
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14C activity of DIC include (1) dedolomitization (dolo-
mite dissolution and calcite precipitation driven by an-
hydrite or gypsum dissolution), (2) microbial oxidation
of organic matter accompanying sulfate reduction, (3)
cation exchange reactions that cause additional dissolu-
tion of carbonate minerals, and (4) calcium carbonate re-
crystallization. Each geochemical reaction lowers the 14C
activity of the DIC, and, if not accounted for in age cal-
culations, leads to unrealistically old radiocarbon ages.
Geochemical reaction models allow corrections that can
separate water samples that are truly old from those that
are relatively younger but appear old because of exten-
sive water—rock reactions.

The objective of this paper is to demonstrate the use

of reaction models to refine the radiocarbon age of DIC |

in groundwater in the most confined parts of the UFA.
The field effort for this study was conducted in the late
1980s and benefited significantly from the hydrologic,

. geologic, and geochemical framework established by the
‘US Geological Survey (USGS) Regional Aquifer Sys-

tems Analysis (RASA) study of the Floridan aquifer
system (Ryder 1985; Miller 1986; Bush and Johnston.
1988; Johnston and Bush 1988; Maslia and Hayes 1988;
Krause and Randolph 1989; Meyer 1989; Sprinkle 1989;
Tibbals 1990). . .

Groundwater Flow Paths

The Floridan aquifer system comprises limestones and
dolostones of Tertiary age, ranging from late ‘Paleocene
to early Miocene. Miller (1986) recognizes two perme-
able zones within the Tertiary carbonate rocks of Florida
[the Upper and Lower Floridan aquifers (UFA and LFA
respectively)] separated by a zone of lower permeability
(middle confining units) of sub-regional extent. In the
study area, the UFA is within the highly permeable lime-
stones of the Suwannee Limestone (Oligocene), Ocala
Limestone (upper Eocene), and Avon Park Formation
(middle Eocene), with a total thickness ranging from
60—460 m. In parts of north-central, eastern, and south-
ern Florida, the UFA is overlain by interbedded sand,
marl, clay, limestone, dolomite, and phosphatic deposits
of the Hawthorn Formation of Miocene age. The Haw-

thomn Formation is typically 30-300 m thick in areas
“sampled as a part of this study, and forms the upper con-

fining unit of the Floridan aquifer system. In central
Florida, the Hawthorn Formation thins and is absent in
west-central parts of Florida, where the UFA is uncon-
fined and the Oligocene rocks are exposed at the land
surface or are covered by a surficial sand aquifer or lo-
cally by clayey residuum (Miller 1986). The surficial
aquifer consists typically of 15-30 m of sand and gravel
and occurs generally throughout the entire study area.
Locations are shown in Fig. 1.

Miller (1986) defined eight separate low-permeability

units (termed middle confining units) within the Floridan

aquifer system in the southeastern part of the US. Three
of these middle confining units occur within the study
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Fig. 1 Location of wells sampled and flow paths I-V in relation
to altitude of the pre-development potentiometric surface of the
UFA. Wells are identified by flow path number and sequence
number on the flow path. Contours in feet (1 ft=0.3048 m) based
on original source (Johnston et al. 1980) .

area, and of these, two middle confining units (middle
confining units I and IT) separate the UFA from the LFA,
and a third (middle confining unit VIII) occurs within
the LFA (Miller 1986). In eastern peninsular Florida, the
middle confining unit (designated middle confining unit
I) consists of 30-200 m of low-porosity, soft micritic
limestone and fine-grained dolomitic limestone of late
Eocene age. The contrast in permeability between rocks
of middle confining unit I and the permeable rocks of the
UFA above and LFA below is less than that for any other
middle confining unit in the Floridan aquifer system
(Miller 1986). Consequently, middle gonfining unit I is
considered more leaky than any. other middle confining
unit in the Floridan aquifer system, yet small @ifferences
in hydraulic head and water quality across middle con-
fining unit I indicate that the unit acts as a confining bed

(Miller 1986). :
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In west-central Florida, along a narrow northwest-
trending zone, middle confining unit I pinches out and
overlaps gypsiferous dolomite of middle Eocene age
which forms middle confining unit IT (Miller 1986) with
a vertical separation between the units of about 60 m.
Middle confining unit II is typically 30-120 m thick but
locally reaches 200 m, and contains intergranular anhyd-
rite (gypsum) which forms a nearly impermeable hy-
draulic separation between the UFA and the LFA. A
zone of micritic to finely pelletal limestone and interbed-
ded finely crystalline dolomite forms middle confining
unit VIO within the LFA in parts of southern Florida.
Middle confining unit VIII reaches a thickness of about
120 m in the study area. In east-central Florida, the first

“occurrence of anhydrite (gypsum) is within the Avon

Park Formation in the LFA, below middle confining unit
1. In west-central Florida, bedded anhydrite (gypsum)
forms the base of the UFA in middle confining unit IL.
The LFA extends from the base of the highest middle
confining unit to the base of the Floridan aquifer system.
In areas of northwestern Florida and Georgia where the.
middle confining unit is absent, only the UFA is recog-
nized (Miller 1986). The base of the Floridan aquifer

DOI 10.1007/s100400000121



1

130

system is defined by the occurrence of low-permeability
glauconitic, calcareous, argillaceous to arenaceous strata
of late Bocene to late Paleocene age northwest of the
study area, and massively bedded anhydrite of Paleocene
age within the Cedar Keys Formation in southern Flori-
da. Within the study area, the TFA occurs in the upper
permeable parts of the dolomitic Cedar Keys Formation
and in limestones and dolomites of the Oldsmar Forma-
tion of early Eocene age. The thickness of the LFA rang-
es from about 360—630 m within the study area, and the
water quality is generally brackish to saline. Chloride
concentrations approach 10,000 mg/L in eastern coastal
areas of the LFA berieath middle confining unit I (Sprin-
Kkle 1989). A cavernous zone Of extremely high perme-
ability, known as the Boulder Zone, occurs generally
below middle confining unit VII in south Florida. ‘Water
in the Boulder Zone is near seawater in composition
in southern Florida and has elevated 4C activity

[37-63 pmc (percent of modern carbon)] relative to that |

of the UFA. (0-3 pmc) in south Florida (Meyer 1989).

Using a three-dimensional finite-difference model,
Bush and Johnston (1988) simulated predevelopment
flow throughout the entire Floridan aquifer system (in-
cluding the surficial aquifer) of the southeastern US. Re-
charge was about 9.4% of rainfall, or about 13 cm/year.
Degree of confinement was the predominant influence
on distribution of recharge, discharge, and groundwater
flow in the Floridan aquifer system. Eighty-eight percent
of the simulated predevelopment discharge occurred at
springs and as aquifer discharge to sireams and lakes,
nearly all of which occurred in unconfined or semi-con-
fined areas of the aquifer system. Groundwater flow was
very sluggish in confined parts of the aquifer system and
discharge occurred almost exclusively by diffuse upward
leakage through thick overlying sediments, accounting
for about 12% of the predevelopment aquifer discharge
(Bush and Johnston 1988). Fresh-water flow in the UFA
is estimated to extend approximately 40 km east of the
Atlantic coast of east-central Florida within the carbon-
ate shelf of peninsular Florida, and approximately 20 km
west of west-central Florida beneath the Gulf of Mexico
(Bush and Johnston 1988).

In a subregional simulation of predevelopment
groundwater flow in the Floridan aquifer system in east-
central Florida, Tibbé}ls (1990) concludes that about
4.8 cm/year was recharged to the UFA by downward
leakage. Approximately 0.6 cm/year circulated between
the UFA and LFA, and in areas of discharge to the UFA
from the LFA, the predevelopment flow rates averaged

about 1.5 cm/year. Vertical leakage to the upper confin-

ing unit above the UFA was about 1.3 cm/year, and later-
al outflow from the UFA: (primarily along the eastern At-
lantic coast) was only about 0.2 cm/year. Approximately
3.3 cm/year was discharged at springs and streams with-
in 40 km of the recharge area (Tibbals-£990).

Digital simulation 6f predevelopment subregional
flow in west-central Florida indicates that 84% of dis-
charge from the UFA occurred at springs and streams
and about 16% of discharge was as diffuse upward leak-
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age, primarily along the Gulf Coast, including seepage to
coastal swamps and submarine springs (Ryder 1985).
Ryder modeled the base of the active flow system in
west.central Florida as the top of middle confining unit

0, because of the occurrence of nearly impermeable in-

tergranular evaporates within middle confining unit I
Elevated sulfate concentrations in coastal parts of the
UFA in west-central Florida have been attributed to dis-
solution of anhydrite (gypsum) along the top of middle -
confining unit II and diffuse upward leakage of waters
that circulated near the base of the UFA (Jones et al.
1993; Sacks et al. 1995).

Flow simulations using the modern potentiometric
surface (from May 1980) and consideration of pumpage
from the aquifer system indicate that pumpage is sup-
plied primarily by diversion of natural outflow and in-
duced recharge (Bush and Johnston 1988). Under condi-
tions of modern aquifer development, about 75% of all
discharge occurs as spring flow and aquifer discharge to
streams and lakes. The remaining 25% of discharge is di-
vided between pumpage (17%) and diffuse upwazrd leak-
age (8%). In confined areas, water-level declines reflect
the effects of pumpage. Comparison of the estimated

predevelopment potentiometric surface with that ob-

served in May 1980 shows that net water-level declines
are less than 3 m in the eastern parts of the study area
(Bush and Johnston 1988). Water-level declines: of
10-12 m are reported for parts of west-central Florida in
response to industrial withdrawal associated with phos-
phate mining and agricultural irrigation use east of Tam-
pa (Bush and Johnston 1988).

Five generalized flow paths (Fig. 1) were selected for
study based on the pre-development potentiometric sur-
face of the UFA (Johnston et al. 1980). These flow paths
are in areas where the aquifer is confined above by more
than 30 m of the Hawthorn Formation, as shown in
Fig. 2. Four of the flow paths begin near the potentio-
metric mound at Polk City, Florida (well 1.1, Fig. 1).
Paths I and II flow to the west and southwest, respective-
ly; paths IIT and IV flow to the southeast and east, re-
spectively; and path V flows generally to the east from
Keystone Heights in north-central Florida (well 5.1,

Fig. 1). Over much of the study area, and especially prior

to- development, discharge occurs in areas of artesian
flow, that is, areas where wells in the UFA flow at land
surface, as shown in Fig. 2. Consequently, in areas of ar-
tesian flow, the water chemistry and isotopic composi-
tion of water in the UFA reflects that of water that
flowed through parts of the Floridan aquifer system, un-
affected by local recharge from the overlying shallow
aquifers. The area of artesian flow in the UFA (Fig. 2)
was probably even larger during the last glacial period
~18,000 radiocarbon years B.P.) due to lowering of sea
level and lowering of heads in the surficial aquifer above
the upper confining unit (Plummer 1993).

