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Abstract

=
=

Groundwater in coastal aquifers serves as an essential resource in densely populated areas
12 throughout the world. However, hydrological connection to the ocean leaves it at risk of salinization via
13 changes in climate and hydrological cycles. Therefore, an accurate hydrological characterization of coastal
14 aquifers is of the utmost importance. Although localized salinization of shallow aquifers has commonly
15  been studied, geochemical constraints on the time scale of regional freshwater and seawater in coastal
16  aquifers are limited especially in carbonate aquifers. Such information is not only crucial for water resource
17  management, but also for understanding solute flux over the land-ocean boundary and for interpreting the
18  geochemical signatures that each water mass carries. Toward this goal, we report tracer-based, subsurface
19  residence times of groundwater in the Floridan Aquifer System in southern Florida, which is one of the
20  most productive aquifers on Earth. The first application of #Kr—an emerging tracer of old groundwater—
21  tothis aquifer has identified freshwater recharge during the last glacial period as anticipated from previous
22 studies using other geochemical tools including radiocarbon, stable isotopes and noble gas concentrations.
23 Moreover, freshwater of Holocene age was also detected at 100 km-distance from the recharge area,
24 suggesting the possibility of an active flow system in the upgradient region. A contribution of fossil
25  seawater that predates the last glacial maximum was locally identified, suggesting slow seawater circulation
26 and limited but significant solute flux from the ocean into the aquifer for dolomitization. This also implies
27  that the deep saline coastal groundwater can potentially serve as a paleo-seawater archive.
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1. Introduction

High population density in coastal regions causes elevated water demand and increased levels of
surface water pollution, resulting in severe dependence on and frequent overexploitation of coastal aquifers.
Although understanding of the coastal aquifer system in its entirety is ideal for an efficient management of
this valuable water resource, most studies only concern shallow portions directly relevant to exploitation.
The primary reason for this is their complexity: Coastal aquifers embody geochemical boundaries where
saline- and freshwater masses of contrasting chemical compositions meet and cause chemical
disequilibrium. In addition to the hydraulic gradient and conductivity, the groundwater flow is driven by
the variable density of fluids and by water-rock interactions causing dissolution and/or cementation.
Furthermore, sea level fluctuation directly impacts the hydraulic gradient and thus the flow properties of
the aquifer. At the same time, these geochemical and hydrological interactions make coastal aquifers
potential messengers of the changes in hydrological cycles, the long-term geochemical flux of elements
across the land-ocean boundaries, and fossil geochemical signatures.

As a typical example of coastal aquifers, the Floridan Aquifer System (FAS) produces 4.6 billion
m3/year of fresh and brackish water [1]. It serves as a primary source of drinking water to a local population
of over 10 million people in Florida, and supports irrigation of over 2 million acres [2]. Additionally, the
FAS’s upward leakage nurtures thousands of lakes, springs, wetlands and the ecosystems they foster.
Having low topographic relief with an altitude mostly below 30 masl, much of the region overlying this
aquifer was cyclically inundated during the Pleistocene. The resultant changes in hydraulic head likely
altered the rates and pattern of freshwater flow and delineated the landward seawater invasion that increased
the salinity of the aquifer [3]. In support of this hypothesis, multi-tracer studies reported concomitant
occurrences of colder noble gas recharge temperatures with D- and 80-enrichments downgradient of the
FAS compared to modern recharge in southeastern Georgia [4,5] and in the broad region of south Florida
[6]. These observations were interpreted as a result of fossil meteoric water recharged during the last glacial

period (LGP), followed by sluggish flow and limited recharge after the sea level rise.
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Groundwater age structure of the aquifer would ideally provide information on the timing of
recharge, mixing of different water bodies, and spatially- and temporally integrated groundwater flow rates
to corroborate or refute the hypothesis. Such data would also allow an assessment of the origin of salinity,
which is the primary obstacle of economic water use in the region. The most common dating tracers of
groundwater covering Pleistocene timescales are “C and *CIl. However, application of *C is hampered
due to water-rock interaction with the carbonate reservoir rocks, making the interpretation complex [7].
The high salinity of these groundwaters also complicates the interpretation of %Cl data in terms of residence
time. Thus, due to the lack of appropriate dating tracers, previous studies primarily relied on indirect time
constraints as described above.

