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ABSTRACT

Groundwater contamination is a growing concern in many regions around the world. Karst aquifers are particularly vulnera-
ble to contamination because surface runoff can rapidly enter the subsurface through sinkholes and conduits. This study an-
alysed time-series oxygen and hydrogen isotope data collected before and after Hurricane Idalia to assess storm impacts on
two nearby springs with different discharge rates-Sally Ward Spring (~0.6m3/s) and Wakulla Spring (~13m?3/s)-in a karst re-
gion of North Florida in the US. The §'®0 and 8°H values of rainwater from Hurricane Idalia (event water hereinafter) were
—15.2%0 and —108.5%o, respectively, considerably lower than those of normal rainfall in the region (§'¥0=—4.1%o0+1.6%0 and
82H = —20.2%o0 + 12.2%o), providing a distinct tracer for storm-derived water. Event water appeared at Sally Ward Spring within
one day and again at 12-19 and ~30days post-storm, while it took 10-12days to appear at Wakulla Spring. These relatively short
transit times are in general agreement with previous dye-tracer-based estimates, reflecting rapid flows through sinkholes and
conduits. Isotopic mass balance calculations, however, reveal that event water contributed no more than ~7% and ~1% of the
discharge at Sally Ward Spring and Wakulla Spring, respectively. These results demonstrate that despite the marked differences
in hydrodynamics, discharge at both springs is dominated by pre-event aquifer water, even following a major storm. The data
further suggest that surface water bodies (e.g., lakes and ponds) within the springshed are important groundwater sources,
contributing a substantial amount (>20%) of water to base flow at both springs. These findings highlight the complex recharge
dynamics of the karst aquifer system and the limited direct contribution of event water to spring discharge. This study also
demonstrated that the unique isotopic signatures of tropical cyclones can serve as powerful natural tracers in regional hydrolog-
ical investigations.

1 | Introduction also provides water for industrial and agricultural uses in the

state (United States Geological Survey, n.d.). The Floridan aqui-

Groundwater is a critical natural resource that supports the live-
lihoods of billions of people and diverse ecosystems worldwide
(Jasechko and Perrone 2021; Rohde et al. 2024). However, the
quantity and/or quality of groundwater resources in many re-
gions are declining due to overextraction, pollution and climate
change (Jasechko and Perrone 2021). In Florida, the Floridan
aquifer—a large and highly productive groundwater system—
is the primary source of drinking water for most Floridians; it
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fer is a karst aquifer system where recharge from precipitation
and other surface water sources (e.g., lakes) can occur rela-
tively rapidly through sinkholes and conduits in limestone, and
more slowly through the matrix of underlying aquifers (Ahmed
et al. 2021; Ford and Williams 2007). Since groundwater and
surface water in karst areas are hydraulically connected through
many sinkholes, lakes, sinking river and streams, conduits in
underground limestone and springs, the aquifer is especially
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susceptible to contamination from surface water (White 1993;
Katz et al. 1997; Hartmann et al. 2021). This is because the di-
rect and rapid recharge through sinkholes and underground
cavities and conduits to the subsurface, as well as resurgence
through springs, can contribute to both chemical and biologi-
cal contamination of water supplies (Hartmann et al. 2021; Katz
et al. 1997; White 1993).

North Florida is home to numerous sinkholes and springs.
Springs are the points of discharge for groundwater that inte-
grates waters spatially and temporally from various parts of the
aquifer, and thus provide a window into regional groundwater
quality (Ahmed et al. 2021; Katz 2004). As in many parts of the
world (e.g., Burg and Heaton 1998; Hartmann et al. 2021), in-
creased urban and agricultural development, along with other
human activities, has affected the quality of spring waters in
this region (FDEP-SP 2026; Katz et al. 2009; Katz 2004; Katz
et al. 2001; Katz et al. 1999; McGlynn and Deyle 2018; Spellman
et al. 2022; Spellman et al. 2024; Spellman et al. 2025). Analyses
of chemical and isotopic tracers (CFC-11, CFC-12, CFC-13, SF,
3H and *He) in water from major springs in North and Central
Florida have yielded apparent groundwater ages that often differ
by more than 1-2 decades, even within the same spring (Happell
et al. 2006; Katz 2004). Transit times estimated using the tracer
data and models suggest that impacts on recharge water qual-
ity may take several years to ~60years or more to manifest
at these springs (Katz 2004; Happell et al. 2006). In contrast,
dye tracer studies have revealed extremely rapid solute trans-
port through conduit systems to springs, on the order of days
to weeks (Kincaid et al. 2005, 2007; Kincaid 2006; Kincaid and
Werner 2008). Such rapid transit times potentially allow con-
taminants in surface water to reach the springs quickly. A re-
cent study of a large sinkhole lake in North Florida, using stable
oxygen and hydrogen isotopes in conjunction with a dye tracing
experiment, demonstrated that lake water drained through a
sinkhole on the lakebed was detected at a spring located 32km
downgradient within about 3-5weeks during a dry season
(Ahmed et al. 2021).

Although these studies have provided valuable insights into
regional hydrodynamics, the wide range of estimated transit
times and the discrepancies among tracer-derived ages make
it difficult to reliably assess how long pollutants take to move
through the spring system, or how transit time may vary with
hydrologic conditions. It remains unclear how karst character-
istics affect the partitioning of storm water recharge between
advective and dispersive mechanisms. Improved understanding
of surface-water-groundwater interactions (e.g., recharge path-
ways, mixing dynamics and transit times) can inform spring-
shed management and support strategies to protect groundwater
and spring water quality.

