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Abstract Low-relief environments like the Florida Coastal
Everglades (FCE) have complicated hydrologic systems
where surface water and groundwater processes are intimately
linked yet hard to separate. Fluid exchange within these low-
hydraulic-gradient systems can occur across broad spatial and
temporal scales, with variable contributions to material trans-
port and transformation. Identifying and assessing the scales
at which these processes operate is essential for accurate eval-
uations of how these systems contribute to global biogeo-
chemical cycles. The distribution of 222Rn and 223,224,226Ra
have complex spatial patterns along the Shark River Slough
estuary (SRSE), Everglades, FL. High-resolution time-series
measurements of 222Rn activity, salinity, and water level were
used to quantify processes affecting radon fluxes out of the
mangrove forest over a tidal cycle. Based on field data, tidal

pumping through an extensive network of crab burrows in the
lower FCE provides the best explanation for the high radon
and fluid fluxes. Burrows are irrigated during rising tides
when radon and other dissolved constituents are released from
the mangrove soil. Flushing efficiency of the burrows—de-
fined as the tidal volume divided by the volume of burrows—
estimated for the creek drainage area vary seasonally from 25
(wet season) to 100 % (dry season) in this study. The tidal
pumping of the mangrove forest soil acts as a significant vec-
tor for exchange between the forest and the estuary. Processes
that enhance exchange of O2 and other materials across the
sediment-water interface could have a profound impact on
the environmental response to larger scale processes such as
sea level rise and climate change. Compounding the material
budgets of the SRSE are additional inputs from groundwater
from the Biscayne Aquifer, which were identified using ra-
dium isotopes. Quantification of the deep groundwater com-
ponent is not obtainable, but isotopic data suggest a more
prevalent signal in the dry season. These findings highlight
the important role that both tidal- and seasonal-scale forcings
play on groundwater movement in low-gradient hydrologic
systems.

Keywords Burrow flushing . Radon-222 (222Rn) . Radium
isotopes . Coastal groundwater discharge

Introduction

Like most coastal environments, fringe mangrove forests are
dynamic and reflect a delicate balance between terrestrial and
marine forcings. These coastal ecosystems are particularly de-
pendent on sea level variations to maintain suitable habitat.
Tidal fluctuations act to replenish nutrients, deliver sediment,
and flush away excessive salts around the base of mangroves
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(Boto and Bunt 1981). Of equal importance, these sea level
changes redistribute other constituents (e.g., carbon) from the
terrestrial and adjacent estuarine or marine environments
(Troxler et al. 2015). The carbon budget of mangrove envi-
ronments is dynamic and complex. Studies have shown that
these systems may be globally important as both carbon sinks
(Dittmar and Lara 2001; Breithaupt et al. 2012) as well as
carbon sources to the coastal ocean (Dittmar et al. 2006).
Sediment accumulation, carbon remineralization, and surface
runoff are major factors affecting the long-term burial of car-
bon in these coastal ecosystems; however, recent studies have
also shown that sustained groundwater discharge or benthic
fluid exchange may be an important process influencing car-
bon transport and transformation in these estuarine systems
(Maher et al. 2013).