Krypton-81 (t,= 229+11 kyr) is an emerging tracer in groundwater dating over the timescales of
interest here [8]. Its chemical inertness and simple source function make the age interpretation easier and
more reliable compared to other tracers such as radiocarbon and 6CI [9]. A detection of the extremely low
modern atmospheric isotopic abundance of 8Kr (8'Kr/Kr = 9.3+0.3 x 10, [10]) and ®Kr (t.= 10.78 yr,
8Kr/Kr ~ 1011), which serves as an indicator of young water mixing, requires a dynamic range far beyond
conventional noble gas mass spectrometers. Instead, it relies on Atom Trap Trace Analysis (ATTA; [11]),
an isotope-selective, laser-based atom counting method. Since the first developments [11] the ATTA
method has significantly improved in sensitivity [12, 13]. Along with advances in krypton sample collection
and preparation techniques [14-16] it has developed into a practical groundwater dating approach.
Application of the tracer in several studies unveiled the time scale of water flow in continental aquifers
[17,18]. Furthermore, 8Kr served as an additional constraint to resolve mixing of waters of different age
and origin [19,20]. First applications of radiokrypton isotopes in a coastal aquifer along the Mediterranean
demonstrated the usefulness of noble gas radioisotopes in revealing the presence of hydraulic connections
between the ocean and the aquifer that had long been thought isolated [21]. In this study, we report noble
gas radionuclide and radiocarbon isotopic abundances of groundwater in the southern portions of the
Florida peninsula. While the data confirmed a major freshwater recharge during the LGP as inferred from

other geochemical tracers, they also revealed an active freshwater recharge in the upgradient of the aquifer
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during the Holocene and the preservation of fossil seawater that encroached prior to the last glacial

maximum (LGM).

2. Hydrologeological background

The Floridan aquifer system (FAS) underlies the entire state of Florida and beyond, consisting of a
sequence of hydraulically connected carbonate rocks of Paleocene to Miocene age [22]. The Upper Floridan
Aquifer (UFA) contains the highly permeable Suwanee Limestone (Oligocene), Ocala Limestone (upper
Eocene) and upper portion of the Avon Park Formation (middle Eocene). The Avon Park Formation
includes a sub-regionally extensive high permeability zone (Avon Park Permeable Zone, APPZ; [23]) and
the low permeability middle Avon Park composite unit (MCU), which separates the UFA and the Lower
Floridan Aquifer (LFA) with dense gypsiferous limestone and chalky limestone. The LFA consists of the
lower Avon Park Formation, Oldsmar Formation and upper permeable parts of the Cedar Keys Formation,
of upper Paleocene to lower Eocene age. The water quality of the LFA is brackish to saline in south Florida
where these carbonates extend up to 100 km to the east beneath the Atlantic and about 200 km into the Gulf
of Mexico.

The FAS is confined by more than 30 m of the Hawthorn Formation in the study area. In central
and southern Florida, the recharge to the UFA occurs near the potentiometric mound at Polk City, and the
flow is south and outward (east and west) from the central ridge of the peninsula according to the
predevelopment potentiometric surface (Fig.1a; [24]). Hydrological models of the predevelopment system
suggested that a majority (88%) of recharged groundwater flows rapidly in the unconfined zone and
discharges to the surface (springs, lakes and streams). In confined parts of the aquifer, the remaining small
fraction flows sluggishly and discharges by diffuse upward leakage [24].

The origin of chloride in this aquifer system has always been attributed to seawater. Under debate
is the process and timing of the saltwater emplacement: Seawater could have been trapped during deposition
or burial of the formation in the Miocene, and the connate seawater may have remained unflushed. It could

have encroached laterally from submarine outcrops. An upward movement of the freshwater-saltwater
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boundary could have immersed the aquifer in saltwater. Saline water could also have leaked upward above
the freshwater-saltwater boundary through structural discontinuities such as faults, fractures, and sinkholes
[25]. Finally, geothermal heating and dispersive mixing of saline and freshwater may have driven a
convective upwelling of young seawater from high permeability zones in southern Florida [26]. This
circulation could serve as a major solute supply for diagenetic reactions including dolomitization [27,28].
In the study area of south Florida, groundwater movement in the LFA is landward along the Straits of
Florida where the Floridan aquifer system outcrops below sea level at the edge of the plateau. The highly
permeable cavernous and fractured dolomite of the LFA is known as the Boulder Zone, hosting saline water
chemically comparable to seawater [26]. The saline water in the Boulder Zone is characterized by elevated

14C activity (37-63 pMC; [3]), interpreted as a young seawater contribution.