Natural abundances of oxygen and hydrogen isotopes in water
have been widely used to investigate water sources, mixing pro-
cesses and hydraulic connections between sinkhole lakes and
karst springs (e.g., Ahmed et al. 2021; Clark and Fritz 1997; Criss
et al. 2001; Katz et al. 1995; Klaus and McDonnell 2013; Sklash
et al. 1976; Walton-Day and Poeter 2009). Previous studies have
shown that precipitation associated with tropical cyclones, in-
cluding both hurricanes and tropical storms, is considerably
depleted in the heavy oxygen and hydrogen isotopes 80 and

H relative to normal summer precipitation (Jahan et al. 2021;
Lawrence 1998; Lawrence and Gedzelman 1996; Odezulu 2011;
Sun et al. 2022). These abnormally low stable isotope ratios
could potentially serve as natural tracers for investigating re-
charge pathways, groundwater transit times and the influence
of storm runoff on springs.

This research uses stable isotopes in tropical cyclone precipita-
tion and spring waters to address the following questions: Can
the isotope signature of tropical cyclones be detected in spring
waters following a tropical cyclone? If so, how long does it take
for storm-derived event water to reach the springs? What frac-
tion of spring discharge consists of event water following the
storm? These questions have implications for understanding the
potential impacts of large storm events and associated surface
runoff on the water quality of groundwater and karst springs.
The results from this study provide new insight into not only
source contributions to spring discharge but also the impact of
karst characteristics on the partitioning of storm water recharge
between advective and dispersive flows.

2 | Study Area

Two freshwater springs, Sally Ward Spring and Wakulla Spring,
in the Woodville Karst Plain (WKP) in North Florida (Figure 1)
were selected for this study. The WKP is located in the eastern
Florida panhandle, bordering the Gulf of Mexico (Figure 1). It is
bounded to the north by the Cody Scarp (an ancient shoreline),
to the west by the Apalachicola Lowlands, and to the east by the
Steinhachee River (Hendry and Sproul 1966). It is a gently slop-
ing lowland that extends from south of Tallahassee to the Gulf
of Mexico and a subzone of the Ocala Karst District (Hendry and
Sproul 1966; Rupert 1988). The WKP is underlain by a thin (< 8 m
thick) layer of unconsolidated and undifferentiated Pleistocene
quartz sand and shell beds. This thin layer of loose sediment
and soil overlies a thick sequence of Oligocene and Miocene
limestones (i.e., Suwannee Limestone and St. Marks Formation,
respectively) that comprise the Upper Floridan Aquifer—a part
of the Floridan Aquifer system that underlies almost the entire
state of Florida and parts of Geogia, Alabama and South Carolina
(Miller 1986; Rupert 1988). This region has a humid subtropical
climate, with an average annual precipitation of 1494 mm based
on the data for the period of 1991-2020 from Florida Climate
Center (FCC 2026). The wet season extends from June through
September, aligning with the early months of hurricane season,
which runs from June 1 through November 30.

The WKP is a region of extensive karstification, containing nu-
merous sinkholes, karst windows, sinking streams, swallets and
springs (Hendry and Sproul 1966; Kincaid et al. 2005). The WKP
has one of the longest and most extensive mapped karst conduit
networks in the world (Xu and Hu 2021). Out of Florida's 27
first-magnitude springs, seven are in the WKP. Recharge to the
Floridan aquifer within the WKP occurs by direct infiltration of
precipitation through the variably thick sands and soil overly-
ing the aquifer, drainage of precipitation through sinkholes and
sinking streams, and groundwater flow from the north (Kincaid
et al. 2005). Groundwater discharges from the Floridan aquifer
through springs in the southern part of the region as well as sub-
marine springs in the Gulf of Mexico (Kincaid et al. 2005).
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FIGURE1 | Map showing the locations of Sally Ward Spring and Wakulla Spring located in the Woodville Karst Plain within Ocala Karst District
in Florida, US, along with local sinks mentioned in the text. Also shown are major mapped underground caves and conduits in the Woodville Karst

Plain (Modified from McGlynn and Deyle 2018).

Both Sally Ward Spring and Wakulla Spring are in the Edward
Ball Wakulla Springs (EBWS) State Park, 24km south of
Tallahassee, the capital of Florida (Figure 1). Wakulla Spring
is a first-magnitude spring where approximately 300 million
gallons of water flow out the spring each day, according to
Florida Department of Environmental Protection (FDEP 2026).
Groundwater discharging from Wakulla Spring flows through a
network of conduits approximately 75 m below land surface. It is
one of the largest and deepest freshwater springs in the world,
with one of the longest and deepest cave systems (FDEP 2026).
The discharge rate of Wakulla Spring fluctuated significantly
from 0.7m3/s to 54 m3/s in response to seasonal variations in
rainfall (Kincaid 2006; Kincaid et al. 2005). Wakulla Spring is
the headwater of the Wakulla River, which flows for ~16km
southeast merging to the St. Marks River and then to the Gulf of
Mexico. Sally Ward Spring is a second-magnitude spring located
~1km to the northwest of Wakulla Spring (Figure 1), with an
average discharge rate of ~0.6m?3/s, ranging from 0.06m3/s to
3.3m3/s, recorded by the Northwest Florida Water Management
Distinct (NWFWMD 2021). Discharge from the Sally Ward
Spring flows down the Sally Spring run into the Wakulla River
~0.2km downstream from the Wakulla Spring main vent
(NWFWMD 2021).