An attempt was made to select wells that were opexn
to the UFA and located within approximately 10 km of
the generalized flow paths based on the configuration of
the pre-development potentiometric surface. The pre-
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development potentiometric surface is not known pre-
cisely, and those flow lines shown on Figs. 1 and 2 only
approximate the horizontal component of the pre-devel-
opment groundwater flow. Additional flow also occurs
as upward leakage through middle confining unit I along
flow paths IIT and IV from the LFA. Along flow paths I
and II, middle confining unit II effectively minimizes
leakage from the LFA. However, elevated sulfate content
in west-central Florida suggests that circulation within
the UFA reaches the top of middle confining unit II
(Ryder 1985; Jones et al. 1993; Sacks et al. 1995).

Two-thirds of the wells sampled are monitoring wells,
or low-capacity wells for domestic, irrigation, or water-
supply use. Eight of the wells sampled are water-supply
production wells, and, except for well 1.3, the produc-
tion wells sampled are located in upgradient parts of the
study area, where downward leakage predominates.
Well-construction data are summarized in Table 1.

Cross sections were constructed along the five gener-
alized flow paths based on geologic data of Miller (1986
J.A. Miller, personal communication 1988) as shown in
Fig. 3. These sections show the intéfvals in which the
wells are open to the UFA. The cross sections’ ‘Thdicate
that several UFA wells are also open to parts of middle
confining units and/or the base of the uppér confining
unit. Two monitoring wells at the end of flow path V in
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northeast Florida are apparently completed entirely in
permeable parts of the base of the upper confining unit
(Fig. 3). These two wells were retained as a part of this
study because they are located in the discharge area for
the UFA and may be influenced predominantly by up-
ward leakage from the UFA.

Methods

Water samples from 24 wells were analyzed for major-
and minor-element chemistry, 3H, §2H, 8180, 8%4S of dis-
solved hydrogen sulfide, 3¢S of dissolved sulfate, and
813C and 4C content of DIC. Results of chemical analys-
es are summarized in Table 2; all isotopic data are sum-
marized in Table 3. .

Wells were purged of at least 3 casing volumes prior
to sampling. Field measurements included dissolved oxy-
gen, specific conductivity, temperature, and pH. Stability
in - water temperature, specific conductance, and pH
(monitored continuously during well purging and sam-
pling) were used as the principal criteria to determine
when wells were sufficiently purged for sampling. Total
alkalinity was determined in the field by potentiometric
titration using a micrometer burette that delivered to the
nearest 1/10,000 of a milliliter. Total alkalinity was deter-
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product for the reaction and X is the equilibrium con-
stant) were calculated using the well-established USGS
aqueous model for the carbonate system (see Nordstrom
et al. 1990 for a summary), as implemented in WATEQ
(Plummer et al. 1994). Under these conditions, an uncer-

tainty of £0.05 SI is assigned to calcite and 0.1 SI to do-

for incremental titrations of 100-mL samplés titrated with

0.1034:0.0003 N H,SO,. The-H;SO, solution was cali-
brated using 100.0% Primary Standard., Na,CO;. Uncer-
tainties in total alkalinity were <0.1 mg/L. .as HCO;. pH
was calibrated relative to NIST (NBS) primary standard
buffers with an uncertainty of +0.02 pH. Mineral satura-
tion indices (SI=log IAP/K, where IAP is the jon activity
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lomite, due to uncertainties in measurements and stoi-
chiometric effect on saturation indices.

Dissolved H,S was determined in the field using 2.

portable spectrophotometer, and ‘the methylene blue
method (Hach Company 1989), with an uncertainty of
about +0.03 mg/L (as S). Major- and minor-element an-
ions were detérmined on filtered (0.45-pum) samples
and cations on filtered and- acidified samples by proce-
dures of the USGS National Water Quality -Laboratory,
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Table 1 Summary of wells sampled
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‘Well name jiz] Sample Latitude A Longitude  Distance  Total Casing Elevation
no. date from depth (m) of land
) recharge  (m) surface?
area (m)
(km)
Flow path I
Polk City No. 2 1.1 24-Jan-86 281040 814937 0.0 182.9 475 41.1
ROMP 48 nr. Fort Lonesome 1.2 03-Feb-86 274427 820837 65.3 248.4 237.7 311
Sun City #1 1.3 04-Feb-86 274318 822028 101.5 252.7 82.6 20.4
Flow path I
Polk City No. 2 1.1 24-Jan-86 281040 814937 0.0 1829 =~ 475 41.1
Lake Garfield Nurseries 2.2 03-Feb-86 274910 814522 42.3 249.0 96.6 70.1
Zolfo Springs #1 2.3 05-Feb-86 272944 814740 83.5 305.4 106.7 19.8
ROMP 26 2.4 05-Feb-86 271757 814930 108.6 402.3 176.8 22.9
ROMP 10 2.5 02-Feb-86 270152 820028 146.9 279.5 1814 6.1
ROMP TR3-1 2.6 02-Feb-86 265638 821307 169.9 189.0 1829 2.1
Flow path Il
Polk City No. 2 1.1 24-Jan-86 281040 814937 0.0 182.9 475 41.1
City of Frostproof #3 32 30-Jan-86 274449 813121 56.3 131.1 60.0 25.9
Sebring #6 33 31-Jan-86 272825 812819 854 457.2 158.5 32.0
Lock S65C Well 34 25-Jan-86 272403 810658 114.7 351.1 112.8 104
Larson Dairy Flowing Well 35 25-Jan-86 282010 805508 140.8 300.5 164.0 12.7
Oslo RO Monitor Well 3.6 26-Jan-86 273536 802402 197.1 274.6 259.1 6.1
Seminole Shores 3.7 27-Jan-86 273430 801953 206.1 287.4 106.1 0.6
Flow path IV .
Polk City No. 2 1.1 24-Jan-86 281040 814937 0.0 182.9 475 41.1
Haines City #10 42 29-Jan-86 280538 813723 19.6 259.1 41.1 479
Canoe Creek DOT, West 43 29-Jan-86 280537 811630 54.9 143.0 78.0 19.2
Roper Groves 4.4 30-Jan-86 280632 810501 74.5 218.8 105.0 23.6
Kempfer Grove 4.5 28-Jan-86 280526 805430 93.0 201.2 82.9 134
Woodson Well, Melbourne 4.6 28-Jan-86 280844 804301 112.1 164.6 704 - S5
Ingraham HP Well 4.7 27-Jan-86 281109 803737 121.2 103.6 38.1 1.1
Flow path V I
Keystone Heights #2 5.1 07-Feb-86 294708 820157 0.0 117.3 445 427
Palatka City #3 52 07-Feb-86 293909 814107 40.7 121.9 244 6.1
Flagler 204 53 06-Feb-86 293337 812303 72.9 34.4 262 8.7
Flagler 225 nr. Beverly Beach 5.4 08-Feb-86 293128 810905 93.0 42.7 244 2.7

2 Meters above mean sea level

Arvada, Colorado. The average charge balance of ana-
Iyses (calculated relative to the sum of the equivalents of
the cations and anions) is 0.1+1.5%. The major- and mi-
nor-element chemistry is summarized in Table 2 along
with calculated mineral saturation indices.
Samples for determination of 813C were collected in
the field by direct precipitation using ammoniacal-stron-
tium~chloride solution (Hassan 1982). Values of §'3C
were determined by mass spectrometry and are reported
as the per mil (%0) deviation from the VPDB standard
(Coplen 1994), with 1-c uncertainties of +0.1%o. Cat-
mody et al. (1998; see Fig. 15, p. 67) describe a gas-
stripping procedure that was used to collect silver sulfide
for %S determination of dissolved hydrogen sulfide and
DIC for 4C ‘determination. Three 50-L cartio¥s of well
water were connected in series, acidified with 6 N"sulfu-
ric acid, and sparged with nitrogen for 3-h. Silver sulfide
was collected inl a trap of 10 weight-percent AgNO, so-
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Iution, and the DIC was collected at the end of the gas
flow in a 3.7-L bottle of CO,-free, 2 N NaOH. The Ag,S
sample was filtered, washed, and dried in the field and
returned to the laboratory for mass spectrometric deter-
mination of 834S of dissolved sulfide normalized to the
VCDT scale (Coplen and Krouse 1998) using standards
of Rees (1978) and the International Atomic Energy
Agéncy. The 348 isotopic composition of dissolved sul-
fate was determined on samples of BaSO,, which were
precipitated in the field following procedures described
by Carmody et al. (1998). Uncertainties of §%4S determi-
pations are <0.3%0 VCDT.

The DIC sample collected in 2 N CO,-free NaOH at
the distal end of the gas-sparging apparatus was further
processed in the laboratory to BaCO, under an inert gas
atmosphere. The recovery of total DIC by gas sparging
averaged 83:x15% for all 24 samples (Table 3). The d13C
of DIC collected by direct precipitation using ammonia-
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Table 2 Chemical composition of groundwater samples. Concentrations in mg/L. n.d. Not determined

239 720 4373 00 206 110 567 12 1231 0461 298 271.6 5.30

Well Témp pH  Sp. DO Ca Mg " Na X Cl Na/Cl SOy, Alk. H,S F Si0, Br
D (°C cond. - HCO, :
no. (uS/cm)
Flow path I :
1.1 247 1776 303 0.0 38 8.1 40 038 6.9 0.580 12 1439 <001 02 13 0.01
1.2 247 771 372 0.0 44 16 11 12 15 0.733 42 159.6 039 05 21 0.04
13 260 744 593 0.0 80 30 97 14 11 0.882 190 1769 252 05 20 0.02
Flow path I )
1.1 247 776 303 0.0 38 8.1 40 08 6.9 0.580 12 1439 <001 02 13 -0.01
22 254 1778 336 0.0 37 12 66 15 83 0.795 16 159.0 105 03 21 0.01
23 208 745 703 0.0 69 33 13 1.9 17 0.765 180 187.4 1.48 1.0 21 0.04
24 315 1745 975 0.0 100 52 12 2.9 14 0.857 340 176.1 192 1.0 21 0.04
25 271 753 1525 0.0 100 65 120 6.9 180 0.667 410 150.7 2.29 1.9 20, 053
26 272 748 2623 00 114 79 265 17 412 0.643 180 1715 260 15 19 - 13
Flow path Il ‘
1.1 247 1776 303 0.0 38 8.1 40 038 6.9 0.580 12 1439 <001 0.2 13 0.01
32 252 17796 331 0.0 32 14 8.1 20 9.2 0.880 - 10.7 1703 189 03 26 <0.01
33 264 1773 336 0.0 39 10 79 15 8.8 0.898 29 176.1 046 0.1 22 <0.01
34 262 764 807 0.0 39 40 44 49. 62 0.710 120 225.7 408 06 25 0.16
35 260 816 940 0.0 22 29 145 9.5 113 1283 158 184.4 347 1.8 14 0.29
3.6 253 755 1489 0.0 71 52 174 75 338 0515 107 194.3 3.54 08 17 0.96
37 241 7.69 5016 0.0 96 128 703 37 1444 0487 222 163.4 6.02 16 29 42
Flow path IV
1.1 247 776 303 0.0 38 8.1 40 08 6.9 0.580 12 1439 <001 0.2 13 0.01
42 251 764 321 0.0 42 5.6 11 1.3 132 0811 2.5 161.8 0.31 02 15 <0.01
43 238 1771 443 0.0 52 5.6 21 1.2 23 0.900 9.8 1872 1.16 03 20 0.01
44 244 757 1284 0.0 64 26 130 42 214 0.607 66 188.8 231 07 19 0.61
45 251 768 2168 0.0 67 30 210 62 410 0512 83 141.0 147 05 15 1.1
46 218 755 2185 0.0 103 50 200 5.1 466 0429 147 155.0 230 04 32 1.6
47 259 743 2770 00 130 70 320 6.1 740 0432 170 158.3 255 04 _ 16 1.8
Flow path V .
51 230 820 181 16 21 6.5 46 04 8.8 0523 2.7 8.9 <0.01 01 12 0.07
52 231 1773 859 0.0 56 23 63 1.8 150 0.420 43 161.2 408 02 12 0.45
g’i 223 741 2365 0.0 170 74 200 57 470 0426 330 214.7 277 03 16 1.6
04 21 44