3. Sampling sites and methods

In order to address the presence of LGP freshwater and Holocene seawater in the FAS, samples
were collected at three sites (Fig. 1a), each of which had two or three wells at different depths (Fig. 1b).
Site and well 1Ds used here conform with the database of the South Florida Water Management District,
and are common with Morrissey et al. [6]. The first site (OKF105) is in the region where probably the
youngest LGP freshwater resides according to “He concentrations, as reported by Morrissey et al. [6]. Two
other sites downgradient (LAB and 175) have high salinity at depth. Five shallower wells tap upper
permeable zones of the UFA (OKF105-U, LAB-MZ1, LAB-MZ2, 175-MZ1 and 175-MZ2), whereas two
have screens open to APPZ (OKF105-M, LAB-PW?2: [23]). The deepest well at the 175 site (175-MZ3) taps
the uppermost permeable zone of the LFA, bearing fluid with seawater-like chemical composition. The
OKF105-U well taps a hydrologically comparable zone to OKF42 reported in Morrissey et al. [6] and the
‘Lock S65C well (flow path ID 3.4)’ reported in Plummer and Sprinkle [7]. A radiocarbon-based residence
time of OKF42 was estimated to be 27.3 kyr after thorough adjustment for water-rock interaction [7].
Morrissey et al. [6] characterized groundwater from four of the freshwater wells (OKF42, LAB-MZ1, LAB-

MZ2 and 175-MZ2) as glacial recharge based on the relatively low noble gas recharge temperature ranging
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19.3-21.0 °C. The saline water sample, 175-MZ3, was categorized as ‘Holocene saltwater’.

Our sampling campaign took place in June 2015 in southern Florida. In the field, temperature, pH
and conductivities were measured and water samples were collected for analyses of major ion chemistry.
These in-situ and chemical data are available from the DBHYDRO database of the South Florida Water
Management District [29]. Bulk gas samples were collected from groundwater using a field degassing
device based on a commercial membrane contactor (Liqui-Cel Extra-Flow: [14]). A few hundred liters of
groundwater were processed at each well to acquire sufficient quantity of Kr. Dissolved gas extracted from
groundwater was compressed into gas cylinders, typically at 2-4 bars, and shipped to the University of
Chicago for Kr extraction [14, 30]. The abundances of radiokrypton isotopes were measured via ATTA at
Argonne National Laboratory [12]. During the Kr purification, gas splits of ~50 ml STP were set aside for
the analyses of *4C in CO; [31]. Cryogenically separated CO, was sealed off in 6-mm Pyrex tubes and sent
to the University of Georgia Accelerator Mass Spectrometry (AMS) facility where CO, was graphitized
with Fe catalyst for *C analysis. A fraction of the bulk gas (~15L) was sent to the University of Bern for

the analyses of *Ar activity, following Ar purification [15].

4. Results

In all samples, 3Kr was below 1% of modern atmospheric activity, indicating that there was no
significant downward leakage of shallow (younger, <50 years) groundwater or atmospheric contamination
during sampling and Kr purification (Table 1). Furthermore, this also strictly eliminates the possibility of
major contamination from post-1970 drilling fluids. The isotopic abundances of 8Kr were between 89
pMKr (percent Modern Kr) and modern, suggesting relatively young (<40 kyr) apparent groundwater
residence times (Table 2). All but one sample had low (<2 pMC) **C activity. Two measurements of *Ar
were close to the background level (Table 1).

At the OKF105 site, which is closest to the recharge area, the shallower well (OKF105U) had
modern 81K activity suggesting recharge after Holocene transgression. The longer apparent residence time

based on *C (31 kyr) can be attributed to an addition of **C-dead C (hereafter “dead C”’) from the reservoir
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carbonate rock as discussed below. Four deeper (OKF105M) or downgradient (LAB-MZ1, LAB-MZ2 and
175-MZ1) samples with low seawater contribution (i.e. low salinity) show 8Kr activities that agree with the
postulated glacial recharge for the fresh groundwater of the UFA in southern Florida [6, 7], ranging from
17+10 to 39+11 kyr. The deep sample from the first permeable zone of the Lower Floridan Aquifer (175-
MZ3) showed discordant apparent ages of 13.7 kyr for **C and 35+11 kyr for 8'Kr, suggesting a mixing of
multiple water bodies with different ages. The chemical composition of this sample is comparable to
modern seawater. Using both age-constraints suggests that 175-MZ3 contains seawater from different time
periods; one young enough to contribute a **C activity of 18.1 pMC but background level **Ar and #Kr
activities, and the other old enough to cause more than 10 pMKr depletion in 8Kr. Below we analyze the

age structure and the time scale of the seawater movement in this coastal aquifer.