The springshed of Wakulla and Sally Ward Springs extends
from the springs northward and westward into confined
and poorly confined sections of the Floridan aquifer through
Tallahassee and into southern Georgia (Kincaid et al. 2005).
Dye tracing studies in the area have shown that multiple local

sinks within 12km of EBWS State Park are directly connected
to Wakulla Spring and Sally Ward Spring, with estimated tran-
sit times ranging from 10 to 23days (Kincaid 2006; Kincaid
et al. 2007). Dye tracing studies have also demonstrated hy-
draulic connections between Wakulla Spring and several lakes
located 15-32km north of the WKP, with estimated transit
times ranging from 14 to 35 days (Kincaid et al. 2007; McGlynn
and Deyle 2018).

3 | Materials and Methods
3.1 | Sampling and Analytical Methods

Hurricane Idalia made landfall as a Category 4 storm on August
30, 2023, at Keaton Beach, North Florida, ~64km southwest of
EBWS State Park. The storm brought heavy rain along its path.
Water samples were collected from Sally Ward and Wakulla
Springs from August 28 to October 27, 2023. Stormwater from
Hurricane Idalia was also collected in northeast Tallahassee,
and monthly rainwater samples were collected from the same
area from July through December 2023.

The spring water samples were collected in 1-L HDPE bottles
from both springs every 2-4 days for 1 month and then weekly
for an additional month. Before sample collection, each bottle
was rinsed three times with spring water. The bottle was then
filled with spring water from ~5cm below the water surface,
immediately capped, and placed in a cooler. The samples were
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transported back to our lab, where 5mL of each sample was
transferred into a clean 5-mL borosilicate glass vial, tightly
capped and stored in a refrigerator until isotope analysis.

Monthly rainwater samples were collected in a buried 1-L HDPE
bottle fitted with a funnel above ground. The bottle contained
a small amount of oil to prevent evaporation and was emptied
once a month to obtain a monthly rain sample. A disposable
pipette was used to carefully transfer 5SmL of the monthly rain
sample into a clean 5-mL borosilicate glass vial. The sample vial
was then tightly capped and stored in a refrigerator until isotope
analysis.

Two water samples associated with Hurricane Idalia were also col-
lected in clean 5-mL borosilicate glass vials shortly after the hur-
ricane event. One sample was collected from an open container
beneath a tree and represented rainwater from the hurricane (i.e.,
event water). The other was collected from a small drainage ditch
on gently sloping, vegetated land adjacent to a road and likely rep-
resented a mixture of stormwater and soil water.

As storms tend to increase particulate matter (PM) in water
through soil and sediment erosion caused by enhanced surface
runoff and wind, and/or through the reactivation of cave sedi-
ments by increased recharge flow, the amount of PM in spring
water was measured in this study and used as a proxy for the
degree of storm impact on springs. PM was collected on a pre-
combusted and pre-weighed 1.5-mm glass filter paper by filter-
ing one 1-L bottle of spring water through the filter paper. The
glass filter papers bearing the PM were dried in an oven at 70°C.
After drying, they were weighed to determine the amount of PM
in the spring water.

For stable isotope analyses, 500 uL of each water sample was
transferred using a high-precision pipette into a clean glass
vial containing a platinum catalyst and capped. The vials
containing the water samples and standards were flushed
with helium containing either 2% H, (for hydrogen isotope
analysis) or 0.3% CO, (for oxygen isotope analysis) and then
allowed to react for 24 h. Headspace gas was introduced via an
on-line, continuous-flow system (Finnigan GasBench II) into
a Finnigan MAT DELTA plus XP Stable Isotope Ratio Mass
Spectrometer at the National High Magnetic Field Laboratory
for isotope analysis. The data were calibrated based on mea-
surements of interspersed sets (beginning, every 12 samples,
end) of three different lab water isotope standards (Y W-ST-1:
8180 =-2.18, 8H = —11.6; SLC-tap: 80 = -16.2, 8’H = -121.7;
QD: 880 =-10.6, 8H=-35.8) and are reported in standard
8 notation in the unit of per mil (%0) as 8°H and 8'0 values
in reference to the international standard VSMOW. The lab
standards have been previously calibrated to the international
standard VSMOW using IAEA reference materials VSMOW
(880 =0, 8°H=0), LNW100 ('8 0 =—19.64, 8*H=—157.1) and
IAEA-04 (8'%0=-15.39, 8°H=-114). The analytical preci-
sion was +0.1%o (16) or better for 830 and + 1%, (1s) for §2H
based on repeated analyses of lab standards processed along
with the samples. These data were reported in a master's thesis
(Thomason 2025) that is available online. Because of the high
precision of 880 measurements, 8'80 values were used in this

study for estimating relative contributions of event water and
surface water to spring discharge.

3.2 | Estimating Relative Contribution of Event
Water to Spring Discharge

Detecting the storm signal in the spring water relies on the
unique 880 and &°H signatures of rainfall associated with
tropical cyclones. Tropical cyclones are known to produce pre-
cipitation with extremely negative 8§'%0 and &*H values when
compared to normal thunderstorms (Lawrence 1998; Lawrence
and Gedzelman 1996; Sun et al. 2022). This abnormally negative
isotopic signature can be seen in surficial water bodies in areas
impacted by tropical cyclones (Jahan et al. 2021; Lawrence 1998)
and also in rain water from Hurricane Idalia collected in this
study as shown in the following section. By comparing the iso-
topic values of the pre- and post-event spring water samples
with those of rainwater associated with Hurricane Idalia, we
estimated the transit times for the storm-derived event water to
appear at the springs as well as the relative contribution of event
water to spring water following hurricane Idalia.

