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1 Not so Isolated: Isotopic and Hydraulic Evidence of Vertical Connectivity Between 
2 the Okefenokee Swamp and Floridan Aquifer 

3 Jaivime Evaristo1*, C. Rhett Jackson1, Todd C. Rasmussen1

4 1Warnell School of Forestry and Natural Resources, University of Georgia, Athens, GA, 
5 USA

6 *Corr-auth: evaristo@uga.edu 

7 Abstract

8 The Okefenokee Swamp has long been assumed to be hydraulically isolated from the 
9 Upper Floridan Aquifer (UFA) due to the intervening Hawthorne Formation, a Miocene-

10 age confining unit. Here we test that assumption using stable water isotopes and 
11 multiyear time series of swamp and aquifer water levels. Isotope mixing model using 
12 δ18O indicates that 27–95% of groundwater beneath the swamp is swamp-derived, with 
13 the remainder resembling regional UFA water. Coherence analysis and impulse-
14 response modeling show that water level fluctuations propagate across the Hawthorne 
15 layer with a lag of ~30 days, yielding a vertical hydraulic diffusivity of ~291 m2/d. These 
16 independent lines of evidence confirm that the swamp and aquifer are hydraulically 
17 connected through a semi-confining system. Vertical leakage from the swamp may 
18 represent 5–15% of annual rainfall and contributes to the isotopic enrichment of UFA 
19 waters downgradient. This overturns prevailing hydrogeologic conceptual models and 
20 suggests that wetland–aquifer interactions are more dynamic and consequential than 
21 previously recognized.

22

23 1. Introduction

24 Groundwater–surface water exchanges govern both water quantity and quality across 
25 climates, yet their spatial modes—whether diffuse or focused—remain difficult to 
26 quantify. Recharge occurs along a continuum between diffuse infiltration through soils 
27 and focused leakage via streams, depressions, or karst features. Climatic aridity and 
28 local hydrogeology largely determine where a system lies on that continuum. 
29 Observations across sub-Saharan Africa show that humid regions sustain diffuse, 
30 seasonally consistent recharge, whereas semi-arid areas experience threshold-
31 controlled, episodic recharge through focused infiltration from ephemeral flows 
32 (Cuthbert et al 2019). Globally, field syntheses confirm that recharge fractions scale 
33 nonlinearly with aridity and that preferential flowpaths strengthen the connection 
34 between aquifers and surface fluxes beyond what global models typically resolve 
35 (Berghuijs et al 2022). 
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36 This connection has implications for vulnerability to surface-derived contaminants. 
37 Although deep aquifers often contain “fossil” water recharged during the late 
38 Pleistocene, half of such wells worldwide also contain tritium, indicating partial mixing 
39 with modern recharge (Jasechko et al 2017). Intensive groundwater pumping further 
40 deepens this penetration: across U.S. aquifers, modern water reaches greater depths 
41 where withdrawals are highest, showing that pumping can draw young, contaminant-
42 prone water downward into previously isolated zones (Thaw et al 2022). Thus, thick 
43 confining units do not guarantee isolation; preferential pathways and hydraulic stresses 
44 can short-circuit stratified systems.

45 Stable isotopes of water (δ2H, δ18O) are powerful diagnostics of such exchanges 
46 because evaporation imparts a distinct isotopic signature to surface waters 
47 (Ramchunder et al 2022, Evaristo et al 2015). In northern Finland, for example, line-
48 conditioned excess (LCE) analysis has been used to identify wells affected by lakes, 
49 gravel pits, and drained peatlands, revealing subtle surface-water intrusions even where 
50 recharge is otherwise diffuse (Yapiyev et al 2023). Similarly, isotopic and microbial 
51 monitoring in shallow aquifers shows that wells isotopically resembling nearby ponds 
52 can derive 80–95 % of their water from those sources, despite distinct microbial 
53 communities (Lyons et al 2025). Such findings highlight the need to pair isotopic tracers 
54 with hydraulic observations to diagnose exchange mechanisms and intrusion risk.

55 1.1 Regional and historical context

56 The Floridan Aquifer System (FAS), extending across Georgia and Florida, is among 
57 the world’s most productive carbonate aquifers. Its upper unit—the Upper Floridan 
58 Aquifer (UFA)—is overlain in southeastern Georgia by the Miocene Hawthorn Group, 
59 widely regarded as an effective confining layer. Consequently, overlying wetlands such 
60 as the Okefenokee Swamp have long been presumed hydraulically isolated. Yet 
61 isotopic and noble-gas evidence gathered since the 1990s challenges that assumption.

62 Plummer (1993) measured stable isotopes, radiocarbon, and dissolved gases along 
63 three UFA flow paths and found that late-Pleistocene (20–26 ka) waters were enriched 
64 in δ18O by 0.7–2.3 ‰ relative to Holocene recharge. Because this enrichment was 
65 opposite to the depletion expected from glacial cooling, he proposed that recharge 
66 during the Last Glacial Maximum (LGM) derived from evaporatively enriched tropical-
67 cyclone precipitation over the Atlantic Coastal Plain. That interpretation implicitly 
68 required  negligible modern leakage through the Hawthorne confining unit.

69 Clark et al (1997) re-examined the same region using stable isotopes, radiocarbon, 
70 noble gases, and chloride, and came to a different conclusion. They showed that the 
71 UFA contains both regional (old) and local (young) flow systems, with locally recharged 
72 waters entering the top of the aquifer and remaining largely unmixed with the regional 
73 system (Clark et al 1997). Noble-gas thermometry indicated that the region was ~4 °C 
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74 cooler during the LGM, yet the δ¹⁸O enrichment observed down-gradient was best 
75 explained by modern shallow groundwater leaking downward rather than by 
76 paleoclimate effects (Clark et al 1997). Their tracer patterns, together with hydraulic 
77 modeling, revealed that southeastern Georgia’s segment of the FAS is semi-confined, 
78 with localized downward flux through discontinuities in the Hawthorn Group. However, 
79 those studies did not include direct sampling of overlying wetlands—notably the 
80 Okefenokee Swamp—or pair chemical signatures with time-series head data. As a 
81 result, the magnitude, timing, and spatial organization of swamp–aquifer exchange 
82 remain unresolved.