cal-strontium—chloride solution was always slightly de-
pleted in 13C relative to that of DIC determined on
BaCO, samples collected by the gas-sparging procedure
(Table 3). The average depletion in 813C of direct-pre-
cipitated samples was 1.1::0.4%o relative to those collect-
ed by gas sparging. The difference in 6'3C of DIC col-
lected by direct precipitation using ammoniacal-stron-
tium~chloride solution and absorption in 2 N NaOH so-
lution was attributed to kinetic isotope fractionation pro-
cesses associated with the gas-sparging procedure. Pre-
sumably, kinetic isotope fractionation accompanied the
incomplete recovery of the DIC. This fractionation, evi-
dent in 813C, likely also affected the 14C activity. There-
fore, each measured 4C activity was corrected (Table 3)
by assuming that the 1C per mil fractionation was twice
that of the measured 13C fractionation. The correction

_ was small and resulted in a decrease of'th® average mea-

sured 14C activity of 0.2+0.1 pmc (Table 3).
The 4C activity was determined- by conventional ben-
zene-synthesis and liquid scintillation counting at the
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Southern Methodist University Radiocarbon Laboratory,
Texas. Values of pmec, after correction for kinetic isotope
fractionation processes that occurred during sample col-
lection, are reported as in Stuiver and Polach (1977) but
were not further normalized for differences in §13C from
—25%0 (Mook and van der Plicht 1999), as is normally
done for biological samples. One-sigma uncertainties in
the reported 14C activities (H. Haas, personal communi-
cation 1986) are generally less than 0.2 pmc. Most of the
14C activities were quite low: only 9 of the 24 measured
14C activities were greater than 5 pmec. Two values were
<0.0520.17 pmc, and in order to place limits on the min-
imum radiocarbon age, they were assigned a maximum

value of twice the 1- uncertainty (0.34 pmc), as recom- .

mended by Stuiver and Polach (1977). The low 14C ac-
tivities measured indicate that the gas-sparging method
minimizes atmospheric contamination of . groundwater
samples.

Sprinkle (1989) tabulated approxmlately 80 measure-
ments of 1#C actw1ty of DIC in samples collected by
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Table 2 (continued)

135

f-- 0.02

B Ba Mn Sr Fe Li NO; NH, PO, DOC Log Saturation Index
: asN asN asP Peo,
- Cal. Dol. Gyp. Cel

0.04 0.012  0.004 0.081  0.053  0.004 059  0.08 0.06 40 261 0.08 -0.16 -2.66 -3.62
0.03 0.039  <0.001 1.8 0.004  0.007 001 025 0.02 0.1 -2.53 010 010 -2.12 -1.80
0.06 0.039  0.002 3.3 0.013 0.008 0.03 045 0.01 2.1 —2.22 006 004 ~135 -1.02
0.04  0.012 0.004 0.081  0.053 0.004 059 0.8 0.06 40 261 0.08 -0.16 -2.66 -3.62
0.04  0.034 <0.001 2.0 0.014 - 0.005 001 021 0.02 01 259 012 011 =257 =212
0.05  0.057 0002 31 0.005  0.002 001 023 001 .01 =218 0.08 023 -145 -0.07
0.05 0016 <0001 24 0.011 0.008 001 025 0.01 01 221 017 046 -LI11  0.00
015 . 0029 - .0.020 19 0.030  0.020 001 038 0.01 08 =239 0.08 033 -1.09 -0.09
035  0.024 <0001 153 <0.003  0.027 001 030 0.01 05 228 012 044 -1.05 -020
0.04 0.012 0.004 0.081  0.053 0.004 0.59 0.08 0.06 4.0 —2.61 0.08 -0.16 -2.66 -3.62
0.05 0.074 0.002 3.8 0.005 <0.004 n.d. nd. n.d. nd. 254 007 012 -2.80 -2.02
0.06 0.040 0.005 2.4 0.051 0.005 0.01 1.20 0.07 2.0 —2.49 016 010 -3.28 -278
0.14 0.068 <0.001 21 0.004 . 0.006 0,01 0.34 0.01 4.0 —2.32 006 049 -1.85 -040
040  0.027 0.002 15 0.009  0.007 002 038 0.01 1.8 2.9 020 088 -1.98 -043
0.15  0.045 0.003 1.0 <0.003  0.010 001 038 001 40 231 0.11 043 -173 -1.87
039 <0.1 0.002 14 0.060  0.070 001  0.66 1.00 12 -2.60 011 070 -1.54 -0.66
0.04  0.012 0.004 0.081  0.053  0.004 059  0.08 0.06 40 261 008 -016 -2:66 -3.62
0.04  0.033 0.011 0.11 0.019  <0.004 001 038 0.07 15 244 0.06 -041 -330 —4.17
0.03 0.018 0.004 041 0.071,  0.006 0.01 038 0.02 60 246 024 015 -265 -3.04
0.07  0.088 0.001 2.8 0.047  0.010 001 047 0.01 22 233 011 016 -1.90 -1.55
0.09 0.095  <0.001 5.7 0.006 0.007 0.01 0.30 0.01 2.9 —2.58 0.09 017 -1.83 -1.19
0.07 0.022 - nd. 13 0.034 0.065 0.01 0.43 0.01 2.5 —2.44 0.10 019 -147 -0.66
0.09 0200 nd. 11 0.050 0.010 0.02 0.60 0.01 25 —2.29 0.10 029 -140 -0.76
0.03 0.033  <0.001 0.06 <0.003 <0.004 1.0 0.13 0.04 01 328 005 -0.09 -350 —4.33
0.024 0.002 14 0.011  <0.004 0.02 0.50 0.02 11, —2.58 015 023 -2.08 -1.98
- 0.09 <01 n.d. 22 0.070 0.020 0.01 0.77 0.01 7.0 -2.16 026 048 -1.01 -1.19
0.17 <0.1 nd. 3.7 0.230  0.020 0.02 090 0.02 55 -1.86 0.19 045 -110 -1.13

USGS researchers B. Hanshaw and W. Back in the mid-
1960s. Most of these measurements were previously un-
reported, and are predominantly from unconfined parts
of the UFA in Florida, where 4C activities are about
34-68 pmc. In confined parts of the UFA, where some of
the measurements for this study can be compared with
the previous work of Hanshaw and Back (Back and
Hanshaw 1970; data reported in Sprinkle 1989), the 14C
measurements for this study tend to be somewhat lower
than those comparable samples of Hanshaw and Back, as
shown in Table 4. None of the wells sampled as part of

‘this study is identical to any sampled by Hanshaw and

Back, though all samples compared (Table 4) penetrate
part of the UFA and are located within a few kilometers
of those sampled by Hanshaw and Back, It is not known
why the 14€ activities of Hanshaw and Back are biased
higher than those reported here, but the results €ould in-
dicate minor contamination with air during field sam-
pling and/or laboratory processing. Many of the unad-
justed radiocarbon ages reported by Back and Hanshaw
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are similar to the final NETPATH-adjusted radiocarbon
ages reported here (see a later section of this paper). The
reason for this may be compensating terms, that is, unad-
justed ages (biased old) calculated from elevated 4C
measurements (biased young). Because of ‘possible un-
certainties in 14C activities and incomplete chemical and
isotopic data for the Hanshaw and Back samples, the in-
terpretation of radiocarbon age in this paper is based on-
ly on the newly collected data reported here.

8180 and &%H were determined on water samples at
the USGS Stable Isotope Laboratory, Reston, Virginia.
The stable-isotope results are reported in per mil relative
to VSMOW (Vienna Standard Mean Ocean Water; Cop-
len 1996) and normalized (Coplen 1988) on scales such .
that the oxygen and hydrogen isotopic values of SLAP
(Standard Light Antarctic Precipitation) are —55.5 and
—428%o, respectively. The 2-0 precision of oxygen- and
hydrogen-isotope results is 0.2 and 1.5%o, respectively.