Assuming that the spring water after a storm is a mixture of pre-
storm groundwater and event water, the following isotope mass
balance equations were used to determine the fraction of the
spring discharge composed of event water after Hurricane Idalia:

6180GWFGW + 618OEWFEW = 818OSp (1)

Fow+Fpw =1 2

where 80, 8'°0y, and §'*Og  are the oxygen isotope compo-
sitions of pre-storm groundwater (i.e., pre-event spring water),
event water, and spring water after event, respectively. F, and
Fy,, are the fractions of pre-event groundwater and event water,
respectively, in spring water.

By solving the above equations, we can obtain the following:

FEW = (618OGW - 618OSp) / (6180Gw - 618OEW) (3)

Using the above equation and the measured 8'%0,, , 8'*0, and
8'%0y, values, the mixing fraction of event water in the spring

water (Fp,) was estimated.

3.3 | Estimating Relative Contribution of Surface
Water Sources to Spring Discharge

We assumed that pre-event spring water (i.e., pre-storm ground-
water) was a mixture of rainwater and surface water (from lakes,
ponds and wetlands), both of which had entered the Floridan
aquifer over time prior to Hurricane Idalia. Following the deri-
vation of Equation (3), the relative contribution of surface water
to the pre-Idalia discharge was estimated using the following
isotope mass-balance equation:

Fg = (SISORn - 618OGw) / (SlgoRn - 51805“/) “@
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where 8'80, is the long-term average oxygen isotope composi-
tion of regional rainfall; 8'80,  and 8'0y  are the average oxy-
gen isotope compositions of pre-storm spring water and surface
water bodies, respectively. Fq, is the fraction of spring water
derived from surface water sources (e.g., lakes, ponds and wet-
lands) through sinkholes.
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FIGURE 2 | Daily rainfall amounts recorded at Tallahassee
International Airport (https://climatecenter.fsu.edu/), along with (a)
daily average gauge heights recorded at the USGS monitoring station at
Wakulla Spring (https://waterdata.usgs.gov/monitoring-location/USGS-
02327000) and (b) daily average discharges of Wakulla River measured
at a USGS monitoring station located ~3.2km downstream from Wakulla
Spring (https://waterdata.usgs.gov/nwis/inventory/?site_no=02327022).

€ Rain — . ;
L] B Tropical cyclone rain ! ' J
0+ @) A Wakulla Spring ]
F 4  Sally Spring —
r BB Surface water 1
[ —— GMWL )l
Kol R RS LEL ]
L — LMWL J
g -40 E
2 [ LMWL: y = 8.0x +12.4 ]
>_ L R=0.99 \ ]
2 -60 B
£ [ ]
e L J
o -80 b
r Runoff from Idalia in a ditch 1
[ 2006 Tropical Storm Alberto ]
-100 2008 Tropical Storm Fay B
[ 2016 Hurricane Hermine i
L 2023 Hurricane Idalia rain J
-120 f; b
1 L L L 1 1 1 L 1 L L L 1 L 1 L | L ]

—
o
!
—
)
'
oo
'
ES
S)

530 (%o vs. VSMOW)

4 | Results

4.1 | &0 and &§°H of Rainwater and Spring Water

Hurricane Idalia delivered more than 50 mm of rainfall to the
study area on August 30, 2023 (Figure 2). Large rainfall events
can cause rapid increases in spring water level and discharge
because karst aquifer systems are highly sensitive to rainfalls
(Xu and Hu 2021). This sensitivity is evident in the spring
gauge height (water level) records, in which nearly all major
rainfall events resulted in increased gauge height, with the sole
exception of the rainfall event on September 12 (Figure 2a).
Because no weather station is located in the EBWS State Park,
the rainfall record was obtained from the nearest station at
Tallahassee International Airport (TIA), approximately 23km
north of the springs. This station recorded nearly as much rain
on September 12 as during Hurricane Idalia (Figure 2), while
our rain collector located ~15km north of TIA recorded only
30 mm of total rainfall in September (Table S1). Therefore, the
discrepancy between spring discharge and rainfall records
reflects spatial variability in rainfall, with the September 12
event primarily affecting localised areas in and around TIA.

The 80 and &°H values of rain samples collected in
Tallahassee from July 2023 through December 2023 ranged
from —15.2%0 to —1.7%. and —108.5%0 to —7.2%o, respec-
tively, with the lowest values associated with Hurricane
Idalia (Figure 3a; Table S1). The data confirm previous ob-
servations (Lawrence and Gedzelman 1996; Lawrence 1998;
Odezulu 2011; Jahan et al. 2021), showing that precipita-
tion from Hurricane Idalia was considerably more depleted
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FIGURE3 | 8'%0 and 8%H values of spring water samples collected from Sally Ward Spring and Wakulla Spring between August 28 and October
27,2023. Hurricane Idalia passed through the study area on August 30, 2023. Also shown are §'%0 and §°H values of monthly rain during the period
0f 2006-2023, along with rain (and runoff) associated with tropical cyclones that passed through the study area and the mean composition (and +1c
as error bars) of surface water bodies (i.e., lakes, ponds, sinks) in the region. LEL, average local evaporation line, defined as the line connecting the

amount-weighted annual average precipitation composition (2006-2023) to the mean isotopic composition of surface water bodies. GMWL, global

meteoric water line (Craig 1961). LMWL, local meteoric water line.
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in 0 and ?H than normal rains in the area (Figure 3a;
Table S1). Combining the rainwater isotope data that we pre-
viously collected over a nearly 4-year period (5/2006-12/2009)
(Odezulu 2011) from Tallahassee and the new data produced
in this study yielded an amount-weighted annual mean 8'0
value of —4.5%0 and 8*H value of —23.1%. for precipitation in
the study area for the period of 2006-2023. Unweighted aver-
ages of monthly precipitation %0 and §?H values for the same
period are —4.1%0+1.6%0 (1o, n=48) and —20.2%0+12.2%o
(1o, n=438), respectively. Linear regression of all rainwater
isotope data yielded the following Local Meteoric Water Line
(LMWL) shown in Figure 3:

8’H=8.060+124 ©)

which is similar to the Global Meteoric Water Line (i.e.,
82H = 8880 + 10) (Craig 1961).