Groundwater discharge to the coast incorporates a number
of physical processes, fluid sources, and fluid transport path-
ways (Swarzenski 2007). To better understand material fluxes
and exchange among various environments requires separa-
tion of processes (pumping, convection, or gravity driven
flows) and the source water (marine or terrestrial) (Martin
et al. 2007; Roy et al. 2010). Potential sources of groundwater
to coastal systems generally fall into two categories: terrestri-
al, meteoric-derived fresh groundwater, and marine ground-
water. The terrestrial or fresh submarine groundwater is driven
by gravity flow to the coastal zone from upland, terrestrial
areas that are most often recharged by rainfall (Younger
1996;Michael et al. 2005). The marine groundwater can range
in salinity from brackish to hypersaline and originates as ma-
rine surface water that intrudes into the coastal aquifer
(Badon-Ghyben 1889). The marine groundwater becomes
chemically altered while in the aquifer owing to a number of
processes including mixing with the fresh groundwater, water-
rock interactions and redox processes (Moore 1999). The al-
tered marine groundwater is then discharged to a surface water
body (Cooper 1959). Both the marine and fresh groundwaters
mix in the subsurface along a dispersive mixing zone or sub-
terranean estuary (Moore 1999). Biogeochemical transforma-
tions that may affect nutrients, trace elements, and carbon take
place in the subterranean estuarine part of the coastal aquifer
and depend largely upon the contrast in chemical composi-
tions between the two water sources but also the physical
processes governing flow and residence time in an aquifer
(Anderson et al. 2005; Kim and Swarzenski 2010).
Subterranean estuaries can occur at a variety of spatial scales
and are linked to the hydraulic gradients in the coastal aquifer
on the terrestrial side and sea level variations on the marine
side (Michael et al. 2005; Robinson et al. 2007; Santos et al.
2012).

In studies of submarine groundwater, discharge rates
obtained by different measurement techniques can vary
by an order of magnitude or more. This has been espe-
cially true for discharge rates derived from hydrological

budgets versus from radiochemical budgets (Burnett et al.
2006), as the two often reflect different source water and
processes. In the case of the hydrologic budget, ground-
water discharge is linked solely to a meteoric water
source, while the geochemical budgets incorporate multi-
ple water sources and processes. While terrestrial ground-
water is the only source of allochthonous or new water
into the systems, marine groundwater can have a signifi-
cant influence on the biogeochemical cycling in the coast-
al zone as it acts on a number of time scales (seconds to
years) (Santos et al. 2012). For example, bioirrigation and
burrow flushing can be significant mechanisms for nutri-
ent exchange and mass transfer in both subtidal and inter-
tidal ecosystems (Berner 1980; Meile and Van Cappellen
2003). In subtidal environments, benthic fauna actively
flush water into and out of burrows to maintain oxic con-
ditions (Koretsky et al. 2002), while in intertidal regions,
pressure change associated with tides can result in gradi-
ents that passively force water through burrows (i.e., tidal
pumping) (Stieglitz et al. 2000). Based on temporally dis-
crete sampling, Stieglitz et al. (2013) inferred from water
column radon and radium budgets that tidal flushing of
crab burrows (e.g., Sesarma messa, Alpheus cf macklay,
and Uca spp.) had a significant influence on material ex-
port from mangrove forest to the adjacent estuary in
Australia. Gleeson et al. (2013) and Maher et al. (2013)
demonstrated the importance of quantifying material ex-
change over an entire tidal cycle. The importance of these
interactive biological (burrowing) and physical processes
(tidal variation and meteoric water inputs) becomes ex-
tremely important in low gradient systems such as wet-
lands and estuarine environments.

Identifying and quantifying the governing hydrologic and
oceanic processes are critical for evaluating the role ground-
water has on material cycling. For the low-gradient Florida
Coastal Everglades (FCE), the discharge of meteoric and ma-
rine groundwater is closely tied to the surface water system
(Price et al. 2003). Surface water flow in the region is season-
ally controlled by rainfall. Annual precipitation averages
1320 mm and is distributed unequally during the wet season
(∼80 % between June and November) and dry season (20 %
betweenDecember andMay) (Duever et al. 1994). To identify
and quantify contributions of groundwater to the Shark River
Slough (SRS) in the Florida Coastal Everglades (FL, USA),
we present geochemical data collected during both wet and
dry seasons. The purpose of this paper is to identify and quan-
tify in this setting yet unidentified pathways of groundwater
input to SRS using a suite of radon and radium isotopes. From
a systematic evaluation of 222Rn budgets, tidal pumping and
exchange within the mangrove forest contributes significantly
to overall water budgets. Quantifying meteoric groundwater
discharge by radioisotopes requires an accounting for the var-
iance in export from the mangroves.
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Study Area