Water samples for the determination of tritium ‘(3H)
were enriched electrolytically and analyzed by liquid
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Table 3 Summary of isotopic data. A348=834S guey~8**S g5y APC=31Cgirece precipy=0">Cgas evol)

Well Tritum #lc 530 §2H d%Ms 48 A343  Direct Gas ABC  Meas. Meas. Corr.
jis} (TU) (TU)  (%o) (%o) 80, H,S precip.  evol. (%)  MC +lo 14C
no. (%o) (%0) (%0) 813C d13C (pmce) (pme)  (pmc)
%) %)
Flow path I
<11 3.34 0.13 -3.35 -17.0 - - - -11.4 -10.8 -0.5 33.23 0.28 33.13
1.2 0.16 - 0.10 -2.65 -11.5 23.9 -37.1 61.0 -10.4 -9.5 -0.8 1.15 0.17 0.99
13 0.10 0.12 ~1.45 -7.0 25.3 -28.4 53.7 -12.2 -11.3 -0.8 5.78 0.19 5.62
Flow path IT .
1.1 3.34 0.13 335 -17.0 - - - -114 -108 =05 3323 028 33.13
22 1.33 011  -1.80 -8.0 25.7 -9.9 356 -107 =102 05 662  0.19 6.53
23 0.28 015 210 -9.5 245 =360 60.5 -6.4 -53 -l1 077 017 0.56
24 -0.07 014 =210 =75 236 =377 61.3 —4.0 24  -15 1.09  0.18 0.79
2.5 0.12 011 -170 5.5 241 =370 61.1 -5.7 45 =12 029 017 0:04
26 -0.04 012 -175 -6.5 235 412 64.7 -52 —-40 -12 079 017 0.54
Flow path IIT '
1.1 3.34 0.13 -3.35 -17.0 - - - -11.4 -10.8 -0.5 3323 0.28 33.13
32 0.43 0.14 -0.80 —4.0 46.3 —44 507 -9.2 -8.3 -0.9 496 0.19 4.78
33 -0.07 0.14  -0.70 2.5 31.8 022 316 -6.8 -61 0.6 1545 020 15.33
3.4 0.32 0.13  -1.20 5.0 293 202 49.5 -2.9 -1.6 -1.3 067  0.15 0.42
35 —0.03 017 -1.60 -5.5 313 319 63.2 -1.6 -04 1.2 046 017 0.23
36 -031 0.16 -1.55 5.0 28.2 -34.7 62.9 4.2 =2.9 -1.3 1.16 0.16 0.90
3.7 0.06 0.14  -140 5.5 266 =385 651 2.5 -05 -1.9 0.41 0.17 0.03
Flow path IV
1.1 3.34 013 335 -17.0 - - - -114 -108 -05 3323 028 33.13
42 0.93 016 -1.50 -9.0 - 5.8 - . -85 72 -13 2316 026 22.89
43 -015 013 =240 110 48.0 —4.3 52.3 -9.1 -68 23 639  0.19 5.92
44 027 014 -195 -8.0 271 234 50.5 -8.5 -76 0.8 121 0.17 1.04
4.5 0.06 0.15 -2.10 -85 24.6 -30.0 54.6 -16 -6.4 -1.2 2.26 0.18 2.01
46 -0.11 0.12 -1.50 5.0 24.8 -37.0 61.8 -14 -6.2 -1.2, 2.34 0.17 2.10
47 -0.06 0.09 -1.50 -4.0 24.8 -35.6 60.4 -8.2 ~6.7 -1.5 2.28 0.19 1.99
Flow path V
5.1 10.20 0.30 -2.30 -12.5 -4.9 - - -124  -11.0 -1.3 37.38 1.03 37.11
52 0.11 0.14 -1.55 -6.5 333 -10.7 440 -8.7 -1.7 -1.0 248 0.15 2.29
5.3 0.15 016 225 =15 218  -420 63.8 -9.1 -7.8 -12 1032 021 10.07
5.4 0.19 0.14  -1.90 -8.5 221 =372 59.3 -8.1 -7.0 -1.1 540  0.19 5.18
; 14
:chtli)éfﬁtscv‘z‘)iﬁpzfrii(,elrl ngtta Sf ‘Well name Well Date H-B H-B date H-Bdata This study
Hanshaw and Back (H-B) IDno. sampled well name sampled  (pmc) (pmc)
Eﬁ';ﬁ,“i‘ﬁ%‘?gi?k‘gfﬁ%;“r{n_ Polk City No. 2 11 24Ja-86 PolkCity  Jan-64 343 3313
kle (1989)]. 'The comparison is Zolfo Spr.'mgs #1 23 05-Feb-86 ‘Wauchula Jan-64 4.4 0.56
made for wells penefrating the ~ ROMP 26 24  05-Feb-86  Arcadia Jan-64 3.0 0.79
UFA and located within a few ROMP 10 2.5 02-Feb-86  Cleveland Jan-64 33 0.04
Kilometers of those sampled as Gty of Frostproof #3 32  30-Jan-86  Frostproof  Jul-65 6.7 478
a part of this stdy Sebring #6 33  31-Jan-86  Sebring Jul-65 20.5 15.33
Oslo RO Monitor Well 3.6 26-Jan-86  VeroBeach  Jul-65 1.8 0.90
' Haines City #10 42  29-Jan-86  Haines City  Jul-65 31.8 22.89
Roper Groves 44 30-Jan-86  Holopaw Jul-66 52 1.04 -
28-Jan-86  Bau Gallie  Jul-65 43 2.10

‘Woodson Well, Melbourne 4.6

scintillation counting at the low-level Tritium Laboratory
at the University of Miami, Flgrida. Tritium concentra-
tions are expressed in Tritium Units (TU), where 1 TU
indicates a T/H ratio of 10-18. One-§fgfha uncertainties
in the reported trititum concentrations are generally

<0.15 TU in samples with less than 1 TU, and about
2-3% for samples containing more than 10 TU.
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Results and Discussion

Chemical and Isotopic Evolution Along Flow Paths
The concentrations of calcium, magnesium, and sulfate
generally increase along groundwater flow paths (see,

‘for example, data for flow paths IT and IV in Fig. 4, and

Table 2, showing water composition as a function of the -
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Fig. 4 Variations in concentrations of calcium, magnesium, bicar-
bonate, and sulfate along a flow path IT and b flow path IV, as a
function of horizontal distance from well 1.1

horizontal component of the distance of groundwater
flow). Bicarbonate concentration is relatively constant
along the flow paths. This compositional behavior is
consistent with the classic dedolomitization reaction:

calcite precipitation driven by dissolution of gypsum (or .

anhydrite) and dissolution of dolomite (Plummer 1977).

All waters sampled are oversaturated with respect to
pure stoichiometric calcite. Waters from the initial points
on flow paths are undersaturated with respect to dolo-
mite, and become oversaturated relative to stable crystal-
line dolomite with distance of flow (Table 2), as was
originally shown by Back and Hanshaw (1970). The sat-
uration indices (Table 2) of calcite and dolomite are con-
sistent with the dedolomitization reaction, if the reacting
dolomite is less stable than pure stoichiometric dolomite,
for example, a disordered sedimentary dolomite, with
equilibrium constant near 10-166 (Nordstrom et al.
1990).

The gypsum saturation index increases with distance
of flow but remains undersaturated along all flow paths
(Table 2). Waters on the western flow paths approach ce-
lestite saturation and are associated with a celestite “roll
front” process in which celestite dissolves and is re-
deposited farther along the flow path (McCartan et al.
1992). Chloride concentrations are 1%’ in most waters,
but they increase in some coastal areas with asNa/Cl ra-
tio near or slightly less than that of seawater.

Most of the waters contain hydrogen sulfide (Table 2),
" reaching concentrations as great as 6 mg/L. The sulfur
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Fxg 5 Variation in a §13C and b 14C activity of dissolved inorgan-
ic carbon as a function of horizontal distance of flow along flow
paths I-V

isotopic composition of dissolved sulfate reflects the
combined reactions of marine anhydrite dissolution
and kinetic isotope fractionation of sulfur during microbi-
ally mediated sulfate reduction, which produces H,S de-
pleted in 34S. The per-mil differences in sulfur isotopic
composition (Table 3) of dissolved sulfate and hydrogen
sulfide, A4S (A34S=048 (504-8*Ss)), approach those
expected for sulfur-isotope cthbnum between dis-
solved sulfide and sulfate (Rightmire et al. 1974; Rye et
al. 1981; Plummer et al. 1990).

8!13C of DIC becomes progressively enriched on all
flow paths, as shown in Fig. 5. In many cases the enrich-
ment exceeds the amount that is possible for dissolution
of dolomite in the dedolomitization process. Several
813C values of DIC are near —2%o and are thought to re-
present 13C enrichment associated with fresh-water re-
crystalhzatlon of marine calcites. The recrystalhzatlon
reaction is probably driven by small differences in Gibbs
free energy of calcites that cause dissolution of some-
what impure (less stable) calcites of marine or saline-
water origin. Examples are calcites containing traces of
Na or SO, in lattice defects (Busenberg and Plummer
1985) or fine-grained calcites with relatively high sur-
face area that dissolve and re-precipitate in fresh water
forming more pure (and more stable) calcites. 14C activi-
ties decrease rapidly along all flow paths, from values
near 35 pmc in initial waters at well 1.1 (flow paths
I-IV) and well 5.1 (flow path V) to typically less than
1 pmc and as low as 0.03 pmc (Fig. 5). Several of the
14C measurements increase along a flow path (Fig: 5).
These include the two final wells along flow path V

DOI 10.1007/s100400000121




138

which may contain fractions of water from the Hawthorn

Formation (Fig. 3), and two wells in the UFA (wells 1.3
and 3.3) which may be influenced by downward leakage
(Fig. 2). These results indicate that the 14C data can be
used to identify areas where water in the UFA is locally
recharged from shallow sources or is influenced by shal-
low sources during pumping.

Mass-Transfer Models

The chemical and isotopic data were interpreted using
NETPATH (Plummer et al. 1994) in order to adjust
initial 14C activities for geochemical reactions. The
NETPATH code uses equations of chemical mass bal-
ance, electron balance, and isotope mass balance to de-
fine all possible net geochemical reactions between the
initial and final water along a flow path. The geochemi-
cal reactions are constrained to occur among reasonable
reactant and product minerals and gases, and they are

consistent with the observed chemical and isotopic data-

of the groundwater. Each geochemical reaction model is
then solved as an isotope-evolution problem (Wigley et
al. 1978), accounting for isotope fractionation along the
flow path to predict the isotopic composition at the end
point in the reaction, including adjustment of the 1mt.1a1
14C activity for geochemical reactiosis.

The reaction models require isotopic data from the
water samples and from solid and gas-reacting phases.
Eleven determinations of &3S of sulfur in gypsum and
anhydrite samples, measured as a part of this study from
cores that penetrate the UFA and parts of the middle con-
fining unit in central Florida and southeast Georgia, av-
eraged 22.8+0.6%o. Four determinations of §'3C in cal-
cite (this study) from the UFA averaged —0.3+1.1%o.
Budd et al. (1993) observed two groups of 3!13C values
for calcite cements from the Suwannee Limestone from
west-central Florida; values were approximately -1 to
+1%o 813C and approximately -5 to —8%e. A dolomite
sample from well 2.4 (ROMP 26) had a 313C isotopic
composition of +1.1%e. Randazzo and Cook (1987) re-
port dolomites from the Avon Park Formation in west-

" central Florida with 8!3C values of +1.2 to +3.1%o.

Wicks et al. (1995) and A.F. Randazzo (University of
Florida, personal communication 1990) report that 34
calcites from a depth range of 64—159 m (ROMP well
TR16-2A, west-central Florida) in the Ocala Limestone
had 83C values averagmg +1.6£0.7%o, and dolomites at
73 and 163-167 m in the Ocala Limestone averaged
—0.120.7%o0 in 813C.