Water samples from the two springs show much smaller isotopic
variabilities than local rains (Figure 3a). The samples from Sally
Ward Spring had 880 values ranging from —4.3%o to —2.7%o and
&2H values from —22%o. to —15%. during the study period (Figure 4;
Table S2). The samples from Wakulla Spring showed an even
smaller isotopic variability during the same period, with §'%0 val-
ues ranging from —3.8%o to —3.6%o and 8°H values from —19%o to
—15%o (Figure 5; Table S3), which are within the range (—5.1%o to
—2.7%o for 880 and —29%o to —16%. for §2H) previously observed
for the spring in 2012 and 2013 (Rau 2016).

As shown in Figure 3, water samples from both springs plot
either on or near the LMWL. This indicates that the ground-
water is primarily recharged by local rainfall (Clark and
Fritz 1997). This is not surprising from a hydrologic per-
spective. The springshed is estimated to cover approximately
975 miles? (2.53 x 10°m?) (FDEP 2026). The amount of annual
rainfall (~1494 mm) is equivalent to 996 648 million gallons of
water falling on the springshed each year, which is more than
3300 times the average daily discharge at Wakulla Spring. If
only 12% of the annual rainfall first recharges the aquifer and
then discharges at Wakulla Spring, it would be enough to sus-
tain the average discharge at the Wakulla Spring for a year.
However, Figure 3 shows that most samples plot slightly below
the LMWL, suggesting the influence of evaporation. This is be-
cause evaporation preferentially removes isotopically lighter
water molecules into vapour phase, enriching the remaining
water in heavier isotopes 80 and ?H (Gonfiantini 1986). As a
result, the isotopic values of evaporated water fall below the
LMWL, along an evaporation line with a slope typically be-
tween 2 and 5 depending on local relative humidity, in a §°H
versus 8'80 plot (Clark and Fritz 1997; Gat 1996), providing a
diagnostic feature for identifying the influence of evaporated
surface waters on groundwater system.

4.2 | Response of Sally Ward Spring to
Hurricane Idalia

Water samples collected one day after Hurricane Idalia from Sally
Ward Spring showed a marked decrease in both §'%0 and §°H,
accompanied by a sharp increase in PM content (Figure 4a-c),
reflecting a rapid response to the storm. The decrease in isotopic
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FIGURE4 | Temporal variations of §'%0 (a), 8*H (b) and PM (c) of wa-
ter samples collected from Sally Ward Spring before and after Hurricane
Idalia passed through the area, along with relative contribution of event
water to discharge (d) estimated using an isotopic mass balance model.
Also shown in (e) are the 8'80 values of rainwater (event water) from
Hurricane Idalia (solid black dot) and amount-weighted monthly pre-
cipitation (grey bars), together with the daily precipitation amount re-
corded at Tallahassee International Airport and the daily average dis-
charges of the Wakulla River measured at the USGS monitoring station.
Red stars in (a) and (e) highlight the endmember 8'%0 values used in the
isotopic mass balance model to calculate the percentage of event water
in spring water following the hurricane.

values is consistent with an influx of isotopically light event
water, while the PM peak reflects an increased input of parti-
cles driven by strong winds, cave sediment reactivation and
enhanced surface runoff. Over the following 5-9 days, the 8§80
and 82H values of the spring water rose back to pre-storm levels,
while PM content decreased to pre-storm levels. Approximately
12days after Idalia, both 80 and 82H values declined to
below pre-storm levels, reaching a second minimum between
September 11 and 18, about 12-19days after Idalia passed
through the area. They then rose gradually towards pre-storm
levels before declining again to another low point on September
29, about 30days after the hurricane (Figure 4a,b).
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FIGURES5 | Temporal variations of 80 (a), 8*H (b) and PM (c) of wa-
ter samples collected from Wakulla Spring before and after Hurricane
Idalia passed through the area, along with relative contribution of event
water to discharge (d) estimated using an isotopic mass balance model.
Also shown in (e) are the 8'80 values of rainwater (event water) from
Hurricane Idalia (solid black dot) and amount-weighted monthly pre-
cipitation (grey bars), together with the daily precipitation amount re-
corded at Tallahassee International Airport and the daily average dis-
charges of the Wakulla River measured at the USGS monitoring station.
Red stars in (a) and (e) highlight the endmember §'%0 values used in the
isotopic mass balance model to calculate the percentage of event water
in spring water following the hurricane.

Two heavy rainfall events (>30mm) were recorded at TIA in
September (on the 12th and 26th). As noted previously, the
early September event appears to have affected only areas
in and around TIA and had no influence on spring discharge
(Figure 2). The elevated PM content in the sample collected
after this event (Figure 4c) is likely due to increased atmo-
spheric deposition caused by enhanced winds. Similarly, the
late September event had only small impacts on spring water
level and discharge (Figures 2 and 4e). The 8'80 and §°H values
of September rainwater were —3.6%0 and —14%o, respectively,
which are generally higher than those of the spring water in the
same month (—3.73%o + 0.10%o and —18.6%o =+ 1.4%o for §'30 and

&°H, respectively). Given these considerations, it is unlikely that
the September rain events were responsible for the observed de-
creases in spring-water isotope values. Thereafter, §'80 and §*H
values increased in early October following a dry period and de-
creased in late October, approximately 8days after a large rain
event (Figure 4).