The FCE are located in south-southwest peninsular Florida
(Fig. 1a). Surface water export from the Everglades National
Park (ENP) occurs through two primary riverine distributary
systems: SRS which flows to the Gulf of Mexico and Taylor
Slough (TS) that flows into northern Florida Bay. The SRS
estuary (SRSE) is the lower estuarine portion of the SRS and
is comprised of a number of different tidal distributaries—
including the Shark, the Harney, Broad, and Lostman
Rivers—that all empty into eastern Gulf of Mexico (Fig. 1a).
The SRSE is tidally driven with a mean tidal range of 2.3 m.
Overall, the climate of southwest Florida is defined by distinct
wet and dry seasons. During our field investigations in the dry
season (30 March to 3 April 2009), the 2-month and 2-week
precipitation prior to sampling was 5.5 cm and 2.5 mm.
Comparatively, the two wet season (11–16 September 2010
and 16–19 November 2010) sampling trips had 2-month/2-
week precipitation totals of 389.4/145.3 mm and 119.4/
66.5 mm, respectively (Elec. Supp. Material A1).

The ecological structure of the SRSE is characterized as a
tidal, oligohaline mangrove ecotone. The modern mangrove
forests are accumulating peat on top of previously accumulat-
ed fresh to brackish wetland environments (Wingard et al.
2006). Peat thickness shows a natural transgressive nature
with the thickest deposits (∼6 m) occurring near the mouth
of the river and thins upstream (to the northeast) to less than a
meter near Rookery Branch (RB on Fig. 1b; Gordon
Anderson, personal communication). The peat overlies the
Biscayne Aquifer, a carbonate aquifer comprised of the
Miami Limestone, Fort Thompson, and Key Largo forma-
tions. In the vicinity of SRS, the Miami Limestone is the most
prevalent (Parker et al. 1955).

Our study was conducted along the SRSE between RB and
the Gulf of Mexico with moorings at FCE—Long-Term
Ecological Research (FCE-LTER) monitoring station SRS-6
(25.36462994° N, 81.07794623° W) (Fig. 1b, c). The site is
located approximately 3.5 km inland of the Gulf of Mexico
along one of the main distributary channels that merge up-
stream with the Shark River. Tidal harmonics for the entire

Fig. 1 aMap of the Florida Coastal Everglades—Long-Term Ecosystem
Research showing the Shark River Slough and Shark River Slough
estuary (green) along with the various surface collection sites. b A map
showing the 222Rn survey tracks overlain on a Landsat (USGS) mosaic of
the Shark River Slough estuary. c Location of SRS-6 and nearby SH-3
along the Shark River Slough estuary with the different potential tidal
flooding areas. The brown polygon shows the 10,000 m2 reported as the

primary drainage area for SRS-6. The green and pinkwere extracted from
historical aerial imagery during high water events (e.g., after Hurricane
Wilma). The areal extent of the green and pink are 25,000 and
100,000 m2, respectively. d A photograph taken up-stream of the tidal
creek that drains the 10,000 m2 mangrove forest around SRS-6. The
abundant crab burrow hole is evident in the creek and river banks
(color figure online)
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slough and the site are semi-diurnal with a range that averages
1 m. Tidal wave propagation through the SRSE is approxi-
mately 5.8 cm s−1 based on water levels measured during
November 2010 at gages distributed along Shark River
(Elec. Supp. Material A2). The wave is dampened significant-
ly up the estuary with an amplitude reduction of 60 %. The
time series mooring for site SRS-6 is positioned next to a
small tidal creek that drains approximately 10,000 m2 of man-
grove forest (FCE-LTER website, accessed 19 August 2014)
(Fig. 1c, d). An assessment of historical imagery from the last
20 years showed that the drainage area may be as much as 25,
000 to 100,000 m2 during large storm tides (Fig. 1c), incor-
porating much of the northern portion of the mangrove forest
island (Wdowinski et al. 2013).