83 1.2 Broader scientific problem

84 Globally, recent studies reveal that recharge processes are far more heterogeneous 
85 than long-assumed: diffuse and focused fluxes can coexist across small spatial scales, 
86 and even deep aquifers thought to contain ancient water can be dynamically connected 
87 to modern surface sources (Thaw et al 2022, Berghuijs et al 2022, Cuthbert et al 2019, 
88 Jasechko et al 2017). Yet empirical tests of these processes beneath large peat 
89 wetlands remain rare. Such systems are often treated as hydrologically self-contained, 
90 dominated by precipitation and evapotranspiration, with little consideration of vertical 
91 leakage. However, evidence from other environments—arid floodplains, ephemeral 
92 basins, glaciofluvial aquifers—demonstrates that focused recharge through localized 
93 windows can transmit surface signals deep into regional aquifers. Whether the 
94 Okefenokee Swamp functions purely as an evaporative terminus or as a zone of 
95 focused downward exchange thus remains a key uncertainty with implications for both 
96 groundwater budgets and contaminant pathways.

97 1.3 Objectives and approach

98 This study provides the first direct test of hydraulic connectivity between the 
99 Okefenokee Swamp and the UFA. We combine new δ2H–δ18O measurements (2025) 

100 from swamp waters and nearby wells with the historical 1990s tracer dataset of Clark et 
101 al. (1997) and analyze multi-year records of swamp stage and groundwater heads. 
102 Together, these datasets allow us to evaluate both spatial isotopic signatures and 
103 temporal coupling between surface and subsurface systems.

104 Our objectives are to:

105 1. Quantify the isotopic evidence for swamp-derived water within the UFA;
106 2. Determine whether exchange is diffuse or focused and identify likely pathways; and
107 3. Interpret the findings within the global context of groundwater–surface water 
108 coupling and intrusion vulnerability.

109 Guided by the global literature on preferential recharge and semi-confined systems, our 
110 working hypothesis is that the Okefenokee Swamp and the UFA are hydraulically 
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111 connected, with exchange that is spatially heterogeneous, episodically focused, and 
112 potentially enhanced by pumping-induced gradients in adjacent areas.

113 This investigation thus revisits a long-standing assumption in southeastern Georgia 
114 hydrogeology—that the Okefenokee is hydrologically isolated—and reframes it within 
115 the broader understanding of how confining layers behave in real landscapes: leaky, 
116 patchy, and dynamically coupled to the surface despite their apparent continuity.

117

118 2. Methods

119 2.1 Site description

120 The Okefenokee Swamp lies in the low-relief Atlantic Coastal Plain, straddling the 
121 Georgia–Florida state line (Figure 1A). Three flowpaths (Flowpaths 1-3) of the UFA in 
122 southeast Georgia have been identified based on predevelopment potentiometric 
123 surface (Plummer 1993). The locations of UFA wells along these flowpaths are shown 
124 in in Figure 1A, and their corresponding elevations above mean sea level (AMSL) are 
125 shown in Figure 1B-D. The swamp occupies a saucer-shaped topographic depression; 
126 swamp water surface elevations range from about 38 m AMSL at the northeastern rim 
127 to ~33–34 m AMSL at the southwestern outflow near Fargo, Georgia, USA (Figure 1D). 
128 The interior is characterized by peat accumulations (up to several meters thick) in broad 
129 prairies and cypress swamps, interspersed with slightly elevated sand “islands.” The 
130 swamp’s surface area expands and contracts seasonally, but generally covers ~1,500–
131 1,800 km2 of wetland. The climate is humid subtropical, with mean annual precipitation 
132 on the order of 1300 mm. Rainfall and runoff from a small upland catchment to the north 
133 provide nearly all water inputs, whereas losses occur via evapotranspiration and surface 
134 outflows. On a long-term basis, approximately 80 % of rainfall over the Okefenokee 
135 Swamp is lost to evapotranspiration, and the remaining 20 % exits as surface flow 
136 (Rykiel 1977), chiefly through the Suwannee River, which drains the western and 
137 northern parts of the basin, and the St. Marys River, which drains the southeast. 
138 Because this surface-water budget appeared to account for nearly all inflows, direct 
139 groundwater recharge from the swamp was long considered negligible (Georgia EPD, 
140 2024). The prevailing interpretation held that the Miocene Hawthorn Formation formed 
141 an effective confining layer that isolated the swamp from the underlying Upper Floridan 
142 Aquifer.

143 Beneath the swamp’s peat and sand deposits, the geologic framework consists of an 
144 unconfined surficial aquifer underlain by the Hawthorne Group, which in turn overlies 
145 the UFA (Thom 2015, Clarke et al 1990). The Hawthorne Group (Miocene age) is a 
146 sequence of clay and interbedded sand/carbonates that acts as a regional confining 
147 unit, limiting vertical flow. It is present throughout the Okefenokee Basin (Thom 2015)  
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148 and ranges up to ~70 m in thickness in this area (as inferred from well logs in 
149 surrounding regions). Under the Hawthorne lie the Eocene limestones of the Floridan 
150 Aquifer, a karstic, high-permeability unit that is the principal groundwater source in 
151 southeastern Georgia and Florida. In and around the Okefenokee, the Floridan Aquifer 
152 is generally confined by the Hawthorne Group, and artesian conditions historically 
153 existed (Thom 2015, Clarke et al 1990). This stratigraphy gave rise to the assumption of 
154 hydraulic isolation: most studies have treated the Hawthorne confining beds as a barrier 
155 separating the swamp’s shallow water from the Floridan Aquifer (Rykiel 1977). 
156 Nevertheless, the possibility of breaches or windows in the confining layer has been 
157 noted about 100 km west of Okefenokee in Valdosta, Georgia (Plummer et al 1998). 
158 The swamp’s geologic history includes subsidence and perhaps karst activity; indeed, 
159 localized sinkhole-like features in the swamp’s substratum have been hypothesized, 
160 which could facilitate focused seepage through the Hawthorne Group (Priest 2004, 
161 Loftin 1998, Rykiel 1977). Additionally, Trail Ridge – a Pleistocene sand ridge forming 
162 the eastern boundary of the swamp (Thom 2015) – creates a hydrologic divide; west of 
163 Trail Ridge, groundwater gradients would direct flow toward the swamp, while to the 
164 east groundwater flows away. This raises the complexity that any vertical exchange 
165 might vary spatially across the swamp. 