A dye-tracing study estimated a transit time of approximately
14 days for water from Ames Sink (Figure 1) to reach Sally Ward
Spring (Kincaid and Werner 2008). Transit times from other local
sinkholes and swallets to Sally Ward Spring have not been inves-
tigated. It has been reported that there was a hydrologic connec-
tion between Sally Ward Spring and Indian Spring—a smaller
spring ~1.6km northwest of Sally Ward Spring (Figure 1)—via
a wetland slough during heavy rains (NWFWMD 2021). Under
normal conditions, Sally Ward Spring and Indian Spring are
hydrologically isolated. However, during periods of excessive
rainfall, the wetland slough between the two springs became in-
undated, allowing surface water to flow into Sally Ward Spring
(NWFWMD 2021).

The pronounced drop in 8§80 and 82H values (by 1%o and 5%,
respectively) observed one day after Hurricane Idalia indicates
a transit time of about 1day for event water to first emerge at
Sally Ward Spring (Figure 4). This rapid response most likely
reflects input from storm runoff delivered through adjacent
wetlands and nearby sinking streams to the spring. The sec-
ond and third minima in spring 880 and &*H values during
September, which cannot be explained by local rainfall events
as noted above, are consistent with mixing of runoff water
from Idalia, suggesting longer transit times of 12-19 days and
30days, respectively. These estimates are in line with the 14-
day transit time from Ames Sink (Figure 1) determined by a
dye-tracing study (Kincaid and Werner 2008) and reflect rel-
atively fast flows of storm runoff through various sinks and
conduits in the area.

Using Equation (3) and the measured 8'80 value of the pre-storm
spring sample (—3.5%o, collected 2days before the storm) and
Idalia rainwater (—15.2%0), we estimated the proportion of event
water in spring discharge (Figure 4d). Although Sally Ward
Spring water was predominantly pre-event water, event water
accounted for ~7% of the spring water 1day after the storm. The
relative amount of event water in the spring water declined over
the following days but increased again to ~3% at 12-19days and
once more at ~30days after the hurricane.

4.3 | Response of Wakulla Spring to
Hurricane Idalia

Gauge height at Wakulla Spring peaked ~10h after Hurricane
Idaliamadelandfallin the early morning of August 30, whereas
Wakulla River discharge, recorded at the USGS monitoring
station ~3.2km downstream from the spring, peaked 2days
later on September 1 (Figures 2 and 5e). Unlike Sally Ward
Spring, samples collected 1day after the storm from Wakulla
Spring—a much larger spring—showed a minor increase in
8180 and 8°H, along with a pronounced rise in PM content,
relative to conditions 2days before the storm (Figure 5a-c).
Over the following 9-12days, §'®0, §°H and PM in the spring
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water gradually declined to slightly below pre-storm levels, or
to pre-storm levels in the case of PM. 8§80 and 8H returned to
pre-storm values 3 days later on September 13. These param-
eters then remained relatively stable for the rest of the study
period (Figure 5). Although a large rain event occurred in
October, bringing more rain to the area than Hurricane Idalia
and resulting in increased spring discharge, the reduced sam-
pling frequency in late September and October prevents as-
sessment of its impact on the §'30, 8H and PM in spring water
(Figure 5).

The small isotopic spike observed at Wakulla Spring 1day
after the storm was unexpected but can be reasonably ex-
plained. Although the wide scatter in isotopic values of rain-
fall is substantially reduced by mixing during infiltration
through the unsaturated zone into the aquifer (Clark and
Fritz 1997), the isotopic composition of groundwater within
the Floridan aquifer is not spatially uniform. This heteroge-
neity is evidenced by variations in the isotope ratios of spring
waters (Figures 3-5; Rau 2016), reflecting both temporal and
spatial differences in the isotopic composition of recharge.
Surface water bodies (e.g., lakes and ponds) are typically en-
riched in '80 and 2H relative to local meteoric water due to
evaporation (Gonfiantini 1986). Therefore, the observed post-
storm increase in 8'®0 and 8°H at Wakulla Spring suggests
that early discharge following the storm contained a slightly
greater contribution from evaporated surface water sources.
This pattern is most likely caused by increased recharge flows
pushing out older groundwater that had been partially derived
from lakes and other surface water bodies. The higher PM
content in the post-storm sample reflects an influx of particles
due to enhanced erosion by strong winds, enhanced surface
runoff, and/or cave sediment reactivation.

The lowest isotopic values occurred in samples collected
10-12days after Hurricane Idalia (Figure 5), suggesting a
transit time of about 10-12days for event water to emerge at
Wakulla Spring. The weak storm signal (~0.2%. decrease in
8180 compared to pre-storm samples) can be explained by a
low event-water-groundwater mixing ratio, as revealed by iso-
topic mass-balance calculations discussed below. Rau (2016)
estimated a similar transit time of 9 days, also based on §'0
and &°H changes in spring water following Tropical Storm
Debby in 2012. Tropical Storm Debby brought more than 10
times as much rainfall as Hurricane Idalia to the study area
and caused a 1.2%o0 drop in spring 880, relative to pre-storm
level, 9 days after the storm. Unfortunately, Rau (2016) did not
measure the isotopic composition of rainfall from that storm
and thus could not evaluate the contribution of Debby rainfall
to spring discharge. The estimated transit time of 10-12days
is also similar to the dye-tracer travel times from some of the
local sinks to Wakulla Spring (Figure 1): 9.5days from Fisher
Creek Sink, 10.3days from Black Creek Sink, and approxi-
mately 20-23 days from Kelly and Ames Sinks (Kincaid and
Werner 2008). Isotopic mass-balance calculations show that
water at Wakulla Spring consisted almost entirely of pre-event
water stored in the aquifer, recharged by previous rains and
other surface sources, with event water from Hurricane Idalia
accounting for <~1% of the spring water following Hurricane
Idalia (Figure 5d).