The isotopic composition of precipitating calcite was

calculated, accounting for isotope fractionation (Wigley
et al. 1978). Most reactions were modeled with anhyd-
rites of isotopic composition of +22+1%0 in &S, with
dissolving dolomites of —1 tg +1%g in 813C, and dissolv-
ing calcites of 0 te +1%. in 61C. Tn the models, all dis-
solved organic carbon (DOC) and -pafticulate organic
carbon (POC) (denoted as CH,O; see below) reacted
were assumed to havé a 813C isotopic composition of

—25%o. Calcite recrystallization (isotope exchange) was .
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modeled for marine calcites dissolving in the range 0 to

* 4+2%o in 813C and precipitating in isotopic equilibrium

with the groundwater. The seawater composition used
in the NETPATH models was the average seawater of
Nordstrom et al. (1979). Table 5 summarizes carbon- and
sulfur-isotope compositions of dissolving anhydrite, cal-
cite, and dolomite used in the mass-transfer models.

The initial water for flow paths I-IV was that of well
1.1, and for flow path V the initial water was that of well
5.1. In the most upgradient parts of each flow path,
where the water compositions are relatively dilute, the
initial water was a hypothetical CO,-water solution in
equilibrium with a soil CO, partial pressure of 1018 at-
mospheres at 25 °C (denoted “model” in Table 5). The
assumed initial soil CO, partial pressure for rechargg ar-
eas in central Florida is consistent with a relationship de-
veloped by Brook et al. (1983) that relates mean growing
season soil Ppp, to mean annual actual evapotranspira-
tion. All reactions observed were constrained by mass

‘balance on Ca, Mg, Na, S, C, Cl, Fe, electron balance,
and a 348 isotope balance (Plummer et al. 1990). The re-

actions were checked for consistency with the observed
813C of DIC, the total dissolved-carbon concentration
(TDC=DIC+DOC+CH, in NETPATH) in water from the
end well, and the data on the carbon and sulfur isotopic
compositions of reacting phases.

As an additional check on the reaction modeling, CO,
gas was included as a phase in each model. Because the
groundwater system is closed to exchange of CO, gas with
the soil atmosphere, a valid reaction model results in zero
mass transfer for CO, gas, within the uncertainties of the
data, and if the composition of the paleo-recharge waters

-were similar to those used here. Except for two wells at

the end of flow path V, which are probably affected by ad-
ditional geochemical reactions, the CO,-gas mass transfer
averaged 0.5+0.4 mmol/kg of water. However, the mass-
balance calculations for waters on flow paths I-IV show
small but systematic variations in values of the CO,-gas
mass transfer (Table 5). Calculated values of the CO,-gas
mass transfer are positive and somewhat larger for waters
from upgradient parts of the UFA. relative to those older
waters farther downgradient that have calculated CO,-gas

.mass transfers near zero or slightly negative. This could

indicate that the upgradient waters have evolved fromi re-
charge waters that had somewhat higher DIC than that
used in the present models, and that farther downgradient,
the older paleowaters evolved from recharge waters with
DIC contents nearly identical to or slightly lower than
those used in the models. Although there may be some
paleoclimatic significance to the trends in CO,-gas mass
transfer, the calculated values of CO,-gas mass transfer
are generally small and indicate that within the uncertain-
ties of the chemical and isotopic data, valid reaction mod-
els were observed. The models were also solved using the
chemical analyses of Table 2 after artificially adjusting the
analyses for electrical imbalance (Parkhurst 1997), but,
because the charge imbalances are small, the differences
in modeled results from those calculated using the ana-
lyzed data are not significant.

DOI 10.1007/s100400000121




Table 5 Summary of mineral mass transfer

139

Well Initial Cale. Calculated mass transfer (mmol/kg water)
IDno.  water seawater
in mixture Organic  Calcite Dolomite  Ca/Na FeOOH Anhydrite  FeS, CO,gas
(%) carbon exchange

Flow path I ' .
1.1 Model 0.00 0.23 0.53 0.33 -0.01 -0.02 0.07 0.03 0.77
12~ Model 0.00 0.03 0.23 0.66 0.24 0.00 045 0.00 0.56
1.3 Model 0.06 0.58 -1.31 1.20 0.08 0.07 2.17 -0.07 0.96
Flow path IT . . ’
1.1 Model 0.00 0.23 0.53 0.33 -0.01 -0.02 0.07 0.03 0.77
22 Model 0.00 0.06 0.27 0.49 0.03 0.00 0.19 0.00 0.78
23 Polk City 0.05 0.01 -2.06 1.00 0.07 0.06 1.91 -0.06 0.53
2.4 Polk City 0.04 0.10 -3.78 1.79 0.09 0.08 3.63 -0.08 0.36
2.5 Polk City 0.86 0.15 —4.09 1.87 0.43 0.07 4.11 -0.07 0.03
2.6 Polk City 2.02 0.06 -3.67 1.81 0.78 0.05 4.34 -0.05 0.28
Flow path ITI -
1.1 Model 0.00 0.23 0.53 0.33 -0.01 -0.02 0.07 0.03 0.77
3.2 Model 0.05 0.16 0.14 054 . 0.6 0.01 -0.01 -0.01 0.88
33 Model 0.04 0.19 0.62 0.39 ©0.07 0.00 0.03 0.00 0.98
34 Polk City 0.28 0.49 -2.26 1.16 0.20 0.06 1.30 -0.06 0.74
3.5 Polk City 0.53 0.48 -0.95 0.57 1.78 0.12 1.71 -0.12 -0.38
3.6 Polk City 1.65 0.35 -1.23 0.90 -0.31 0.03 - 0.68 -0.03 -0.10
3.7 Polk City 7.19 0.25 =277 1.01 =219 0. 02 0.32 -0.02 0.43
Flow path IV
1.1 Model 0.00 0.23 0.53 0.33 -0.01 -0.02 0.07 0.03 0.77
42 Model 0.07 0.00 0.90 0.19 0.07 0.00 0.02 0.00 1.03
4.3 Polk City 0.08 0.40 0.58 -0.15 0.17 0.04 0.08 -0.04 0.19
44 Polk City 1.03 0.11 0.22 0.17 0.23 0.03 0.39 -0.03 -0.06
4.5 Polk City 1.65 . 0.10 -0.33 0.00 -0.54 0.02 0.36 -0.02 0.07
4.6 Polk City 2.29 0.13 -1.23 0.47 -1.29 0.03 0.86 -0.03 0.22
4.7 Polk City 3.66 0.16 -1.32 0.55 -2.00 0.03 0.72 -0.03 0.22
Flow path V

1 Model 0.00 0.00 0.20 0.27 - =0.02 0.00 0.03 0.00 0.13
52 Keystone 0.71 045 -0.30 0.29 -0.44 0.02 0.37 -0.02 0.53

3 Keystone 2.30 0.61 -2.08 1.52 - =133 -0.05 2.72 0.05 1.30
54 Keystone 6.11 0.53 -0.77 0.92 -2.57 -0.08 1.29 0.08 2.20

NETPATH calculated the mass transfers of calcite,
“dolomite, anhydrite, Ca/Na ion exchange, organic-matter
CH,0) oxidation (accompanying microbial sulfate re-
‘duction), dissolution of ferric hydroxide accompanying
ron reduction, precipitation of iron sulfide, mixing with
eawater, and isotopic exchange (calcite recrystalliza-
on) of carbon in calcite with DIC in the groundwater
Table 5). For example, the overall net mass transfer
ong flow-path III from well 1.1 to well 3.5 is

~[Well water 1.1140.57 Dolomite
+1.71 Anhydrite+0.48 CH,0+0.12 FeOOH

. +5.5 Calcite (Recrystallization)
+1.78 Na,X—0.95 Calcite
+5.5 Calcite (Recrystallization)+1.78 CaX
+0.12 Pyrite+0.37 CO,+0.53% Seawater
+[Well water 3.5] et

he stoichiometric coefficients in the reaction are in
millimoles per kilogram of water. Identical mass trans-
fers of calcite recrystallization occur on both sides of the

ydrogeology Journal (2001) 9:127-150

reaction, indicating a mass of 5.5 mmol of calcite-
exchanged 13C with 1 kg of the aqueous fluid. The mod-
eled recrystallization reaction dissolved 5.5 mmol of cal-
cite of +2.0%o in 813C and precipitated 5.5 mmol of cal-
cite in carbon-isotopic equilibrium with the groundwater.

In the above example, the net reaction reproduces the
observed 813C of —1.6%o at well 3.5. All mass transfers
are net and generally small, considering, in this case, that
they are spread over a minimum (horizontal) distance of
nearly 145 km along flow path ITI. Table 5 summarizes
the overall net mass transfers for all reactions between .
the initial water (model, well 1.1 or well 5.1) and the
sampled water along the flow path. That is, each calcu-
lated reaction to a well is the overall mass transfer calcu-
lated between the initial water and water from a particu-
lar well, rather than mass transfer that is calculated in- -
crementally between successive wells. An advantage of
this modeling approach is that the calculated mass trans-
fer is independent of the actual flow path, as long as the
initial water is representative of recharge water to the
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Table 6 Summary of stable-isotope calculations

Well Initial .  Calcite exchanged Isotopic comp. of mineral sources Cale. 813C Obs.  Cale. Obs.

D water (mmol/kg water) of TDC | §13C. &S &S

no. ———————  313C (%) 8343 813C of calcite TDC  Speany  Sgroml)
0% +2%o (%)  exchanged @) Gy (o

Calcite Dolo. CH,0 CO, Anhy-

drite 2%o 0%o

Flow path I

1.1 Model 0.0 0.0 0 I ~25
1.2 Model 0.0 0.0 0 0 ~25
1.3 Model 0.0 0.0 - 1 25
Flow path IT

1.1 Model 0.0 0.0 0 1 =25
22 Model 0.0 0.0 0 -1 -25
2.3 Polk City 1.2 1.6 - 1 25
24 Polk City 1.6 2.3 - 1 25
2.5 Polk City 0.0 0.0 - -1 -25
2.6 Polk City 0.0 0.0 - 1 —25
Flow path IT

1.1 Model 0.0 0.0 0 1

3.2 - Model 0.38 0.44 1 0 =25
33 Model 0.9 1.2 1 1 25
34 Polk City 54 10.0 - 1 =25
35 Polk City 5.5 14.0 - 0 =25
3.6 . PolkCity 1.7 2.3 - 1 =25
3.7 Polk City 5.0 10.0 - 1 25
Flow path IV

1.1 Model 0.0 0.0 0 1 25
42 Model 0.25 0.30 1 1 -
43 Polk City 0.65 0.80 0 1 =25
44 Polk City 0.5 0.6 1 1 25
4.5 Polk City 1.30 1.65 - 1- 25
4.6 Polk City 0.90 1.10 - 1 25
47 Polk City 0.55 0.65 - 1 -25
Flow path V ‘
5.1 Model 0.0 0.0 0 0 -
52 Keystone 1.30 1.65 - 1 -25
53 Keystone 0.0 0.0 - 1 25
54 Keystone 0.0 0.0 - 1 =25

25 .