5. Discussions

5.1 The rate of C exchange

As reviewed by Plummer and Glynn [32], the first generation of attempts to correct for geochemical
dilution of the C signals focused on the processes occurring in the recharge zone under open-system
conditions, where *C-depleted soil carbonates and other minerals were dissolved. Subsequently, a
geochemical inverse modeling code, NETPATH [33], additionally tracked time-integrated aqueous
reactions in the aquifer to deduce ‘adjusted’ '*C abundances. However, data for defining complete
geochemical reaction schemes are not always available. As a simpler alternative, Han et al. [34] introduced
a graphical method involving only 5*3C as a model constrain. In the graphical method, they defined a ‘zero-
age’ line that ties the recharge composition (high *C and low 8*3C) and another end-member representing
the aqueous reaction product (**C-free and high 8'*C for carbonate). The deviation of “C from this line is
interpreted as a result of aging (Fig 2). In a modified version of the graphical model [35], the reaction is
assumed to be a first-order rate process, with the reaction rate proportional to the 6*C gradients (A¥*C)

between evolving DIC and the reactant solid (§'*Cg) as described by Han et al. [35]:
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it = A13 (513CE - 513CDIC(t)) (1)

d¥cprc(®)

— = =—(Aa t M13) *Cpic () (2)
where 1,4, and 1,5 are the radioactive decay constant of **C and the reaction rate constant of DIC,
respectively. The sum A, + 1., represents the apparent **C decay constant that, if known, can be used

for the calculation of “corrected” *4C ages. The co-evolution of radiocarbon activity and *3C composition

is described by:

14 513CE—513C c
Ln[ 14D1C n[ [81365—613?;] ]
= 3
A14+13 A13 ( )

Using a thorough geochemical study of the UFA, Plummer and Sprinkle [7] determined the
necessary parameters for the graphical approach to be *C, = 33.23 pMC, §3C, = —11.1 %o, and
§13C; = +1.15 %o. Fig. 2 plots the 313C -1*C data as well as the 8!3C composition against apparent 8Kr
ages, together with the modeled evolution curves for Aiz= A1, A14/2, and A14/4. Among the five samples
with limited seawater contribution, the respective A1z varies between A1 and Ai14/4, corroborating the
difficulty of accurately determining the groundwater subsurface residence time in carbonate aquifers using
14C. However, the resulting apparent #C half-life in the aquifer ranges between 2860-4580 years,
significantly lower than the radioactive decay half-life. The monitoring well closest to the recharge zone
(OKF105-U) taps the aquifer equivalent of sample 3.4 reported in [7]; the geochemical mass balance
approach and the graphical approach both led to an adjusted *C age of >20kyr, whereas 8'Kr indicates a
much shorter subsurface mean residence time. The upper 8Kr age limit of the OKF105U sample with low
14C abundance of 2.3 pMC indicates rapid water-rock interaction resulting in a **C decline, corresponding
to a A3 value of >0.00042 yr! or an apparent half-life of < 1650 years. A rapid deterioration of the
radiocarbon signal in another carbonate aquifer had recently been reported using 3°Ar, where a comparable

apparent half-life of ~3700 years was estimated [36].
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5.2 Multicomponent mixing

The high salinity of two samples, 175-MZ2 and LAB-PW?2, suggests contribution of seawater. The
fractions of seawater components were estimated by NETPATH [33], using chloride contents of fresh
groundwater in the recharge area (Polk City, Well 1.1 in [7]) and modern seawater. Among collected
samples, the seawater contribution increases with depth and proximity to the coast, and ranges from a few
percent near the recharge area to unity at 175-MZ3 in the Boulder Zone (Table 1). The fractional
contribution of seawater in 175-MZ2 and LAB-PW2 are 19% and 47%, respectively. The discordant *C
and 8'Kr ages of 175-MZ3 clearly indicate the contribution of seawater bodies with different residence times
as mentioned above. At 175-MZ3, measured chloride contents found in the DBHYDRO database for the
2004 to 2016 time period varied between 18,070 and 21,000 mg/L. This variation could be attributed to a
changing contribution of trace fresh groundwater as well as analytical inaccuracy. The proportion of glacial
seawater in comparison to recent seawater could also be a factor since the former was more saline than the
latter by 2.7 to 6.9 % [37]. Given the uncertainty, we will set limits on residence times of two water masses
without presuming the paleo-seawater contribution.