Methods

Field Sampling

Temporal variations in surface water radon and radon-derived-
groundwater discharge rates were examined at SRS-6 by
conducting field investigations during wet and dry seasons
(Fig. 1c, d). During each sampling trip, continuous radon-
222 (222Rn) was monitored at one mooring station while sur-
face water 222Rn was mapped throughout the estuary (Figs. 1b
and 2). Additional surface water and groundwater samples
were collected from discrete locations throughout the tidal
basin to characterize potential fluid sources using 223,224,

226Ra. For reporting convenience, 222Rn data are presented
as dpm L−1, while radium isotopes are reported as dpm m−3.
The scaling factor between the two is 1000 (i.e.,
dpm L−1 ×1000=dpm m−3).

Time Series Mooring

During each investigation, water column radon was measured
continuously (0.5-h intervals) over a 2- to 3-day period.
Continuous radon monitoring followed the methodology de-
scribed in Burnett et al. (2001). Briefly, surface water was
continuously pumped and sprayed into an air-water exchanger
where radon was degassed from the water into the headspace
of the exchanger. The extracted radon was then drawn from
the exchanger into a radon-in-air detector (RAD7, Durridge).
Temperature and salinity in the exchanger were also continu-
ously monitored to correct for thermal and Bsalt^ effects on
radon partition between water and air as described by
Schubert et al. (2012). Ambient radon-in-air was also moni-
tored at one site during each investigation. Wind speed data
were obtained from an eddy flux tower located at SRS-6; wind
fields were considered uniform throughout the study area and
applied to all sampling locations. Surface water temperature,
conductivity, and pressure were also continuously monitored
at the intake of the submersible pump.

Discrete Sampling

Groundwater and surface water were sampled at several sites
along Shark River (Fig. 1b). BDeep^ groundwater (defined
operationally as being greater than 100 cm below the land
surface, cmbls) was collected from five preexisting wells dis-
tributed across the entire estuarine gradient (RB, CP, SH-2,
TPB, SH-3); surface water was also collected from the river
channel proximal to each well, prior to sampling the well.
Approximately three well volumes were purged from each
well prior to sampling. The water quality parameters temper-
ature, conductivity, dissolved oxygen, ORP, and pH were

a b

c d

Fig. 2 The activities of 223Ra,
224Raxs,

226Ra, and 222Rnxs
collected from surface water
(circles) and groundwater
(triangles) during the dry (black)
and wet (red) seasons presented
as a function of measured salinity
(color figure online)
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monitored until stable readings were obtained while the wells
were being purged. The same stabilization criteria were used
for surface waters as well. Pore water was collected between
slack water low tide and the first hour of flood tide at SRS-6
during the dry and wet seasons using shallow stainless-steel
push-point samplers (M.H.E. Products) and a peristaltic
pump. Total pore water volume extracted from each sampling
depth was kept to a maximum of 180 mL (Smith and
Swarzenski 2012). Pore waters were analyzed for salinity only
in the field using a calibrated field refractometer. Radon-222
in both groundwater and pore water was measured using a
direct count method via liquid scintillation (Smith et al.
2008, Smith and Swarzenski 2012). Efficiency and MDA
for all runs associated with this study averaged 2.42
±0.08 cpm dpm−1 and 22.8±9.6 dpm L−1, respectively.