5 | Discussion

The stable isotope data indicate that Sally Ward and Wakulla
Springs respond differently to storm events, despite proxim-
ity of their spring vents. Although both springs display much
smaller isotopic variability than rainfall, Sally Ward Spring
shows a larger range of 8'80 and 82H values relative to Wakulla
Spring (Figures 3-5). Following Hurricane Idalia, event water
was detected at Sally Ward Spring within 1day, as evidenced
by a significant decrease in 8'®0 and 8°H values, and it con-
tributed up to ~7% of the spring flow 1day after the storm
(Figure 4d). The proportion of event water then declined rap-
idly but increased again to ~3% at 12-19 days and once more
around 30days after the hurricane, indicating multiple flow
paths. In contrast, no clear signal of event water was detected
at Wakulla Spring until approximately 10-12days after the
storm, when event water accounted for about 1% of the spring
discharge (Figure 5d). These observations indicate that Sally
Ward Spring is more sensitive to the influence of storm run-
off than Wakulla Spring, which is a much larger system with
discharge rates more than 22 times greater than those of Sally
Ward Spring. The difference in storm response between the
two springs may also reflect differences in their source areas
within the aquifer (e.g., shallow vs. deep sections), resulting
from differences in their connections to sinks and the com-
plex underground conduit networks within the springshed.
The high sensitivity of Sally Ward Spring to storms is also sup-
ported by the PM data, which show much higher (>3 times
higher) PM concentrations in water from Sally Ward Spring
than in water from Wakulla Spring collected 1day after the
hurricane (Figures 4c and 5c). This suggests that smaller
springs are more vulnerable to the impacts of storm runoff
than larger springs.

Previous studies have used various chemical and isotopic trac-
ers to examine groundwater flow patterns and mixing water
fractions in the Wakulla Spring watershed (e.g., Compare
and Ye 2025; Katz 2001; Katz 2004; Katz et al. 2001; Katz
et al. 2004; Katz et al. 1997; Osmond et al. 1971; Osmond
et al. 1968). By examining variations in uranium isotopic
composition in water samples from different sections of the
Floridan Aquifer in North Florida, Osmond et al. (1968) sug-
gested that most of the water at Wakulla Spring was recharged
south of the Cody Scarp (i.e., within the WKP). Based on
analyses of *H and U isotopes, Osmond et al. (1971) estimated
that water discharging from Wakulla Spring was a mixture
of water from shallow (35%) and deep (65%) parts of the aqui-
fer. Apparent ages of groundwater discharging from Wakulla
Spring, derived from measurements of SF, are about 7-9 years
(Katz 2004). Whereas, apparent ages of water from Wakulla
Spring, calculated from 3H and *He concentrations, are about
32-45years (Katz 2004; Katz et al. 2004) and 50 years (Happell
et al. 2006). The mean transit times estimated for groundwater
discharging from Wakulla Spring, using isotopic and chemical
tracers in conjunction with lumped-parameter flow models,
range from 50 to 80years (Katz et al. 2004). These apparent
ages and transit times estimated based on analyses of SF,, *H
and *He concentrations in spring water samples likely reflect
the slower movement of groundwater through the aquifer ma-
trix in the watershed.
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Dye-tracing studies conducted in the Wakulla springshed
showed much shorter transit times from some of the local sinks
(Figure 1) to Wakulla Spring and Sally Ward Spring, varying
from approximately 10 to 23days (Kincaid and Werner 2008).
These much faster transit times determined in dye-tracing ex-
periments are in general agreement with the transit times de-
rived from the 8'0 and 8°H time-series data, reflecting faster
flows through sinks and conduits. These rapid flows, however,
accounted for only a small proportion of the discharges at both
springs, as indicated by the isotopic mass balance calculations.

Both springs showed elevated PM concentrations following
Hurricane Idalia. The USGS monitoring stations at Wakulla
Spring and on Wakulla River recorded increased water level
and discharge lasting for 3-5days (Figure 2), consistent with
enhanced recharge and aquifer discharge. However, isotopic
mass balance calculations indicate that runoff from Hurricane
Idalia contributed no more than ~7% and ~1% of total flow at
Sally Ward Spring and Wakulla Spring, respectively. These re-
sults show that discharges at both springs are dominated by pre-
event water stored in the aquifer, even following a major storm.
This implies that most of the event water from the storm infil-
trated through soil pores to recharge the aquifer, replenishing
the regional storage of groundwater that flows slowly through
the aquifer matrix down the hydraulic gradient. Some of the
event water also flowed as surface runoff into lakes, ponds and
other low-lying areas to replenish surface water sources that re-
charge the aquifer. This also explains the longer transit times
estimated from analyses of SF, 3H and 3He (Happell et al. 2006;
Katz 2004; Katz et al. 2004) and helps to reconcile the discrepan-
cies in transit times estimated using different tracers. Our find-
ings highlight the complexity of surface water and groundwater
interactions in karst aquifer systems.

For the study period, both springs have essentially the same av-
erage isotopic values: —3.7%o +0.3%o (8'80) and —18.1%o * 1.9%o
(8°H) for Sally Ward Spring, and —3.7%0+0.1%0 (8'80) and
—17.9%0+1.0%0 (8°H) for Wakulla Spring. These values are
higher than the long-term amount-weighted annual mean 880
(—4.5%0) and 8*H (—23.1%o) values for precipitation in this re-
gion. This, together with the observation that most spring-water
samples plot slightly below the LMWL in Figure 3, suggests that
(1) evaporation occurred prior to infiltration or (2) both springs
received a significant portion of their recharge from evaporated
surface-water bodies such as lakes, swallets and ponds.