An observed activity concentration normalized to modern atmospheric activity, '‘Ro, of a
radioactive isotope i, with a decay constant A;, of two component mixture is given by the mixing fraction f
and the residence time of components 1 and 2 (t; and t,) as:

‘Rop =f Ryp-e Mt 4 (1—f)- Ry etz (4)
'Ry and 'Ry are the initial isotopic abundances normalized to modern atmospheric activity in each
component. The concentrations of DIC, Kr and Ar are assumed to be comparable for the two components
in the following discussion. The equations for a general case with variable concentrations are listed in
Supplementary Information (S.1.) 1, and the effect is briefly discussed at the end of this section.

For a given f, determined from chloride contents using NETPATH for LAB-PW2 and 175-MZ2, a
measured radionuclide abundance defines a curve representing the relation between t; (freshwater) and t,

(seawater). The observed radiocarbon abundances are considered here as lower limits because they have
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been affected by various amounts of carbonate-derived dead carbon as shown above. This implies that
deduced ages are considered upper limits, and that the actual ages could be younger. Plotting the 8Kr and
14C constraints together for each data set (Fig 3a,b), the range of mean residence times of each component
can be depicted as the segment of the 8Kr curve falling within the range defined by 4C activity (shown as
shaded area in Fig 3a,b). The probability density functions (pdf) of ages were numerically deduced using
Eq.4 for 8Kr and *C via Monte Carlo simulation. In the process, the 8Kr abundances were assumed to
have a Gaussian distribution whereas all possible ranges of **C activities (i.e. from measured values to unity
with uniform distribution) were investigated. As an additional constraint, it is assumed that the residence
time of the water mass is older than the lower bound of the water mass upgradient. Only the sets of ages
which satisfy hydrological constraints were accepted, and the simulation continued until 10,000 sets of
parameters were obtained. The results are listed in Table 2 and plotted in Fig.4. Due to the truncated
distribution of the deduced ages in some cases and the steep *C curves compared to 8'Kr, the pdfs of the
ages do not always have normal distribution. For this reason, we report medians and median absolute
deviations of each parameter in Table 2 for mixed water masses. The details of the calculation are described
inS.1.2.

The 8Kr age constraint falls within that of *4C for the mid-depth coastal sample (175-MZ2) so that
the possible age range is simply bound by the hydrological age limits along the 8Kr curve: t;=16+4.9 kyr
(freshwater) and t,=28+21 kyr (seawater). Further inland, for the groundwater collected from the formation
with relatively high transmissivity (LAB-PW2 from APPZ), the two intercepts of the 8'Kr-“C curves
provide two different ranges of scenarios (Fig 3b). As an additional constraint, this well is hydrologically
downgradient of freshwater at the OKF105M site and saline water at the 175-MZ3 site tapping 200 m
shallower and 50 km further inland. Therefore, it appears more realistic that the seawater is the older
component (see the data analysis of 175-MZ3 below), resulting in t;- 10£2.5 kyr (freshwater) and t, =68+15
kyr (seawater). In both cases, freshwater recharge occurred between the early Holocene and late LGP.

As the contributing fraction f of each component could not be determined for 175-MZ3, the possible

ranges of residence times for the two seawater bodies are estimated based solely on radionuclides. When
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one considers discordant apparent ages of “C and 8'Kr with significantly different decay constants (A14>>
Ag1) the residence time of the younger component (1) can be approximated by assuming that the

contribution of *C from the older reservoir (2) is negligible [exp(-A14t2) (1-f) ~ 0]:

—1/414

1ap
aH~m|F T ©

Therefore, provided another tracer with relatively short half life, e.g. *Ar, the intersection of the two curves
will define the residence time of the younger water mass t1. For 175-MZ3, the curves defined by **Ar and
14C data are shown in Fig. 3c. Because the *Ar data represents an upper abundance limit, its curve defines
the lower age limit. Measured radiocarbon abundances are again considered as a lower limit as discussed
leading to a **C curve that defines the upper age limit. The area bound by the two curves in Fig. 3¢ represents
the possible combinations of parameters. The intercept gives the lower limit for f and t; of 0.185 and 167
years, respectively.