Dissolved radium was extracted from groundwater and sur-
face water (30–50 L) at a flow rate of 1 L min−1 onto
preweighed manganese fiber (Mn fiber) following Moore and
Reid (1973). Total 223,224Ra and supported 224Ra absorbed on
the Mn fiber were measured using a Radium Delayed
Coincidence Counter (RaDeCC, Scientific Instrument) de-
signed by Moore and Arnold (1996). While individual system
efficiencies were applied to measurements, the temporal stabil-
ity and across system comparisons were high as efficiencies for
219Rn, 220Rn, and total averaged across all four units and over
the 2-year study were 0.30 ± 0.07, 0.41 ± 0.07, and 1.08
±0.09 cpm dpm−1, respectively. Radium-226 on the Mn fiber
was also quantified in a similar way; 222Rn in secular equilib-
rium with 226Ra was circulated through a close-loop interfaced
with a radon-in-air monitoring device (RAD7, Durridge) (Kim
et al. 2001; Dulaiova et al. 2005; Peterson et al. 2009). Average
efficiency for the procedure used over the 2-year period was
0.13±0.03 cpm dpm−1, and average MDA was 0.9 dpm L−1.
Excess 222Rn (222Rnxs) was computed as the difference be-
tween measured total 222Rn and 226Ra (i.e., supported 226Ra).
Uncertainty in 222Rnxs was propagated using standard proce-
dures from measured total and supported 222Rn.

Surface Water Surveys

Surface water 222Rn was measured continuously in March/
April 2009 and November 2010. During the surveys, geo-
graphic position (WGS84) and water depth were recorded
continuously at 5-s intervals shipboard on a Garmin
Echomap 50s (Garmin, Ltd.). While underway, surface water
was continuously pumped (2 to 5 L min−1) from a side mount
lowered to 0.5 m below the water surface that flowed to an air-
water equilibration chamber. Radon was separated from the
water into the headspace of the chamber. Using four commer-
cially available, radon-in-air detection devices with internal air
pumps (Rad7, Durridge, Inc.), 222Rn in the air phase was
circulated and analyzed via its short-lived decay product po-
lonium-218. Count integration time for both trips was 10 min.

Temperature and salinity were continuously monitored in the
exchanger to accurately convert in-air concentrations to in-
water concentrations. Based on ambient air count rates mea-
sured before, during, and after the surveys, the effective min-
imum detectable activity (MDA) in the system was 0.24
±0.05 dpm L−1 (n=4). All errors are reported to one standard
deviation unless otherwise noted. In addition to 222Rn, salinity
and temperature were measured continuously using a flow-
through conductivity and temperature probe system (YSI-
556). All data were post-processed with GPS and integrated
in spatial data layers using ArcGIS version 9.3 (ESRI, Inc.)

Modeling Benthic Fluxes

We compare two separate 222Rn mass balance approaches to
evaluate benthic fluid contributions from mangrove forest to
the creek and subsequently Shark River. The first model uses
the tidal prism and concentration ratio to calculate a volume of
water discharged from the mangrove forest floor (Peterson
et al. 2009). This box model approach can be done for specific
times or over a more complete tidal cycle (i.e., tidal prism, Vtp,
m3). Assuming complete tidal exchange, the volume
(Vmangrove) of water exchanged with the mangrove forest fol-
lows the computation of Crusius et al. (2005) and Peterson
et al. (2009):

Vmangrove ¼
Cebb−Cflood

� �

Cmangrove
V tp ð1Þ

where Cebb;Cflood are the mean ebb and flood concentrations
of 222Rn (dpm L−1), respectively, and Cmangrove is the man-
grove forest pore water end-member. Such approach is rela-
tively conservative as it neglects additional loss terms of 222Rn
within the mass balance. Conversely, it also assumes that the
groundwater dominates neglecting diffusive inputs.

A similar approach can be used with the time series mea-
surements of 222Rn activity of water entering and exiting the
tidal creek to evaluate net fluxes following the procedure
similar to Burnett et al. (2007) and Stieglitz et al. (2013).
The model tracks the change in excess inventory (ΔIxs;
dpmm−2) over time (Δt) following corrections for radioactive
decay, tidal dilution, and radioactive ingrowth from dissolved
226Ra (Burnett et al. 2007). While atmospheric loss and
mixing are other potential loss terms, both are ignored for this
setting. Evasion is considered negligible as the dense vegeta-
tion (Fig. 1d) reduces wind shear beneath the forest canopy,
and the flow is assumed to be laminar during flood and ebb
tides. Mixing is assumed to be unimportant as we expect most
of the water entering the forest is also leaving. Thus, the net
change in inventory over the course of a tidal period (T, h)
provides an estimate of a 222Rn tidal flux (fnet|tide,
dpm m−2 T−1) from the mangrove forest.
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ΔIxs
Δt

����
T

¼ f net=tide ð2aÞ

The tidal periodmay vary depending on the character of the
tide (i.e., diurnal, semi-diurnal, or mixed semi-diurnal)
influencing a representative period for integration.