166 The UFA in southeast Georgia and north Florida has seen significant anthropogenic 
167 drawdown over the past half-century due to municipal and industrial pumping in coastal 
168 Georgia (e.g., Brunswick) (Krause and Clarke 2001, Clarke et al 1990). The swamp’s 
169 water level (surface elevation ~36–38 m AMSL in wetter periods) is typically higher than 
170 the potentiometric surface of the Floridan Aquifer beneath by several meters (Kitchens 
171 and Rasmussen 1995). Historically, artesian pressure may have approached the 
172 swamp surface, but today, the head in the UFA is considerably lower, establishing a 
173 downward hydraulic gradient virtually year-round (Kitchens and Rasmussen 1995). 
174 Thus, if permeable pathways exist, Okefenokee’s waters would be expected to 
175 percolate into the aquifer. Conversely, upward discharge of Floridan water into the 
176 swamp is not observed – consistent with geochemical evidence (the swamp lacks the 
177 calcium-rich signature of Floridan spring water) (Yu 1986, Kitchens and Rasmussen 
178 1995). In summary, the setting is one of a large, shallow wetland underlain by a regional 
179 aquifer with a confining layer that is generally of low permeability, but with a persistent 
180 head difference that drives potential downward leakage.

181 The Suwanee and St. Marys River basins encompass nearly twice the swamp’s area, 
182 so basin-average yields (291 and 310 mm/yr, respectively) cannot isolate the swamp’s 
183 contribution. Nearby non-swamp basins yield similar values (262-345 mm/yr), making it 
184 unlikely that surface yield alone distinguishes swamp vs. upland behavior. Instead, any 
185 residual must be evaluated through mass balance and tracer constraints.
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186

187 Figure 1. Study site. (A) Map of a section of southeast Georgia, USA (see inset) 
188 showing the Okefenokee Swamp, Trail Ridge, well locations open to the UFA from Clark 
189 et al. (1997;  n =15) and this study (n=16); also shown are locations of our river and 
190 swamp samples as are Flowpaths 1-3 as delineated by Plummer (1993). The polygon 
191 on the inset shows the spatial extent of the map shown in (A). (B-D) Elevation cross-
192 section profiles of respective flowpaths shown in (A); Okefenokee Swamp and Trail 
193 Ridge are annotated in (D).
194

195 2.2 Stable isotope sampling and analysis

196 We analyzed stable isotopes of hydrogen and oxygen (δ2H and δ18O) in water samples 
197 from both surface waters and groundwater wells to evaluate water sources and mixing 
198 between the swamp and aquifer. We compiled isotope data from a 1997 study (Clark et 
199 al 1997) for baseline comparison (N=15) and collected new samples in the vicinity of the 
200 swamp in February 2025 (N=32). The Clark et al. (1997) dataset included δ2H and δ18O 
201 measurements from UFA wells following flowpaths 1 and 2 (Figure 1A), as delineated 
202 by Plummer (1993). Those samples were originally analyzed via isotope-ratio mass 
203 spectrometry; the reported analytical precision was on the order of ±0.1‰ for δ18O and 
204 ±1‰ for δ2H. For our 2025 sampling, we selected representative locations in and 
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205 around the swamp: (i) open-water swamp surface at several sites (interior prairies and 
206 near the outflows; 𝑛 = 4), (ii) wells open to the UFA directly beneath or immediately 
207 adjacent to the swamp (𝑛 = 4), (iii) spatially distributed tapwaters supplied by municipal 
208 wells that are also open to the UFA (𝑛 = 12), and river water (𝑛 = 12). All water samples 
209 were collected in 20 mL high-density polyethylene bottles with minimal headspace, 
210 sealed and kept cool to prevent evaporation.

211 Isotopic analysis of the 2025 samples was performed using a Picarro L2140-i cavity 
212 ring-down laser spectrometer at the Evaristo Lab at the University of Georgia. Each 
213 sample was injected nine times, and the first six injections were discarded to eliminate 
214 memory effects. The spectrometer was calibrated using three standards (USGS 46-48) 
215 that spanned the range of expected terrestrial δ18O and δ2H values, all cross-referenced 
216 to the VSMOW-SLAP international scale. Results are reported in permille (‰) notation 
217 relative to VSMOW. The analytical precision (1σ) for the 2025 measurements was 
218 approximately ±0.025‰ for δ18O and ±0.1‰ for δ2H, better than the 1997 data quality. 

219 We performed a two-endmember mixing analysis (also see Supporting Information) to 
220 quantify the contribution of swamp water to the UFA, treating swamp surface water as 
221 one endmember (𝑛 = 4) and regional groundwater (𝑛 = 15) as the other endmember. 
222 The groundwater endmember consists of wells that are open to the UFA from 
223 Flowpaths 1 and 2 in the Clark et al. (1997) dataset. For each UFA well, the fraction of 
224 swamp water, 𝑓𝑠𝑤𝑎𝑚𝑝, was computed as:

225 𝑓𝑠𝑤𝑎𝑚𝑝 = 𝛿𝑤𝑒𝑙𝑙―𝛿𝑟𝑒𝑔𝑖𝑜𝑛𝑎𝑙

𝛿𝑠𝑤𝑎𝑚𝑝―𝛿𝑟𝑒𝑔𝑖𝑜𝑛𝑎𝑙
(Eq. 1)

226 using δ18O values (and cross-checked with δ2H for comparison). In Equation 1, 𝛿𝑤𝑒𝑙𝑙 is 
227 the δ18O isotope value in sampled wells and tapwaters, 𝛿𝑠𝑤𝑎𝑚𝑝 is the value in swamp 
228 water ( ―1.7 ± 0.58; 𝑛 = 4), and 𝛿𝑟𝑒𝑔𝑖𝑜𝑛𝑎𝑙 is the value in UFA wells along Flowpaths 1 
229 and 2 in the Clark et al. (1997) dataset ( ―3.86 ± 0.43; 𝑛 = 15). This linear mixing 
230 approximation assumes that isotope effects like evaporation only modify the swamp 
231 endmember and that there are no other distinct sources (e.g., no significant paleowater 
232 component with a vastly different signature beyond the chosen endmembers). The 
233 range of 𝑓𝑠𝑤𝑎𝑚𝑝 across sites provides an estimate of how much of the UFA water under 
234 the swamp is derived from swamp infiltration. We performed this analysis for each of the 
235 two field campaigns.