For a small Agit: (< 0.1, i.e. limited decay of 8Kr in the reservoir 1 or t; <33 kyr for 8Kr), an

approximation [1-exp(-Asit1)]/ As1 ~ t1 leads to:

14 -1/2g1
Blp_ Ag1y, R
R f{1+mln[ . ]}

t2(f)~In -~ (6)
Using f as a parametric variable,
1nl#1g _14R(81R+t1131—1)
n T otiAna_lig
t2 (tl) = -2 (7)
81

The pdf of water mass ages contributing to the 175-MZ3 well were numerically deduced using Eq.5 for **Ar
and *C and Eq.7 for 8Kr via Monte Carlo simulation assuming uniform distributions for 0<**Ar<0.12 and
0.181<!C<1 (see Supplementary Information 2 for details). Obtained ages were t;- 0.84+0.21 kyr and t, =
80+34 kyr. This water mass is less prone to carbon exchange with carbonates compared to other samples

which were freshwater or freshwater-seawater mixtures. When the measured **C (R = 0.181, 614:=0.001

11
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with Gaussian distribution) were used for the calculation, obtained ages were lower, 11-0.44+0.19 kyr and
t,=44+9.2 kyr. The actual age ranges are probably between the two ranges.

Although it does not direcly add to the specific case presented herein, the upper limit of f can be
constrained using only two tracers by the numerator of Eq.6, which needs to be positive. The solution for f

is expressed with Lambert's W function as:

8l -1
_ 1 T81 "o
fmax = — SlRm. wil - Tap € 781 (8)
Ag1 T
14

Provided comparable Cpic/Ck; in the two seawater masses, one obtains fmax = 0.939 and t1max = 13.6 kyr for
175-MZ3, which does not contradict the ages deduced above. Due to the variability in global climate and
seawater chemistry, the concentrations of DIC and Kr could also vary over time. The curve in Fig.3d shifts
depending on the relative enrichment of DIC compared to Kr in the older water mass (see S.1.1); variations
of £ 20 % in this parameter would not significantly affect our conclusion as shown in Fig. 3d. An example
on the effect of dead C contribution is also shown in Fig.3d. Higher *C activity will require a larger
contribution of younger water with a corresponding smaller fraction of older water.
5.3 Hydrological and geochemical implications

Previous studies suggested major freshwater recharge of the UFA during sea level low-stand, and
a deceleration (thus limited recharge) of groundwater flow accompanying sea level rise that caused a
reduction of hydraulic head gradients [3]. Geochemical tracers also suggested that recharge occurred at
lower surface temperatures [4-6]. Most 8Kr data of freshwater components from downgradient agree well
with this scenario: recharge predominantly during the LGP (< 50 kyr; Fig. 4), and rapid flow (> 5 m/yr)
reaching the farthest site, 175, at 240 km distance from the recharge area. A single sample from a shallow
well in the upgradient region (OKF105U) showed relatively short residence time (< 6.4 kyr), suggesting an
active hydrological cycle in the upgradient region of the UFA where the confining Hawthorn formation is
thin (i.e. faster upward leakage). Replicates and further analyses of samples from the upgradient region are

highly recommended to confirm this result as it is crucial information for freshwater resource assessment.
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It is also noteworthy that samples from two mid-depth wells with lower transmissivities revealed younger
ages than the shallower wells with probabilities of 79 % and 76 % for LAB-MZ2 and 175-MZ2 wells,
respectively. Provided that the primary discharge of the aquifer system is by upward leakage [24], the longer
residence time of the shallower groundwater sampled at wells LAB-MZ1 and 175-MZ1 may result from the
aging of water during slow, upward cross-formational flow to shallower depths.

Among the three wells in which a substantial seawater contribution was identified, the deepest
coastal well (175-MZ3) tapping the LFA showed the highest radiocarbon activity. This is in accordance
with previous studies, suggesting the presence of relatively young coastal seawater in the aquifer [3,38].
The 8'Kr data revealed the presence of an additional older seawater body predating the LGM. A seawater
mass of comparable antiquity was also found in the deepest part of the UFA approximately 30 km from the
coast (LAB-PW2). According to the hydrological model on the response of the FAS to sea level rise [39],
the exchange of seawater and groundwater in south Florida occurs from underlying units and requires a
saline water flux from beneath through the MCU. Therefore, the fossil seawater that contributed to the
LAB-PW2 well probably percolated up from the LFA. The presence of fossil seawater in the FAS suggests
that the timescale of the seawater circulation (Kohout convection) has not been sufficiently rapid to displace
the water mass with Holocene seawater. Similarly, Archer [40] reported a hydrological model showing a
persistent salinity over a 100-kyr time scale at the Siberian continental margin. More data on the residence
time of saline coastal aquifer are necessary to examine the ubiquity of slow water circulation in deep coastal
aquifers. The Boulder Zone has been used as a receptacle for oil-field brine and municipal wastewater [3,
41] and this slow circulation implies the stability (i.e. slow dispersion) of injected fluids.