Assuming a closed-tidal system, only diffusion and
advection contribute to the net tidal flux (i.e., the inte-
grated inventory observed during flooding versus the
integrated inventory observed during ebb). The diffusive
flux (fdiff) was estimated using the approach presented
by Martens et al. (1980):

f diff ¼ Cmangrove−Cflood

� � ffiffiffiffiffiffiffiffi
λDs

p
ð2bÞ

where Ds is the temperature- and tortuosity-corrected
molecular diffusion coefficient (m2 day−1) and λ is the
decay coefficient (0.181 day−1). The resulting relation-
ship for the tidal volume of fluid originating from the
mangrove forest is

Vmangrove ¼
f net=tide− f diff

� �

Cmangrove
AhighT ð2cÞ

Dividing the linear flux by a representative 222Rn activity
for mangrove forest results in a linear flux of water (i.e., flux
over a tidal period) from the mangrove forest that can be
extrapolated over the entire tidal period (T) and the forest floor
(Ahigh, m

2) at high tide.

Results

Radioisotopes and Salinity Across SRSE

The groundwater salinity remained fairly constant for
both the wet and dry season sampling (Table 1). A regres-
sion analysis between wet season salinity and dry season
salinity at each wells resulted in a slope 0.976
(r2 = 0.965). All the radium isotopes in groundwater in-
creased through the low brackish salinity range and were
relatively constant at salinities greater than 10 (Fig. 2a–c).
Excluding two extreme values (Table 1), the ratio of
224Ra/226Ra was quite similar for both the dry and wet
season (0.49 ± 0.14 and 0.59 ± 0.18, respectively) as was
223Ra/226Ra (0.22 ± 0.13 and 0.32 ± 0.14, respectively)
(Fig. 3). Excess 222Rn in groundwater did not consistently
covary with salinity in space or time (Fig. 2d).

Table 1 Field parameters, radionuclide activities, and activity ratios from discrete samples of groundwater and pore water

Season Site name Date sampled Depth
(m)

Temp
(°C)

Salinity 222Rnxs
(dpm L−1)

223Ra
(dpm m−3)

224Raxs
(dpm m−3)

226Ra
(dpm m−3)

224Ra/226Ra

Dry

SH-3 March 31, 2009 7.33 24.6 28.1 277 ± 17 141.7 ± 2.4 314.2 ± 4.9 55± 7 5.69

SH-2 April 1, 2009 3.76 21.8 7.3 456 ± 43 42.9 ± 1.2 54.0 ± 1.2 114± 9 0.47

SH-1 April 3, 2009 3.26 23.7 0.5 715 ± 88 18.3 ± 0.8 26.7 ± 1.1 62± 5 0.43

CP-GW March 31, 2009 15.5 24.5 15.5 919 ± 59 143.1 ± 2.3 667.3 ± 6.8 918 ± 55 0.73

RB-1A-GW April 1, 2009 6.70 24.5 3.1 147 ± 7 13.8 ± 0.8 95.9 ± 2.3 282 ± 53 0.34

TP-GW April 2, 2009 19.8 24.6 22.1 267 ± 51 nd nd nd nd

SH-3pw-30 cm March 31, 2009 0.30 nd 33.8 96± 18 nd nd nd nd

SH-3pw-65 cm March 31, 2009 0.60 nd 33.7 95± 15 nd nd nd nd

Wet

SH-3 September 13, 2010 7.33 28.1 26.8 263 ± 14 345.2 ± 11.2 456.0 ± 12.0 650 ± 67 0.70