236 The ‘offset’ of a water sample from the (local meteoric water line, LMWL) has been 
237 shown useful in characterizing the magnitude of evaporative enrichment (Evaristo et al 
238 2015). To quantify the offset between UFA water, swamp water, river water and 
239 precipitation, we calculated the line-conditioned excess (LCE):

240 𝐿𝐶𝐸 = [𝛿2𝐻 ― 𝑎𝛿18𝑂 ― 𝑏]/𝑆 (Eq. 2)
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241 where  a and b are the slope and y-intercept, respectively, of the LMWL δ2H = 7.15 δ18O 
242 + 9.28 (R2 0.93, n =145) from (Klaus et al 2015). This LMWL was derived from the 
243 Upper Fourmile Branch at the Savannah River Site, South Carolina. Like our study site 
244 in SE Georgia, the Savannah River Site is also in the Coastal Plain physiographic 
245 region of the Upper Atlantic, and thus (in the absence of locally derived, SE Georgia 
246 MWL) represents the best and most applicable LMWL there is to date.

247 2.3 Water level data and analysis

248 We analyzed daily water level records from 1978 to 2025 for two USGS groundwater 
249 wells—27G003 near Waycross and 27E004 at Jones Island—and for surface water in 
250 Jones Island Swamp, within the Okefenokee region (Okefenokee National Wildlife 
251 Refuge 2025). Elevation data were converted to meters above mean sea level and 
252 resampled to a common daily time base using vectorized interpolation to address 
253 temporal gaps and averaging algorithms to resolve duplicate values.

254 To assess hydrologic connectivity between swamp and aquifer, we applied 
255 complementary statistical tools. Pearson correlations captured linear covariation, while 
256 dynamic time warping quantified pattern similarity independent of time shifts (Hemri and 
257 Klein 2017, Sammour et al 2019). Frequency-dependent coherence was evaluated 
258 using magnitude-squared coherence computed via Welch’s method (Malekpour et al 
259 2018). Directional dependencies were probed using simplified Granger causality (Guo 
260 et al 2010, Shojaie and Fox 2022, Tuttle and Salvucci 2017), and mutual information 
261 (Tiwari et al 2020)—estimated from histogram-based distributions—provided a 
262 nonparametric measure of shared variability. We focused detailed analysis on the most 
263 complete and continuous data interval (July 2017 to August 2020; n = 1,135 days), 
264 maximizing statistical power and minimizing interpolation artifacts.

265 We estimated aquifer hydraulic properties by modeling the impulse response between 
266 surface and groundwater levels at Jones Island (Strupczewski et al 2003, Lu et al 
267 2022). The response function is estimated using ordinary-least-squares regression 
268 deconvolution (Rasmussen and Mote 2007, Toll and Rasmussen 2007, Rasmussen and 
269 Crawford 1997). The analytical response function is,

270 𝑅(τ) = 1 ―
4
π

∞

𝑛=0

(―1)𝑛

2𝑛 + 1 exp ― (2𝑛 + 1)2π2τ

271 (Eq. 3)

272 where 𝜏 is the dimensionless time defined by 𝜏 = 𝐷
𝑡𝑏2. Here, 𝑡 is the elapsed time (days), 

273 D is the vertical hydraulic diffusivity (m2/d), and 𝑏 is the vertical thickness (m) of the 
274 leaky layer through which vertical flow occurs (see Supporting Information). This 
275 formula represents the aquifer’s theoretical response to a unit step change in swamp 
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276 head: at 𝜏 = 0, 𝑅 = 0; as 𝜏→∞, the exponential terms vanish and 𝑅→1 (complete 
277 transmission). Curve matching at the inflection point (τ* = 30 days) yielded D = 290.96 
278 m²/d, assuming b = 151.8 m. This provides a physically grounded estimate of vertical 
279 leakage and quantifies swamp–aquifer connectivity in this low-relief coastal plain 
280 system.

281 All data processing and analyses were performed using Matlab. The isotope mixing 
282 calculations were straightforward algebraic derivations from the measured values. 
283 Uncertainty in the computed swamp-water fraction, 𝑓𝑠𝑤𝑎𝑚𝑝, was evaluated by 
284 propagating the standard deviation of the δ values following Genereux (1998):

285 𝑊𝑓𝑠𝑤𝑎𝑚𝑝 =

286 𝛿𝑟𝑒𝑔𝑖𝑜𝑛𝑎𝑙―𝛿𝑤𝑒𝑙𝑙

𝛿𝑟𝑒𝑔𝑖𝑜𝑛𝑎𝑙―𝛿𝑠𝑤𝑎𝑚𝑝
2 𝑊𝛿𝑠𝑤𝑎𝑚𝑝

2

+ 𝛿𝑤𝑒𝑙𝑙―𝛿𝑠𝑤𝑎𝑚𝑝

𝛿𝑟𝑒𝑔𝑖𝑜𝑛𝑎𝑙―𝛿𝑠𝑤𝑎𝑚𝑝
2 𝑊𝛿𝑔𝑤

2

+ ―1

𝛿𝑟𝑒𝑔𝑖𝑜𝑛𝑎𝑙―𝛿𝑠𝑤𝑎𝑚𝑝
𝑊𝛿𝑤𝑒𝑙𝑙

2
1
2

287 (Eq. 4)