25 22 125 -125 -130 - -
25 22 103 . -103 -104 - -

25 20 ~106  -106 -129 - -

25 22 125 -125 -130 - -

19 22 108  -108 =107 - -,

25 2 -65 65 64 237 230
25 21 . 40 40 40 230 226
19 22 -6.1 -6.1 62 234 231
25 22 54 54 55 227 224
25 22 125 125  -130 - -

19 22 92 92 92 260 287
19 2 7.8 77 17 216 216
18 2 47 47 47 243 247
25 22 2.8 28 27 282 274
25 2 6.1 62  -61 229 225
25 22 -32 33 33 218 217
25 22 125 -125  -130 - -

39 22 92 92 =92 - -

25 22 113 113 -113 296 343
25 2 -93 93 93 221 223
25 22 92 92 92 221 218
25 2 86 87 87 223 220
05 22 -93 04 94 224 222
25 2 100 -100 -124 - -
25 2 -9.3 92 92 227 236
25 22 ~107  -107 -112 202 202
2 22 -93 93 96 191 191

system. The models then assume that dilute carbonate
groundwaters such as those at Polk City and Keystone
Heights are representative of recharge waters to the
Floridan aquifer system, and that all significant geo-
chemical reactions are included in the model.

Although the wells sampled were selected along gen-
eralized flow paths, the calculated mineral mass transfers
are actually independent of flow path and depth of circu-
lation in the Floridan aquifer system. Thus, in areas of
upward leakage, the net reactions could include mineral
mass transfer that occurred as water in the UFA circulat-
ed along the base of the aquifer and contacted parts of
the middle confining unit I in west-central Florida
(Budd et al. 1993; Jones et al. 1993; Sacks et al. 1995),
or as water from the LFA leaked through middle confin-
ing unit I in east-central Florida. The Té4ction modeling
determines the amounts of reactions that affected the wa-
ter composition between the starting point (recharge ar-
ea) and sampling point, but does not determine where

Hydrogeology Journal (2001) 9:127-150

within the flow system the reactions actually occurred.
Table 6 summarizes the isotopic data used in the geo-
chemical models, the calculated mass of calcite recrys-
tallized, and the calculated and observed values of 813C
and 8348 of total dissolved carbon and of total dissolved
sulfur (SO4+H,S).

The .results indicate spatial relations in calculated
mass transfer that suggest possible hydrogeologic pro-
cesses within the flow system. Figure 6 shows the net
mass transfers of dolomite dissolution, calcite precipita-

tion, anhydrite dissolution, and organic-carbon-oxidation
_plotted at the end point for each flow path between the

recharge area and the well. Mineral mass transfers are.
small along flow paths to most upgradient wells and in-

-
g B L
Fig. 6 Distribution of cumulative net mass of a dolomite dis-

solved, b calcite precipitated, ¢ anhydrite (gypsum) dissolved, and
d organic carbon oxidized

DOI 10.1007/5100400000121
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crease over flow paths that reach wells farther downgra-

dient (Fig. 6). This implies that most of the mineral mass
transfer is occurring along flow paths that reach the more
downgradient wells. Dolomite dissolution is generally
small in the upgradient and eastern areas sampled, but
reaches a maximum of 1.9 mmol/kg of water dissolved
_in the southwestern part, as shown in Fig. 6a. Small
masses of calcite dissolve along initial segments of each
flow path (Table 5). Farther downgradient, calcite pre-
cipitates along all flow paths. Masses of calcite precipi-
tated are nearly zero in upgradient parts of flow paths
but increase to the southeast and southwest to a maxi-
mum of 4.1 mmol precipitated/kg of water (Fig. 6b). The
patterns in dolomite and calcite mass transfer mimic that
of anhydrite (gypsum) dissolution (Fig. 6c), which is
likely the controlling reaction for the dedolomitization.
The percent of pore space filled by the modeled mass of
calcite cementation is not known, because the length of
the flow tube over which the reaction occurred is not

known. However, even if the reaction occurred over a lo- -

cal flow-path segment of only a few kilometers while in
contact with the middle confining unit, the calculated

mass of calcite cement formed is very small and not in- -

consistent ‘with petrographic evidence of Budd et al.
(1993).

The driving force for the dedolomitization reaction is
probably the occurrence of anhydrite (gypsum). In west-
central Florida, most of the dedolomitization reaction
probably occurs near the base of the UFA, where flow
contacts anhydrite (gypsum) in middle confining vnit I
Diffuse upward leakage from the base of the UFA (Ryder
1985; Jones et al 1993; Sacks et al 1995) transports these
waters to more shallow depths in the UFA, where they
were sampled as a part of this study. In east-central Flor-
ida, anhydrite (gypsum) occurs in middle confining unit
VIO within the LFA, in the eastern extension of middle
confining unit II, and along the base of the Floridan
aquifer system. The depth to first occurrence of anhyd-
rite (gypsum) in west-central Florida is relatively more
shallow than that in east-central Florida, which likely ac-
counts for the higher calculated dedolomitization mass
transfer in west-central Florida relative to that in east-
central Florida.

The amounts of organic carbon oxidized are general-
ly quite small but increase somewhat toward coastal ar-
eas (Fig. 6¢). The organic carbon oxidation accompa-
nies sulfate reduction, which probably occurs in the
LFA with the occurrence of anhydrite (gypsum). The
fraction of seawater in the UFA, based on dissolved
chloride, is nearly zero, except in coastal areas where it
reaches a maximum of 7.2% in a well near Ft. Pierce,
as shown in Fig. 7. Percent seawater is presumably
higher in waters from the UFA of eastern Florida than
in western Florida because middle confining unit I is
leaky and permits diffuse upward leakage of saline wa-
ter from the LFA. Sprinkle (1989) gives additional
chioride data for the UFA that indicate that the zone of
increased percent seawater is fairly extensive along the
east coast of Florida.

Hydrogeology Journal (2001) 9:127-150
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,Fig. 7 Distribution of calculated percent of seawater in the UFA

The areal distribution for recrystallization of calcite
differs from that of the dedolomitization reaction, in that
little or no recrystallization was calculated for waters to
the west and southwest. The maximum amount of re-
crystallization reaches about 5.5 mmol calcite/kg water
on flow path III north of Lake Okeechobee. The distri-
bution of calcite recrystallization, shown in Fig. 8, is
greatest in east-central Florida in areas probably affect-
ed by diffuse upward leakage through the soft, fine-
grained, micritic calcite of middle confining unit I. Mid- -
dle confining unit I is absent in west-central Florida,
consistent with the essentially zero masses of calcite re-
crystallization calculated there. The upgradient portions
of flow paths I-IV also show little or no calcite recrys-
tallization because this area is affected by downward
leakage and/or small amounts of upward leakage (Tib-
bals 1990). Waters near the end of flow path V contain
2-6% seawater (Fig. 7) and thus are apparently influ-
enced by diffuse upward leakage, yet these waters have
calculated low masses of calcite recrystallization. How-
ever, thinning of middle confining unit I in northeastern
Florida (Fig. 3) may limit the amount of calcite recrys-
tallization affecting upward leakage from the LFA on -
flow path V.

Table 6 gives calculated masses of calcite recrystalli-
zation for calcite of both +2 and 0%o in 813C. As expect-
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ed, the calculated mass of calcite recrystallization in-
creases in models using calcite that is more depleted in
13C, The calculated mass of recrystallization of calcite is
not particularly sensitive to the tested range in §!3C com-
positions, except for waters from three wells on flow
path IIT, where 10+ mmol of calcite recrystallization per
kg of water would be required if calcite of 0%. 813C re-
crystallizes. )

Adjusted Radiocarben Age

Traditionally, hydrologists have applied some of the
well-known inorganic adjustment models (Ingerson and
Pearson 1964; Mook 1972; Tamers 1975; Fontes and
Garnier 1979; Eichinger 1983) to DIC of water froma
single well to estimate adjusted 4C ages. The approach
is illustrated in Fig. 9a. This approach is well suited for
geochemical systems undergoing relatively simple wa-
ter—rock reactions, such as carbonate-mineral dissolu-
tion, gypsum dissolution, Ca/Na ion exchange CO, gas
chssolumon and isotope exchange betwéen soil CO,, cal-
cite, and DIC during recharge. Wigley et al. (1978) pres-
ent Rayleigh distillation and isotope mass-balance mod-
els to predict isotopic evolution in carbonate mineral-
water systems where both dissolution (incoming carbon}

A Hydrogeology Journal (2001) 9:127-150
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A, (model)

a Traditional

Aobs (measured)

730, A,
At (years) = = In
) Aobs
b NETPATH
A, (model) Ang (calculated)
A Aps (measured)
— B

Reaction Model
A + Reactants — B + Products
Ao —> p "
5 730 5,730 And

Aobs

At (years) =

A = B —>»Traditional adjustment model
approach in NETPATH

Fig. 9 Conceptual approaches’to radiocarbon dating of DIC in
groundwater: a traditional; b NETPATH

and precipitation (outgoing carbon with isotopic frac-
tionation, including gas evolution) reactions occur, and
they propose a general approach for constructing radio-
carbon adjustment models for evolutionary waters.
NETPATH (Plummer et al. 1994) incorporates the
modeling approach of Wigley et al. (1978) and can be
used to construct 14C-adjustment models for complex hy-
drochemical systems that cannot be treated by previous
DIC adjustment models. The approach is shown in
Fig. 9b. By combining carbon mass-balance equations
with Rayleigh distillation equations for all incoming car-
bon sources and all isotopically fractionating outgoing
carbon phases, the initial M4C (A,) is adjusted for the
modeled geochemical reactions (Fig. 9b). NETPATH in-
cludes most of the well-known adjustment models that
can be applied to the initial water to obtain estimates of
A,. In radiocarbon dating of DIC in groundwater using
NETPATH, the traditional adjustment models are usually.
applied to the initial water only, where, in the recharge
portions of aquifers such as the UFA, the geochemical
reactions are usually relatively simple. In general use,
the initial and final Wwaters are defined separately in
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Table 7 Summary of unadjusted and adjusted radiocarbon ages. TDC Total dissolved carbon

Selected adjustment models (using TDC)

Well Unadjusted age
jin}

no. DIC Meas.  Ageb TDC s Calce:  Tamers (1975) Ingerson and Pearson Mook (1972) -
(mmol/ UC (4c (mmol/ activity  soil —— (1964) -_—
DIC years) kg TDC gas A, Adjusted A, Adjusted
water)  (pmc) water) (pmc) d13C © TDC age o Adjusted TDC  age
(%0) (pmc) (years) TDC age . (pmc)  (years)
(pme)  (years)