North Florida has many shallow lakes, ponds and wetlands,
where surface water can drain rapidly into the aquifer through
sinkholes in lake beds and percolate slowly into the aqui-
fer through pores in the underlying sediments. Although
sourced from local precipitation, these surface water bodies
are typically enriched in 80 and 2H, relative to local rains,
due to evaporation (Ahmed et al. 2021; Bugna et al. 2020;
Jahan et al. 2021; Katz et al. 1997; Odezulu 2011). Previous
dye tracing studies have demonstrated hydraulic connec-
tions between Wakulla Spring and some of the lakes north
of the WKP, including Lake Jackson (35-day travel time),
Lake Lafayette (30-35day travel time) and Lake Munson
(14-22days) in Tallahassee (Kincaid et al. 2007; McGlynn and
Deyle 2018). Both Lake Jackson (~16km?) and Lake Lafayette
(~7.4km?) are among the ‘Disappearing Lakes’ that are known

to drain periodically through sinkholes on their lake beds
(Lammers 2021). Such dry-down events allow relatively rapid
recharge of the aquifer by large volumes of lake water periodi-
cally, shifting the 8180 and 8?H values of groundwater and thus
spring water to higher values temporarily. The 8'80 value of
pre-event discharge was —3.7%. at Wakulla Spring and —3.5%o.
at Sally Ward Spring during the study period. The average 8§80
and 8°H values of lakes, ponds and sinks in North Florida are
—0.7%0 +1.9%0 (x1o, n=109) and —5%o0+11%0 (+1o, n=106)
(Figure 3 and Table S4). Assuming that pre-event spring water
was a mixture of water originating from direct infiltration of
local rainfalls, with 880 of —4.5%0 (i.e., long-term amount-
weighted average value for precipitation in the area), and
water derived from evaporated surface water bodies (i.e., lakes,
ponds and swallets) with 8'30 of —0.7%., mass-balance calcula-
tions (using Equation (4)) suggest that the relative contribution
of surface water bodies to the pre-Idalia discharge (i.e., base
flow) was ~22% at Wakulla Spring and ~26% at the Sally Ward
Spring (Figure 6). Rau (2016) reported an average §'%0 value of
—3.3%o for the base flow at Wakulla Spring in 2012 and 2013.
Assuming the same end-member values, these higher isotopic
values would suggest a greater proportion (~32% on average)
of the base flow originated from surface water bodies in the
watershed.

Our study demonstrates that the unique isotopic signatures of
tropical cyclones can serve as effective natural tracers in re-
gional hydrological investigations. Compared to dyes and other
chemical tracers, stable oxygen and hydrogen isotopes are not af-
fected by absorption or degradation. Furthermore, when source
endmembers can be identified, isotopic mass-balance analysis
allows quantitative assessment of mixing ratios and the relative
contributions of different sources, which is difficult to achieve
using dye tracers. Our approach is applicable to any region that
may be impacted by tropical cyclones. Although PM increased
at both springs after the storm, we caution against using PM as a
surrogate for isotope data, as PM can be influenced by processes
other than storm-driven inputs, such as sediment reactivation
within the karst system and atmospheric deposition.

B Surface water
(a) Precipitation (b)

78%

Sally Ward Spring Wakulla Spring

FIGURE 6 | Relative contributions of surface water sources and di-
rect rainwater infiltration over a longer period to pre-storm discharge at
Sally Ward Spring (a) and Wakulla Spring (b), estimated using an isoto-
pic mass balance model, the average §'30 values of precipitation (for the
period of 2006-2023) and surface water bodies, and the §'%0 values of
spring-water samples collected before Hurricane Idalia.
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6 | Conclusions

Stable isotope analyses of water samples from Sally Ward Spring,
Wakulla Spring, and precipitation in North Florida reveal distinct
hydrologic responses to Hurricane Idalia and provide new insights
into groundwater recharge and flow dynamics in this karst aquifer
system. Precipitation associated with Hurricane Idalia was highly
depleted in 80 and ?H relative to typical regional rainfall, consis-
tent with previous observations of tropical cyclone precipitation
and confirming its utility as an effective hydrologic tracer.

Storm-derived event water was detected at Sally Ward Spring
within 1day of the hurricane, whereas a clear signal of event
water did not appear at Wakulla Spring until approximately
10-12days later. Additional pulses of event water were detected
at Sally Ward Spring approximately 12-19 days and ~30days after
the storm. These observations indicate that Sally Ward Spring
and Wakulla Spring exhibit markedly different hydrodynamic
responses to large storm events, despite the close proximity of
the two springs. The relatively short transit times of many days
to weeks are generally consistent with prior dye-tracing results,
reflecting fast flow through sinking streams and underground
conduits. However, isotopic mass-balance calculations indicate
that discharge at both springs is overwhelmingly dominated
by pre-event water stored within the aquifer, even following a
major storm. Elevated PM concentrations and increased spring
discharge following the hurricane reflect aquifer's sensitivity
to intense rainfall and increased recharge. Isotope data further
indicate that surface waters, including lakes and ponds, are an
important source of groundwater, contributing a substantial
portion (>20%) of base flow at both springs. Together, these re-
sults underscore the complexity of groundwater flow and stor-
age in the karst aquifer system and the importance of pre-event
groundwater in sustaining spring discharge.
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