288

289 3. Results

290 3.1 Stable isotopic evidence of vertical exchange

291 The stable isotope measurements show a clear fingerprint of Okefenokee Swamp water 
292 in the underlying Upper Floridan Aquifer. Figure 2A shows a crossplot of δ18O and δ2H 
293 of regional UFA groundwater from Flowpaths 1 and 2 in (Clark et al 1997), and swamp 
294 surface waters and groundwater from UFA beneath or near the swamp collected in 
295 2025. Several notable patterns emerge. First, the swamp surface water is relatively 
296 enriched in heavy isotopes (δ18O ≈ ―1.7 ± 0.6, δ2H ≈ ―7.0 ± 3.1) compared to regional 
297 groundwater (δ18O ≈ ―3.9 ± 0.4, δ2H ≈ ―22.6 ± 2.7). By contrast, groundwater from 
298 the UFA beneath or near the swamp is significantly different (δ18O ≈ ―2.6 ± 0.38, δ2H 
299 ≈ ―9.8 ± 1.9) from regional background. In 2025, wells tapping the UFA near the 
300 swamp were found to be even more enriched, with one well measuring δ18O 
301 ≈  ― 1.8 ‰, δ2H ≈  ― 7 ‰ – nearly indistinguishable from the swamp surface water 
302 values. These data strongly indicate mixing of swamp-derived water into the aquifer. 
303 Groundwater in the aquifer directly beneath the swamp has an isotopic signature shifted 
304 toward that of swamp water, whereas regional groundwater remains distinctly lighter. 
305 This spatial isotopic contrast – heavy under the swamp vs. lighter away – is exactly 
306 what one would expect if swamp water were leaking downward and dominating the 
307 recharge under the swamp.
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308

309 Figure 2. Endmember mixing results. (A) δ18O- δ2H crossplot of UFA groundwater 
310 samples from Clark et al. (1997; n=15) and this study (n=16); also shown are aquifer 
311 and swamp endmember mean values (error bars represent one standard deviation) and 
312 river water and LMWL. (B) Dots map of swamp water contributions to UFA samples 
313 collected in this study; bubble size denotes the fraction of swamp water contribution to 
314 UFA. (C) LCE box plots of UFA groundwater from this study, Clark et al. (1997), swamp 
315 water and river water; boxplots that are not connected by the same letter are 
316 significantly different (using Steel-Dwass nonparametric all-pairs comparison, p<0.05). 
317 (D) Bar plot of swamp water contributions to UFA samples collected in this study; the 
318 error bars represent the calculated uncertainties using Eq. (4). (E) Calculated 
319 uncertainty W in fractions of swamp water (fswamp) and UFA (fUFA) contributions to UFA 
320 samples collected in this study (following Genereux, 1998); the concave up curve shows 
321 that the lowest uncertainties are associated with increasingly equal proportions of 
322 swamp water and UFA water contributions to UFA samples collected in this study. (F) 
323 Crossplot of δ18O and distance from the coast; the open circles are from Clark et al. 
324 (1997); the grey-filled circles are from this study. The trendlines represent inland 
325 gradients of δ18O from Clark et al. (1997) (0.60 ±0.15 ‰ per 100 km) and this study 
326 (1.10 ±0.33 ‰ per 100 km).

327

328 From the isotopic mixing analysis (Figure 2B), we estimate that the fraction of swamp-
329 origin water in the UFA beneath the Okefenokee ranges from roughly 0.27 to 0.95 in our 
330 2025 samples. The LCE values of UFA water from this study and from Clark et al. 
331 (1997) are significantly different from the LCE values of swamp and river water (Figure 
332 2C) (Steel-Dwass nonparametric all-pairs comparison, p<0.05). In all but two UFA 
333 samples within the perimeter of the swamp (Figure 2D), the groundwater compositions 
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334 are so close to swamp water that 44-95% of it appears to be derived from swamp 
335 infiltration. The swamp contribution is on the order of 65–84% in the other two UFA 
336 samples away from the swamp (Figure 2C, 2D). The finding that much of the 
337 groundwater beneath the swamp consists of water that has passed through the 
338 swamp’s surficial system directly refutes the notion of an impermeable separation. 
339 Instead, it confirms strong vertical connectivity: the swamp is actively recharging the 
340 Floridan Aquifer. Implementing the isotope mixing model using δ18O results in more 
341 conservative estimates of swamp water contributions to UFA waters (0.60 ± 0.18) than 
342 when using δ2H (0.82 ± 0.12). Figure 2E shows the estimated uncertainties in the 
343 computed swamp-water fractions. The symmetrical, concave-up shape of the curve 
344 indicates that the highest certainty in mixing fractions occurs when 𝑓𝑠𝑤𝑎𝑚𝑝 and 𝑓𝑈𝐹𝐴 are 
345 present in equal amounts. The triangular regions on the far left and right sides of the 
346 curve indicate areas where the uncertainty in the mixing fractions exceeds the value of 
347 the smaller fraction (with 𝑓𝑈𝐹𝐴 on the left and 𝑓𝑠𝑤𝑎𝑚𝑝 on the right) (Genereux 1998). 

348 It is worth noting that the swamp water samples plot slightly to the right of the LMWL on 
349 a δ2H–δ18O diagram (Figure 2A), consistent with evaporative enrichment. This is also 
350 shown in the LCE value of swamp ( ―42 ± 12) (Figure 2C). The groundwater beneath 
351 the swamp plots on a mixing line between the swamp water and the regional 
352 groundwaters, reinforcing the interpretation that it is a mixture of the two endmembers. 
353 We find no evidence of an isotopically distinct old groundwater component (i.e., LGM 
354 recharge expected to be lighter than Holocene after glacial-ocean correction and 
355 consistent with cooler recharge temperatures) in Floridan wells near the swamp; their δ-
356 values are too heavy for ancient meteoric inputs and instead indicate modern, 
357 evaporatively enriched sources (Clark et al 1997). Thus, the stable isotope evidence 
358 indicates an active, relatively rapid exchange between the swamp and the aquifer in 
359 contemporary times.