1.1 242 33.13 9,100 2.76 40.62 ~17.3 45.5 900 57.6 2,900 304.0 16,600
12 2.69 0.99 38,200 2.70 0.99 -17.9 51.8 32,700 57.6 33,600 924 37,500
13 3.02 5.62 23,800 3.20 5.31 -18.7 504 18,600 61.5 20,200 1175 25,600
1.1 242 33.13 9,100 2.76 40.62 -173 455 900 57.6 2,900 304.0 16,600
22 264 6.53 22,600 2.65 6.51 -18.2 51.5 17,100 58.4 18,100 - 95.3 22,200
23 322 0.56 42,900 3.22 0.56 -13.2 53.0 37,600 432 36,900 1055 + 43,300
24 3.00 0.79 40,000 3.00 0.79 -10.6 52.9 34,800 37.0 31,800 102.8 40,300
25 252 <0.34®  >47,200 2.59 033. -125 512 >41,700 44.6 >40,500 89.9  >46,300

X 2.99 0.54 43,100 3.03 0.53 -12.1 52.1 37,900 42.3 36,200 97.7 43,100
1.1 242 33.13 9,100 2.76 40.62 -17.3 45.5 900 57.6 2,900 304.0 16,600
32 281 4.78 25,100 2.81 4.78 -16.7 51.7 19,700 54.7 20,100 11.8 7,400
33 2.95 15.33 15,500 3.12 14.51 -132-  49.1 10,100 48.3 9,900 69.2 12,900
34 372 0.42 45,300 4.06 0.39 -8.5 47.9 39,900 31.3 36,300 72.8 43,300
3.5 2.90 0.23 50,300 3.05 0.22 -8.1 438.2 44,600 18.7 36,800 83.3 49,100
36 324 0.90 39,000 3.57 0.82 -9.7 47.6 33,600 39.3 32,000 67.8 36,500
37 254 <0.342  >47,300 2.64 0.33 -9.3 49.8  >41,500 254 >36,000 884  >46,300
1.1 242 33.13 9,100 2.76 40.62 -17.3 45.5 900 57.6 2,900 304.0 16,600
42 275 22.89 12,200 2.87 21.9 -153 50.0 6,300 53.2 7,300 54.1 7,500
43 314 5.92 23,400 3.64 5.11 -14.6 44.8 18,000 53.8 19,500 8.2 3,900
44 318 1.04 37,700 3.36 0.98 -15.1 49.7 32,400 53.0 33,000 - 537" 33,100
45 234 2.01 32,300 2.58 1.82 -13.5 47.1 26,900 50.9 27,500 474 26,900
4.6 2.60 2.10 32,000 2.81 1.94 -13.5 48.7 26,600 494 26,700 63.3 28,800
4.7 2.69 1.99 - 32,400 2.89 1.85 -14.2 493 27,200 533 27,800 51.9 27,600
5.1 142 37.11 8,200 1.42 45.39 -20.3 50.4 900 60.5 2,400 100.1 6,500
52 2.60 2.29 31,200 2.70 221 -15.9 .50.1 25,800 52.6 26,200 63.1 27,700
53 3.69 10.07 19,000 4.27 8.69 -144 46.1 13,800 54.1 15,100 25.6 8,900
54 4.80 5.18 24,500 5.26 473 -13.8 50.2 19,500 53.7 20,100 58.3 20,800

aMaximum 14C activity assigned 2;<10=0.34 pmc
b Unadjusted age calculated assuming A, of 100 pmc and 14C half
life of 5,730 years

NETPATH. NETPATH is then used to describe the geo-
chemical reactions that reproduce the chemical and §13C
isotopic composition of DIC in the final water. This, in
effect, develops a separate adjustment model for each
water analysis. The adjustment is applied to the initial
14C to compute the 4C expected in DIC at the final well,
as if there were no radioactive decay (A,q; Fig. 9b). The
adjusted no-decay 14C activity is then used with. the mea-
sured 14C activity to compute travel time from the initial
to the final point, Further details of radiocarbon dating
applications in NETPATH are given in Plummer et al.
(1994). .

Initial Waters et .
Ideally, a young but tritium-free pre-bomb water analysis
from upgradient portions of the UFA#wduld be used as’
initial water in radiocarbon dating. However, the initial
waters on the flow paths (water 1.1 and 5.1) contain tri-
tium (Table 3) and therefore contain at least a fraction of

Hydrogeology Journal (2001) 9:127-150

¢ Assuming an open system
dModel=a hypothetical CO, water solution; see text

modern recharge (post-bomb 14C). Well 5.1 (10.2 TU) is
located only 0.5 km from a small lake (Lake Geneva).
The stable isotopic composition of water from well 5.1
is consistent with seepage of evaporated surface water
(Table 3). Therefore, it was necessary to model the pre-
bomb 14C activity in the initial waters.

A carbon-isotope mass balance was solved assuming
pure water (rainfall) reacted with calcite, dolomite, gyp-
sum, and soil CO, to produce the water compositions at
wells 1.1 and 5.1. This defined the mass of soil gas CO,
in the water sample. The 4C activity of the soil gas CO,
was assumed to be 100 pmc and that of calcite and dolo-
mite 0 pme. This defined the pre-bomb initial #C activi-

ties of DIC in water from wells 1.1 and 5.1 to be 46.2 .

and 45.7 pmc, respectively. However, waters from wells
1.1 and 5.1 contain 4.0 and 0.1 mg/L, respectively, of
DOC (as C). It was assumed that the DOC was derived
from sedimentary organic matter and contained no mea-
surable 4C. The initial 14C activity of total dissolved
carbon (TDC) was then estimated to be 40.6 and
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Table 7 (continued)
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.. 4938

NETPATH (TDC)
Eichinger (1983) Fontes and Garnier Initial A, 813C of Cal. 0%o 813C of Cal. +2%o .
(1979) waterd TDC
. Adjusted (pmc) Calcite  Cale. Adjusted Calcite  Calc. Adjusted
T TDC  age A, Adjusted Exch. Ay age Exch. Ay age
L (pme) (years) TDC  age (mmol) (pmc) (years) (mmol) (pmc) (years)
’ _ (pme)  (years)
55.5 2,600 68.2 4,300 model 100 0 48.0 1,400 0 48.0 1,400
54.8 33,200 62.5 34,300 model 100 0 41.3 30,900 0 413 30,900
59.6 20,000 69.8 21,300 model 100 0 29.8 14,200 0 29.8 14,200
55.5 2,600 68.2 4,300 model 100 0 48.0 1,400 0 48.0 1,400
55.7 17,700 63.8 18,900 model 100 0 50.5 16,900 0 50.5 16,900
42.4 35,800 47.7 36,800 Polk City 40.6 1.6 19.7 29,500 12 21.7 30,300
26.5 29,100 35.0 31,400 Polk City 40.6 2.3 9.5 20,500 1.6 11.1 21,900
38.6 >39,300 441 >40,400 Polk City 40.6 0 9.9 >28,000 0 9.9 >28,000
353 34,700 C 414 36,000 Polk City 40.6 0 153 27,800 0 153 27,800
55.5 2,600 68.2 4,300 model 100 0 48.0 1,400 0 48.0 1,400
51.4 19,600 574 20,500 model 100 03 | 421 18,000 0.25 433 18,200
43.8 9,100 -48.3 9,900 model 100 1.2 -31.8 6,500 0.9 352 7,300
20.5 32,800 29.2 35,800 Polk City 40.6 10 6.1 22,800 5.4 10.5 27,300
7.1 28,800 14.7 34,800 Polk City 40.6 14 0.18 (-1,600) 5.5 3.4 22,800
315 30,200 38.4 31,800 Polk City 40.6 2.3 9.64 20,400 1.7 117 22,000
15.1 >31,700 22.8 >35,100 Polk City 40.6 10 s 37 >20,000 5 7.4 >25,800
55.5 2,600 68.2 4,300 model 100 0 48.0 1,400 0 48.0 1,400
49.7 6,800 56.7 7,900 model 100 0.3 48. 6,600 0.25 49.6 6,800
51.0 19,000 65.1 21,000 Polk City 40.6 0.8 26.2 13,500 0.65 27.4 13,900
49.5 32,400 56.9 33,500 Polk City 40.6 0.6 26.5 27,200 0.5 274 27,500
47.2 26,900 56.5 28,400 Polk City 40.6 1.65 22.1 20,600 1.3 25.0 21,700
45.3 26,000 50.4 26,900 Polk City 40.6 1.1 22.1 20,100 0.9 23.6 20,600
49.6 27,200 58.2 28,500 Polk City 40.6 0.65 24.0 21,200 0.55 24.8 21,500
58.2 2,100 67.6 3,300 model 100 0 48.0 400 0 48.0 400
49.2 24,600 554 26,600 Keystone 454 1.65 22.2 19,100 1.3 24.8 20,000
51.3 14,700 64.9 16,600 Keystone 454 0 28.5 9,800 0 28.5 9,800
19,500 58.9 20,800 Keystone 45.4 0 46.7 18,900 0 46.7 18,900

45.4 pme for wells 1.1 and 5.1, respectively. Accounting
for DOC in the chemical and isotopic calculations is nec-
essary, because NETPATH models reactions as a func-
tion of TDC rather than DIC (Plummer et al. 1994) and

- recognizes the possibility that part of the DIC of a water

sample may be derived from oxidation of organic car-
bon. Methane concentrations are typically low in
groundwater from the UFA (Sprinkle 1989). Finally, in
calculating the radiocarbon age, the injtial 1C activity of
TDC was further modified by the computed fraction of
seawater in the sample, assuming the 14C activity of DIC
in seawater was 2 pmc.