Seawater circulating in coastal aquifers could serve as a major source of solutes for diagenetic
reactions, notably dolomitization [27,28]. Carbonate-water interaction rates (or weathering) are of interest
because they play a significant role in the global carbon cycle [42]. More specifically, Tipper et al. [43]
highlighted dolomite as a significant sink of Mg based on the isotopic mass balance of Mg among
geochemical reservoirs. The mean residence time of seawater acquired using 8 Kr enables an estimation of

the solute flux in the FAS, which is the probable limiting factor of dolomitization. The Boulder Zone
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beneath the Florida peninsula extends over 37,000 km?. With a typical thickness of 0.1-0.2 km and porosity
of 0.3, at least 1000 km?® of seawater is stored within this volume. The long-term flux of seawater through
the Boulder Zone could be estimated at about 0.01-0.02 km?/yr based on the mean residence time of 68 +
15 kyr at LAB-PW2. Using a reference seawater concentration of 0.566 mol/kg, 0.0547mol/kg and 0.0107
mol/kg, for Cl, Mg and Ca, respectively [44], estimated elemental fluxes in the FAS via Kohout convection
would be 9.5, 0.92 and 0.18 x 10° mol/year. This Mg flux constitutes 0.02 % of global riverine Mg flux,
and 0.9 % of Mg sink by continental carbonate [45].

In an attempt to extrapolate the Mg flux to a global scale, the distribution of coastal karstic aquifers
appears to be the best available information [46]; according to their geographic analyses, 151,400 km of
global coastlines are characterized by carbonate rocks. The Boulder Zone has a coastline length of 1,300
km, constituting 0.86 % of the global carbonate coastline [47]. Therefore, coastal karstic aquifers could be
significant Mg sinks via dolomitization if (i) the Mg flux is similar for every karstic aquifer along coastlines,
(i) the length of the coastlines at surface and in greater depth are comparable, and (iii) the total Mg influx
from the ocean is used for dolomitization in the aquifer. While this is certainly an oversimplification, the
system may not be limited by Mg flux, thus deserve more detailed studies for quantifying the rate of
dolomitization in coastal karstic aquifers compared to the well-documented deposition of Mg-bearing
minerals during diagenetic process in deep-sea sediments (e.g. [48]).

The detection of fossil seawater in a coastal aquifer also raises another interesting issue. Paleo-
seawater composition during the LGM was estimated mostly based on pelagic sediment pore fluids of
drilled cores [37]. These archives were modified from the original compositions by in-situ diffusion, which
necessitate model-dependent correction for this secondary effect. As a possible alternative paleo-seawater
archive, pore-fluids of drill cores from high-porosity carbonate in the Maldives were reported to have been
minimally affected by diffusion [49]. Our study suggests that paleo-seawater of different ages can be stored
in coastal aquifer systems. Although water-rock interaction and complex hydrology (e.g. potential of
freshwater mixing) could complicate the reconstruction of paleo-seawater composition, an obvious

advantage of these water masses compared to the drilled cores is the ease of sample access via existing
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wells and the availability of large sample masses, that is also a prerequisite for the analyses of 8Kr to

provide a time axis for the encountered seawater masses.

6. Conclusion

The first application of noble gas radionuclide analysis in water samples from the Floridan Aquifer
System identified freshwater recharged during the LGP, confirming previous studies based on other
geochemical tracers. The new data, which were interpreted in a novel comprehensive multi-tracer
framework, also suggest a possibility of fresh groundwater recharge during the Holocene in the upgradient
of the aquifer where the confining unit is thinner. Unlike simple aquifer systems where groundwater age
progressively increases with the depth and distance from the recharge area, we observed an inverted
chronology with older waters at shallower depth at two locations. This can be attributed to slow upward
leakage of deep circulating water.