360 As shown in Figure 2F, δ18O values of deep wells (> 50 m) increase systematically 
361 toward the coast. Our data reproduce the isotopic enrichment pattern of the Upper 
362 Floridan Aquifer (UFA) first reported by (Clark et al 1997), but with nearly twice the 
363 slope: 1.1 ± 0.33 ‰ per 100 km, compared with their 0.6 ± 0.15 ‰ per 100 km. This 
364 steeper gradient indicates that evaporatively enriched water from the Okefenokee 
365 Swamp likely contributes to local recharge of the UFA, thereby amplifying the isotopic 
366 enrichment relative to the case of a fully disconnected system.
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367

368 Figure 3. Hydraulic connectivity, impulse-response dynamics, and statistical 
369 dependencies among groundwater and surface water sites at Waycross and 
370 Jones Island. (A) Daily mean water levels from July 2017 to July 2020 for groundwater 
371 wells (Waycross 27G003, Jones Island 27E004) and Jones Island swamp surface 
372 water. Groundwater sites show highly synchronous fluctuations. Surface water displays 
373 distinct temporal dynamics, suggesting differing hydrologic processes. Inset map (upper 
374 right) shows locations of USGS groundwater wells 27G003 (Waycross) and 27E004 
375 (Jones Island) within the Okefenokee region along the Georgia–Florida border. (B) 
376 Summary statistics highlighting linear correlation (Pearson’s r) and similarity in temporal 
377 dynamics (Dynamic Time Warping; DTW). Granger causality analysis reveals that 
378 groundwater fluctuations at Waycross significantly predict groundwater levels at Jones 
379 Island (WaycrossJones GW, lag = 1 day; F = 103.1, p < 0.001), supporting a 
380 directional hydraulic gradient. Mutual information (MI) quantifies nonlinear dependence, 
381 with higher values indicating stronger shared information between groundwater wells 
382 (Waycross–Jones GW MI = 2.33) and comparatively lower shared information with 
383 surface water (Waycross–Jones SW MI = 1.15; Jones GW–Jones SW MI = 1.16). (C) 
384 Groundwater impulse-response function determined via deconvolution (open circles), 
385 fitted with a one-dimensional vertical diffusivity type curve (blue line). The optimal 
386 diffusivity match (red circle) yields a diffusivity of approximately 291 m2/d, indicative of 
387 rapid hydraulic responses and strong aquifer connectivity.

388 3.2 Hydraulic connectivity and response analysis
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389 Daily water levels from July 2017 to July 2020 (Figure 3A) show synchronous 
390 fluctuations between the Upper Floridan Aquifer wells at Waycross (27G003) and Jones 
391 Island (27E004), with nearly overlapping patterns in both amplitude and phase. By 
392 contrast, the Jones Island swamp surface water exhibits damped variability and 
393 smoother transitions, consistent with differing short-term hydrologic responses.

394 The linear correlations and temporal alignments among the three monitoring sites 
395 (summarized in Figure 3B) show strong covariation, indicating coherent hydraulic 
396 responses across the swamp and aquifer. The Pearson correlation between the two 
397 groundwater wells is 0.980, indicating near-perfect linear covariation. Comparisons 
398 involving the swamp yield lower correlation values (r = 0.539 and r = 0.509). Dynamic 
399 time warping (DTW) distances show a similar pattern: the Waycross–Jones well pair 
400 has a much smaller DTW value (69.0) than either aquifer–swamp pair (>400), reflecting 
401 greater dissimilarity in temporal patterns involving the swamp.

402 To quantify the system’s hydraulic responsiveness, we estimated the impulse response 
403 function between swamp surface water (input) and aquifer levels at Jones Island 
404 (output). As shown in Figure 3C, the deconvoluted response function increases 
405 monotonically and asymptotes over a ~100-day lag time. Fitting these values to a one-
406 dimensional vertical flow model through a leaky aquitard yields a best-fit diffusivity of 
407 291 m2/d. The match point used for the fit occurs at a lag time of ~30 days, 
408 corresponding to the inflection point in the observed response.

409 These results (Figure 3C) quantify the strength and timing of hydrologic signal 
410 transmission between the swamp and underlying aquifer, and serve as the basis for the 
411 discussion of vertical connectivity and aquitard properties in Section 4.

412 Together, the results from Figure 3A–C—spanning time series behavior, statistical 
413 dependencies, and hydraulic modeling—converge on a coherent interpretation: the 
414 Okefenokee Swamp is hydraulically connected to the underlying Floridan Aquifer. This 
415 vertical exchange, while temporally damped, is physically significant and occurs through 
416 a leaky confining system. These findings reinforce and extend the isotopic evidence in 
417 Section 3.1, and underscore that swamp–aquifer connectivity must be reconsidered in 
418 regional water budget and groundwater resource assessments.

419

420

421

422 The residual water budget estimates (see Section 4.1) – 130 to 220 mm/yr – is 
423 consistent with the vertical leakage required to explain the enriched isotope signatures 
424 observed in the Floridan Aquifer beneath the swamp. This downward flux aligns with 
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425 independent estimates from Darcy-based calculations using observed head gradients 
426 and reasonable ranges of vertical hydraulic conductivity. The match across independent 
427 lines of evidence – stable isotopes, water level lags, and water budget residuals – 
428 strongly supports swamp-to-aquifer recharge.

429 4. Discussion

430 Our analyses reveal that the Okefenokee Swamp is not hydraulically isolated from the 
431 Upper Floridan Aquifer, as long presumed. Instead, water stable isotope data (Figure 
432 2A–F) and hydraulic time series (Figure 3A–C) both demonstrate vertical connectivity 
433 through the intervening Hawthorne Group. Together, these independent lines of 
434 evidence show that the swamp and aquifer exchange water and transmit pressure 
435 signals across a nominally confining system, over distances of tens of kilometers and 
436 time lags of about one month. This overturns long-held assumptions in the region’s 
437 hydrogeologic conceptual model and has implications for water budgets, ecological 
438 dynamics, and groundwater management.

439 4.1 The confining layer permits vertical flux

440 Isotopic enrichment in aquifer samples beneath the swamp (δ2H, δ18O) points to mixing 
441 with evaporatively enriched swamp water (Figure 2A–B). Modeled swamp contributions 
442 reach 27-95% (Figure 2D), far exceeding what would be expected under an 
443 impermeable boundary. These values align with residual water budget estimates (130–
444 220 mm/yr;Rykiel, 1977) and reinforce a view of substantial vertical drainage. Moreover, 
445 the aquifer’s hydraulic response to swamp-level changes follows a smooth, cumulative 
446 function that is well-fit by a leaky aquitard model (Figure 3C), with an estimated 
447 diffusivity of 291 m2/d. This value implies that pressure perturbations cross the confining 
448 layer within a month—consistent with the observed lag in aquifer levels and with 
449 Kitchens & Rasmussen (1995)’s early observations.