Several models were considered to estimate the age of
the pre-bomb water in the initial waters from wells 1.1
and 5.1. The model of Fontes and Garnier (1979) indi-
cates ages of 4,300 and 3,300 years at Wells 1.1 and 5.1,
respectively, using open-system estimates of*the'813C of
soil gas CO, between —17.1 and —20.3%o. Alternatively,
if the evolution of water is modeled from the initial wa-
ter sample in equilibrium with a soil gas CO, partial
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pressure of 10-18 atm, 100 pmc and 813C of —20%., ages
of 1,300 and 400 years are computed at wells 1.1 and
5.1, respectively. This is in reasonable agreement with
observed and modeled 8!13C. These calculations indicate
that the pre-bomb fraction of water in the initial waters is
less than a few thousand years in age:

Final Waters

The ‘age of the DIC in a water sample downgradient
along a flow path is the “C age (14C years B.p.) for the
initial water plus the travel time from the recharge zone
to the well. However, in the following, the modeled trav-
el times between initial and final wells are considered to
be the adjusted ages, assuming zero age for the initial
water. The travel time to each well is then calculated af-
ter adjusting the 14C activity of the DIC in the initial wa-
ter for the predominant geochemical reactions occurring
along the flow path. A further complication exists be-
cause the initial 14C activity in the recharge area was
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Fig. 10 Distribution of ages
calculated for 24 UFA waters
as (1) unadjusted radiocarbon
age, (2) adjusted age based

on the model of Fontes and
Garnier (1979), and (3) adjust-
ed age calculated in NETPATH

NETPATH

— Flowdirection

Flow Path |

Age (ka)’

Age (ka)

likely higher during most of the past 30 ka than in mod-
ern times, due to past variations in the Earth’s geomag-
netic field strength and solar fluctuations (Stuiver et al.
1986; Bard et al. 1990, 1993). Consequently, the deter-
mined 4C age is usually somewhat less than the actual

calendar years before present (cal years B.P.). Recent cal- -

ibrations can be used to convert 4C years B.P. to cal
years B.P. Stuiver and Reimer (1993), Bartlein et al.
(1995), and Kitagawa and van der Plicht (1998) indicate
that adjusted 14C years B.P. that are about 18-30 ka have
calendar-year ages that are about 3—4 ka older than the
radiocarbon age. However, becuse the corrections to

calendar years are relatively small compared to age cor="

rections from many of the geochemical corrections re-
ported here, and because radiocarbon calibrations are not
yet well established for radiocarbon years greater than
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E Fontes and Garnier (1979)

Flow Path V
—

E

Age (ka)

Age (ka)

i i
243 4.4 45 46 47
Wells

Flow Path 1ll

about 18 ka B.P, the adjusted radiocarbon ages are re-
ported herein as 14C years B.p., calculated using the 14C
half-life of 5,730 years.

In adjusting the initial 1C for geochemical reactions,
the following were considered, in addition to the more
simple reactions of the traditional adjustment models: (1)
redox reactions (sulfate reduction, iron reduction, organic-
matter oxidation); (2) precipitation of calcite; and (3) cal-
cite recrystallization. The method used for adjusting radio-
carbon data for geochernical reactions leads to calculated
ages that are younger than the unadjusted ages. Correc-
tions for matrix diffusion (molecular diffusion of 14C from
fractures into the rock matrix or from porous zones into
confining layers) also lead to younger adjusted ages.
However, calculations of Sanford (1997) indicate that ma-
trix diffusion is not an important process in the UFA.
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Adjusted radiocarbon ages are summarized in Table 7.
Radiocarbon ages were calculated in three ways. Firstly,
the unadjusted age was calculated assuming an initial 14C
activity of 100 pmc, similar to the calculation of Hanshaw
et al. (1965). Secondly, the radiocarbon ages were cal-
culated using the adjustment models of Ingerson and
Pearson (1964), Mook (1972), Tamers (1975), Fontes and
Garnier (1979), and Eichinger (1983). (Details of these
models are given in Fontes and Garnier 1979; Fontes
1983, 1990; Plummer et al. 1994; and Kalin 1999.) In the
application of the simple adjustment models, carbonate
minerals were assumed to have 8§!3C isotopic composi-
tions of 0%o and 0 pmc, and the 313C of soil gas CO, was
calculated (Table 7) by assuming that the water formed in
isotopic equilibrium with soil-gas CO, (an open system).
An indication of problems with the radiocarbon ages
based on some of the adjustment models is the unrealistic,
enriched values of 813C of soil-gas CO, calculated along
many of the flow paths (Table 7). Most of the simple ad-
justment models provide ages .considerably smaller than
the unadjusted age, but often larger than ages calculated
using NETPATH.

Table 7 also shows the adjusted ages calculated using
NETPATH. Most of the adjusted ages calculated from
NETPATH are insensitive to variations in the isotopic
composition of recrystallizing calcite (between 0 and
+2%0). The exception is water from well 3.5, where an
impossibly young age results if the calcite is 0%o in 813C
(Table 7). For this reason, and based on the reported cal-
a cite isotopic data, the adjusted radiocarbon ages from
NETPATH using recrystallization of +2%o 813C calcites
Z are preferred over those calculated for calcites of 0%o
d13C.

with those based on the model of Fontes and Garnier
(1979), and those calculated from NETPATH. In all
cases, a shift occurs from very large to smaller ages as
the geochemical adjustments are refined. For example,
the last three waters sampled along flow path IV (wells
4.5-4.7) have unadjusted radiocarbon ages of about
32 ka (*4C years B.P.). Application of the adjustment
model of Fontes and Garnier (1979) lowers estimates of
the adjusted ages to 27-28 ka. After adjustment for all
_ the geochemical reactions along flow path IV using
NETPATH, the waters at wells 4.5-4.7 appear to have
been recharged at approximately 21 ka (}4C years B.P.),
or about 3—4 ka prior to the last glacial maximum. The
NETPATH-adjusted ages are preferred because they ac-
count for geochemical processes (especially redox reac-
tions and carbonate-mineral recrystallization) that proba-
bly occur in the Floridan aquifer system. These reactions
affecting 14C are not accounted for in either the unadjust-
: ed age or any of the relatively simple adjustment models.
Z The areal distribution of NETPATH—adJusted 14C ages
¥ of DIC in the UFA is shown in Fig. 11.Thé youngest up-
gradient waters contain tritium (Table 3) and-are likely
mixtures, with the old fraction perhaps a little older
than the 1.3 and 0.4 ka adjusted ages. obtained with
NETPATH. Tritium content is zero or nearly so, within

Hydrogeology Journal (2001) 9:127-150

Figure 10 compares the unadjusted ages of the DIC
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Fig. 11 Distribution of NETPATH-adJusted radiocarbon ages of
DIC in groundwater in the UFA.

the uncertainty of the measurements, in all the remaining
waters. The 4C ages of these waters increase rapidly
with distance of flow, with most ages of 15-30 ka
(Fig. 11). Large volumes of water were apparently re-
charged to the UFA in the southeastern US during the
last glacial period (Plummer 1993). Only two waters are
considered undatable using NETPATH (water from wells
2.5 and 3.7, Table 7). For these, the adjusted ages were
calculated at 14C activities defined to be the 2-c uncer-
tainty in the measurement, as recommended by Stuiver
and Polach (1977), and are reported as “>” values.

Not all flow paths show a simple progression in age
downgradient. Only three wells were sampled on flow
pathi I (Fig. 3). The middle well on flow path I is a moni-
toring well open to only 10.7 m of the middle of the
UFA. The adjusted radiocarbon age of DIC from this
sample is nearly 31 ka. The end well on flow path I is
from a municipal production well that draws from more
than 152 m from the top of the UFA. The adjusted radio-
carbon age is 14.2 ka and likely represents a mixed age,
affected by leakage from the overlying upper confining
unit, or by water from the Intermediate aquifer (Ryder
1985), perhaps induced by pumping. On flow path I,
water from well 3.3 is apparently much younger than
other water samples from the UFA. This is a bit surpris-
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ing, because well 3.3 penetrates both the UFA and mid-
dle confining unit I (Fig. 3). However, well 3.3 is located
near a series of lakes and may be influenced by leakage
of lake water through the upper confining unit or by
leaky seals around the well. Consequently, the area of
water with radiocarbon ages greater than 20 ka shown in
Fig. 10 probably extends somewhat north of well 3.3 in
central Florida. The radiocarbon age of DIC in water
from well 3.4 (27.3 ka B.P.) is apparently older than wa-
ter farther downgradient along flow path III. However,
well 3.4 is a flowing well that, as seen in Fig. 3, pene-
trates approximately two-thirds of middle confining unit
I and lies just above the eastern extent of middle confin-
ing unit I, which could account for the presence of
somewhat older water. Wells near the ends of flow paths
III and IV occur in areas of upward leakagé (Fig. 2), and
their waters have adjusted radiocarbon ages >20 ka.
Even wells partially open to the upper confining unit at
the ends of flow paths I and IV show no evidence of
contamination of the old water with younger water.
Along flow path V (Fig. 3), well 5.3 was completed en-
tirely within the upper confining unit. The adjusted ra-
diocarbon age is about 10 ka, or about half the age of
water from the upgradient well 5.2. Water from well 5.4,
a flowing well at the end of flow path V, has an adjusted
radiocarbon age of 18.9 ka B.P. and is probably more rep-
resentative of water from the UFA in this area.

Paleowater in the UFA. of Florida is enriched in 20
and 2H isotopes (Table 3), similar to that observed in
the UFA of southeastern Georgia (Plummer 1993). The
water most enriched in 180 in the UFA has a 8130 value
of —0.7%0 and is typically nearly 2% more positive
than modern groundwater in unconfined parts of the
UFA (Sprinkle 1989; Plummer 1993; Katz et al. 1998).
The previously documented cooling in recharge tempera-
ture for glacial-age waters in the UFA of southeastern
Georgia (Plummer 1993; Clark et al. 1997), and the ob-
served shift in stable isotopic composition of water in the
UFA of Georgia and Florida further corroborate the ra-
diocarbon ages.

Conclusions

Detailed chemical and isotopic data indicate that waters
in the Upper Floridan aquifer (UFA) of Florida have
evolved by a series of reactions — mainly dedolomitizat-
ion (anhydrite and dolomite dissolution with calcite pre-
cipitation), redox reactions (predominantly sulfate reduc-
tion with oxidation of organic matter), mixing with small
amounts of saline water near coastal areas, and recrystal-
lization of calcite. The calculated mass transfers associ-
ated with these reactions are very small in upgradient
waters in the UFA, but they appear to increase signifi-
cantly downgradient in areas of diffuse upward leakage.

Although the actual flow paths are unt8i'tain, the spatial’

distribution of water—rock reactions suggests geochemi-
cal interactions with the top of the low-permeability,
gypsiferous middle confining unit IT in west-central Flor-
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ida, and leakage from the LFA through the soft, micritic
calcite of middle confining unit I in east-central Florida.
Because of the extensive water—rock interactions, the
measured ¥C activities are very low in waters from the
UFA, yet many of the low 14C activities can be interpret-
ed by accounting for the predominant geochemical reac-
tions. The geochemical corrections to the radiocarbon

- data are independent of flow path and permit refinement

of the 14C-based travel times of water from the recharge
area to the sample point.

Adjusted radiocarbon ages of DIC indicate that most
of the water in confined parts of the UFA. was recharged
during the last 15-30 ka. Many adjusted radiocarbon ag-
es occur near or prior to the last glacial maximum: (ap-
proximately 18,000 radiocarbon years B.p.). During the
last glacial period, flow rates within the UFA were prob-
ably higher than those of today, because of an increase in
hydraulic gradient in response to lowering of sea level.
The paleowater in the UFA of Florida and southeastern

-Georgia is enriched in 180 and 2H and represents water

partially trapped there near the end of the last glacial pe-
riod, as sea level rose and groundwater flow velocity de-
creased in response to a decrease in hydraulic gradient
(Plummer 1993). Little additional recharge has reached
confined parts of the UFA during the past 20 ka.
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