Coastal saline groundwater in the Lower Floridan Aquifer had long been attributed to seawater
encroachment during the Holocene marine transgression based on significant radiocarbon activities. The
single sample studied here that is tapping the Lower Floridan Aquifer confirmed a relatively young apparent
age based on 1“C, but also revealed the presence of older seawater predating the LGM via 8Kr. The presence
of fossil seawater implies relatively slow circulation and limited solute flux, but the aquifer system may
undergo considerable dolomitization over geological time scales. The ability to date the subsurface seawater
by 81Kr also makes the FAS a potential archive of paleo-seawater composition. Further studies using 8'Kr
with an extended set of sampling sites and improved precision is desirable for refining the freshwater flow
regime and for examining the potential of the stored saline water as paleo-seawater archives. Near-term
developments in 8'Kr-dating via the ATTA technique are expected to allow for age determinations of LGP
waters with errors below 4 kyr—over a factor of two improvement from what was demonstrated in this

study.
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Figure 2: (top) Apparent 3'Kr age vs. ¢'3C data and (bottom) radiocarbon abun-
dances vs. ¢'3C data, shown with anticipated evolution curves assuming different
time constants for the deviation of §'3C (1;3) from the value in the recharge area.
The uncertainties on ¢'>C and '*C are comparable to or less than the size of the
symbols.
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Figure 4: Logarithm of probability density function (pdf) of groundwater ages
shown with sea level change over time. The details of the calculation method via
Monte Carlo simulation is described in S.1.2. Gray histograms represent freshwa-
ter, whereas blue ones represent seawater. Gray horizontal lines are 1% probability
within the kyr. Vertical lines bound 10 limits for unmixed water mass and median
absolute deviation for mixed water masses.



L2]

Click here to

Table

access/download; Table;Floridan_Aquifer_Rev_Table .pdf

00l = 00l = 9L Ire WI9pON
I £Ceo1 Iajemeas
0 69 %3 I'ti- %oméaoom
I S910C TI'81 GS'I- cI> € F06 +¥€°0> « €ZIN-SLI
61°0 €001 01 LT PF+S6 600FCO CTZIN-SLI
LO0 00S1 L0 L6E PFI16 6I0FSLO IZIN-SLI
LY0 00L8 81 € € F06 I'0F910 | «CMd-9V'1
€00 1§49 60 I- PFE6 600FLCO | TZIN-9V'1
70°0 €eL I'l 9¢C- ¢ F68 S0O0FCO0 1ZIN-9V'1
€00 ¢Ig 01 CC- | TIFLT €FS6 600FV¥I0 | JINCOIIAO
200 €C1 €T 1°9- PF+F2IL TO0FvP0 | .NSOTAAO
uonoeLy wdd Hd wind - oad oo/udp
Topemess | O Opr Der® | Ve g g

‘[o§] woxq ,, "[1¢] ur payrodar azom eyep D¢ ¢ pue D, ‘sadojost uoydAmjorpey] , ‘[AS] OUIPYUOD %06 4 [L] woxy K1) yjod
18 BOIR 9FIBYOSI AU} UIYIIM [[M B LOJ) USYE) SAN[BA | “-O- J& B SIOLY ISJEMEdS JO SUONNGLIUOD [BUOIORIY Ay} PUE ‘UOLEN)
-ueduo0d [ ‘suonisodwod o1dojost uoqIed J[qels pue UOqIed0Ipel ‘sapIjonuolpes sed 9[qou jo seduepunge d1dojos] :| J[qe],


https://www.editorialmanager.com/epsl/download.aspx?id=1294535&guid=14a7a647-eee3-4ee6-b09f-7b6745340a72&scheme=1
https://www.editorialmanager.com/epsl/download.aspx?id=1294535&guid=14a7a647-eee3-4ee6-b09f-7b6745340a72&scheme=1

Table 2: Groundwater age deduced from 8'Kr, 3°Ar and '*C isotopic abundances
as well as mixing contributions. Apparent 8'Kr ages of mixed samples are also

listed.
Water mass 1 Water mass 2 Apparent
kyr kyr 81Kr age
OKF105U <64
OKF105M 17+ 10
LAB-MZ1 39+ 11
LAB-MZ2 24 + 14
LAB-PW2 10+ 2.5 68 + 15 35+ 11
175-MZ1 3115
175-MZ72 16 +4.9 28 + 21 17+ 14
175-MZ3 0.84 + 0.21 80 + 34 35+ 11
Water type Freshwater or Seawater

young seawater
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