450 Taken together, the isotope data quantify the flux, and the hydraulic response quantifies 
451 the transmissivity. The combined interpretation is clear: the Hawthorne Group, while 
452 impeding flow, does not prevent it. Its behavior is more consistent with a semi-confining 
453 system that allows significant distributed leakage, rather than an intact seal.

454 Figure 4 illustrates this conceptual framework, showing the vertical and lateral fluxes 
455 that govern the Okefenokee–Floridan system. The persistent head difference of up to 
456 21 meters between swamp surface and aquifer potentiometric levels, combined with 
457 residual water budget imbalances (~130–220 mm/yr), provides a sustained downward 
458 driving force. The schematic also highlights the dominance of evapotranspiration, the 
459 influence of Trail Ridge, and the relative positions of key stratigraphic units and 
460 monitoring wells. While simplified, this cross-section captures the essential structure 
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461 and hydrologic functioning of the system: a rain-fed wetland perched above a leaky 
462 aquitard, losing water to one of the most productive aquifers in North America.

463

464 Figure 4. Conceptual 3D block diagram of the Okefenokee Swamp system 
465 showing dominant hydrologic fluxes, stratigraphy, and groundwater flow paths. 
466 Precipitation (~1330 mm yr-1) sustains the swamp, with most water lost via 
467 evapotranspiration (810–900 mm yr-1) and surface discharge to the Suwannee and St. 
468 Marys Rivers. Residual water exits primarily as vertical leakage (130–220 mm yr-1) 
469 through the Hawthorn Formation into the Upper Floridan Aquifer. Head differences 
470 between the swamp and aquifer—up to 21 m—produce a persistent downward gradient. 
471 The Hawthorn acts as a semi-confining unit rather than a hydraulic barrier. Regional 
472 flow directions, hydrostratigraphic units, and topography are shown schematically. The 
473 diagram is not to scale and employs an approximate vertical exaggeration of 100–200x 
474 to emphasize relative hydrologic and geomorphic relationships rather than precise 
475 spatial dimensions.

476 4.2 Recontextualizing prior observations and assumptions

477 Our results resolve longstanding ambiguity in the swamp–aquifer relationship. Earlier 
478 tracer studies suggested swamp influence on aquifer chemistry (Plummer 1993, Clark 
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479 et al 1997), but lacked direct sampling of the swamp itself. Others, like Kitchens & 
480 Rasmussen (1995), proposed swamp-to-aquifer flow based on lagged water levels. We 
481 confirm both claims with a new, integrated dataset that includes isotopes, water levels, 
482 and response modeling. At the same time, our results contradict recent regulatory 
483 assertions that “the Okefenokee Swamp is not hydraulically connected to the Floridan 
484 aquifer” (Georgia EPD, 2024). This discrepancy highlights how hydrogeologic 
485 paradigms—such as “thick clay equals isolation”—can persist in the absence of site-
486 specific testing. Our findings call for an update to regional groundwater models to 
487 explicitly include swamp-sourced recharge and leaky confinement.

488 4.3 A coastal signature of swamp recharge

489 Figure 2E shows that δ18O values in UFA groundwater increase systematically with 
490 distance from the coast. This inland enrichment gradient is roughly double the 
491 magnitude originally reported by Clark et al. (1997), suggesting that swamp recharge 
492 plays a more dominant role than previously recognized. Since the swamp occupies the 
493 headwaters of the Suwannee and St. Marys basins, its influence on aquifer composition 
494 may extend tens to hundreds of kilometers downgradient. The heavy isotope signal 
495 propagated downstream is unlikely to result from paleoclimate inputs (cf. L. Niel 
496 Plummer 1993), given the modern and evaporative nature of the swamp water. This 
497 coastal enrichment trend provides independent, spatial evidence of sustained vertical 
498 and lateral aquifer transport of swamp-derived recharge.

499 4.4 Water budget and ecological implications

500 Our findings imply that a meaningful portion of the swamp’s water exits not through 
501 rivers or evapotranspiration, but through vertical leakage into the Floridan Aquifer—
502 behavior that is consistent with long-standing syntheses showing that wetlands can 
503 recharge groundwater where hydraulic gradients allow (Winter et al 1998). This flux 
504 could account for 5–15% of annual rainfall when scaled across the swamp area, i.e., 
505 comparable to surface runoff, and is consistent with field studies documenting focused 
506 downward exchange beneath wetlands in permeable or fractured settings (Oxtobee and 
507 Novakowski 2002). During drought, persistent head gradients and aeration may shift 
508 peatlands toward recharge behavior and trigger biogeochemical changes—notably 
509 enhanced DOC release and carbon losses—via the well-documented ‘enzymic-latch’ 
510 mechanism and post-rewetting pulses (Fenner and Freeman 2011, Freeman et al 
511 2001). As a result, the swamp acts as a recharge wetland, not just a surface reservoir. 
512 During drought, persistent head gradients could pull water downward and further draw 
513 down swamp levels, potentially aerating underlying peat and driving chemical shifts. 
514 Indeed, declining water tables and observed increases in acidity, mercury, and lead in 
515 swamp biota (Kitchens and Rasmussen 1995) are consistent with such a mechanism. 
516 This hydraulic pathway provides a plausible causal link: aquifer drawdown or drought 
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517 accelerates vertical seepage, leading to peat and sulfur oxidation that leads to 
518 contaminant mobilization. Swamp hydrology and chemistry, therefore, may respond not 
519 only to surface water fluctuations but also to subsurface pressure gradients.

520 4.5 Management considerations

521 Our findings provide a new understanding of hydraulic connectivity between the 
522 Okefenokee Swamp and the Floridan Aquifer, which should inform future water 
523 resource management and environmental protection in the region. For instance, 
524 proposals for heavy mineral sand mining near Trail Ridge or large-scale groundwater 
525 pumping in the vicinity should be evaluated with the knowledge that the swamp is not an 
526 isolated “bathtub,” but rather a leaky reservoir intimately linked to the Floridan Aquifer. A 
527 stress to one will affect the other. Previous environmental assessments may have 
528 underestimated swamp vulnerability by assuming the confining layer prevents any 
529 aquifer-surface water interaction. Our data suggest any activity that lowers Floridan 
530 Aquifer levels (such as pumping) could induce greater vertical flow from the swamp, 
531 potentially dewatering it. Conversely, extreme high water in the swamp (e.g., after 
532 hurricanes) will recharge the aquifer significantly, which could be beneficial for aquifer 
533 storage. This interplay should be incorporated into hydrologic models and management 
534 plans. In quantitative terms, the swamp’s leakage could represent on the order of 5–
535 15% of annual rainfall (~50–150 mm/yr out of ~1300 mm/yr) if our flux estimates are 
536 scaled across the swamp – a non-trivial quantity that should be factored into water 
537 budgets.

538 4.6 Uncertainties and future work

539 While our study demonstrates vertical hydraulic connectivity, there remain uncertainties 
540 regarding the spatial variability and controls of the leakage. It is still unclear whether 
541 exchange is dominantly diffuse and uniform or concentrated along preferential 
542 flowpaths—perhaps beneath prairie depressions, forested slough margins, or 
543 reactivated tectonic features. Recharge studies elsewhere show that such distinctions 
544 are often climate- and geology-dependent: as Cuthbert et al (2019) observed across 
545 sub-Saharan Africa, humid settings tend toward diffuse infiltration through soils, 
546 whereas semi-arid landscapes rely increasingly on focused recharge via ephemeral 
547 surface flows and topographic lows. 

548 Our 2025 isotope results already hint at analogous heterogeneity here—some wells 
549 showing markedly higher swamp fractions than others—suggesting that vertical 
550 connectivity may be organized around localized “hot spots” of permeability rather than a 
551 spatially uniform leak. Mapping the confining layer’s integrity using geophysical methods 
552 or exploratory borings could help identify such zones of focused exchange. 
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553 The risk of surface-water intrusion into shallow wells is another uncertainty. Yapiyev et 
554 al (2023) used LCE to flag wells influenced by lakes, gravel pits, or peatland drainage in 
555 Finland, showing that shallow unconfined aquifers—even where recharge is largely 
556 diffuse—can still experience focused incursions from nearby surface waters. Lyons et al 
557 (2025) demonstrated that isotope similarity between wells and ponds may indicate up to 
558 80–95 % surface-water contribution, even when microbial assemblages remain distinct. 
559 Their study underscores that physicochemical indicators alone may not fully capture 
560 intrusion dynamics. Applying similar isotopic and microbiological screening in the 
561 Okefenokee system could thus constrain both recharge mode and contamination 
562 vulnerability.

563 Time-series analysis should also be extended, both temporally and spatially, to refine 
564 hydraulic parameters and diagnose feedbacks. Joint analyses of swamp stage, river 
565 discharge, and aquifer response could reveal lags or threshold behavior akin to the 
566 precipitation–recharge hysteresis documented by Cuthbert et al (2019). Environmental 
567 tracers spanning different timescales— tritium/helium, noble gases, etc.—could 
568 estimate the residence time of water beneath the swamp; young apparent ages would 
569 corroborate rapid vertical exchange. The presence of any older component, as seen in 
570 many fossil-water systems (Jasechko et al 2017), would imply partial isolation and 
571 limited flushing.

572 Modern groundwater has been shown to penetrate deeper under heavy pumping (Thaw 
573 et al 2022), suggesting that intensified withdrawals near the Okefenokee margin could 
574 draw swamp-derived water—and its solute or microbial load—further into the Floridan 
575 system than natural gradients alone would allow. This reinforces the need to couple 
576 isotopic and hydraulic observations with pumping-stress analyses to quantify intrusion 
577 risk.

578 At the broader scale, recent global syntheses indicate that groundwater–surface-water 
579 coupling is stronger than previously represented in models (Berghuijs et al 2022), 
580 emphasizing that even subtle diffuse fluxes can integrate into substantial cross-system 
581 exchange. Our assumption of a two-endmember isotope mix may therefore oversimplify 
582 reality: minor paleowater components or seasonal isotopic shifts could contribute. More 
583 frequent sampling—quarterly or event-based—would help determine whether swamp–
584 aquifer exchange varies seasonally or during extreme wet–dry transitions.

585 A major limitation remains the absence of direct evapotranspiration measurements 
586 within the swamp. Eddy-covariance data would constrain the largest flux term in the 
587 water budget and reduce uncertainty in the residual attributed to groundwater loss. 
588 Without such constraints, swamp-specific budgets remain underdetermined. Despite 
589 these open questions, the fundamental conclusion remains robust: the Okefenokee 
590 Swamp and the Floridan Aquifer are hydraulically and chemically interconnected, but 
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591 that connection is spatially heterogeneous—diffuse in some sectors, distinctly focused 
592 in others—and potentially susceptible to intrusion under altered hydraulic gradients.

593 5. Conclusion

594 Contrary to long-standing assumptions of hydraulic isolation, the Okefenokee Swamp is 
595 hydraulically connected to the underlying Upper Floridan Aquifer. Independent lines of 
596 evidence—stable isotopic enrichment in groundwater and lagged aquifer responses to 
597 swamp-stage fluctuations—demonstrate significant vertical exchange through the 
598 intervening Hawthorne Formation. Isotopic mixing models indicate that up to 92% of 
599 groundwater beneath the swamp is swamp-derived, and hydraulic response analysis 
600 yields a vertical diffusivity of ~291 m2/d, consistent with monthly-scale signal 
601 transmission across a semi-confining layer.

602 These findings necessitate a revised conceptual model of the Okefenokee as a 
603 recharge wetland, not a hydraulically isolated basin. They also reveal that the 
604 Hawthorne Group functions as a leaky barrier, allowing appreciable vertical fluxes that 
605 alter both swamp water balances and regional aquifer composition. The swamp's role in 
606 sustaining Floridan groundwater resources—especially under climate variability and 
607 anthropogenic stress—warrants explicit consideration in regional water management 
608 and ecological forecasting.

609
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