SH-2 September 13, 2010 3.76 26.6 7.7 297 ± 6 90.0 ± 5.3 125.8 ± 5.6 308 ± 39 0.41

CP-GW September 13, 2010 15.5 26.1 15.3 579 ± 12 146.2 ± 4.2 422.7 ± 6.5 1000± 74 0.42

RB-1A-GW September 13, 2010 6.70 24.7 2.7 717 ± 40 3.5 ± 0.4 36.1 ± 1.4 25± 4 1.46

TP-GW September 14, 2010 19.8 27.2 22.3 144 ± 18 99.6 ± 8.8 289.8 ± 13.8 350 ± 40 0.83

SH-3-PW November 19, 2010 0.1 nd nd 35± 23 nd nd nd nd

SH-3-PW November 19, 2010 0.2 nd nd 61± 11 nd nd nd nd

H-3-PW November 19, 2010 0.3 nd nd 105 ± 7 nd nd nd nd

SH-3-PW November 19, 2010 0.4 nd nd 89± 9 nd nd nd nd

SH-3-PW November 19, 2010 0.5 nd nd 60± 9 nd nd nd nd

SH-3-PW November 19, 2010 0.75 nd nd 172 ± 5 nd nd nd nd

nd not determined
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Groundwater 222Rn activities ranged from 280 to 920 and
140 to 720 dpm L−1 for the dry and wet seasons, respec-
tively, with an overall mean of 410 ± 240 dpm L−1

(n= 10). Average radon activities in pore water from the
upper 60 cmbls, which encompasses much of the
burrowing zone, were not statistically different between
the dry (96 ± 1 dpm L−1) and wet (70 ± 24 dpm L−1)
seasons.

Discrete surface water samples collected across the
estuary at low tide reiterate the influence of seasonal
precipitation on the salinity structure (Table 2) and
mixing within SRSE. Low-tide salinity values from the
discrete sites were 0.5 to 36.4 for the dry season and
0.5 to 26.7 for the wet season. Radium isotopes also
varied between the two seasons; however, all three ra-
dium isotopes demonstrated an increase in activity in
mid-salinity ranges (Fig. 2a–c). The activity of 226Ra
showed a qualitative enrichment with respect to salinity
for both the dry and wet season, with maxima

(∼1000 dpm m−3) occurring around a salinity of 22.0
(Fig. 2c). However, the maxima for radium isotopes
were observed further downstream during the wet sea-
son (SRS-Gulf) than during the dry season (Tarpon
Bay) due to the generally fresher conditions in the for-
mer. The activities of 223Ra and 224Ra had very well
defined maxima in the dry season (Fig. 2b, c). During
the dry season only, the ratio 224Ra/226Ra (0.67 ± 0.15,
n= 2) was distinct in this zone of elevated radium rela-
tive to other portions of the estuary (0.08 ± 0.01, n= 3)
and quite similar to the dry season groundwater activity
ratio (0.49 ± 0.14). Also, 224Ra/226Ra for the two seasons
is distinct. In the dry season, the ratio is between 0.1
and 0.8 and similar to that observed in the groundwater
(∼0.4), while during the wet season, it generally exceeds
1. The radium isotope distribution and ratio data suggest
additional sources of all isotopes to the estuary.

During the surface water surveys, the activity of
222Rn varied between the dry and wet season; however,

a bFig. 3 The activities of 223Ra (a)
and 224Raxs (b) collected from
surface water (circles) and
groundwater (triangles) during
the dry (black) and wet (red)
seasons presented as a function of
the longer lived 226Ra

Table 2 Field parameters, radionuclide activities, and activity ratios from discrete samples of surface water samples collected at low tide

Season Site name Date sampled Latitude Longitude Depth
(m)

Temp
(°C)

Salinity 223Ra
(dpm m−3)

224Raxs
(dpm m−3)

226Ra
(dpm m−3)

224Ra/226Ra

Dry SRS-Gulf March 31, 2009 25.3536 −81.1216 0.50 24.45 36.4 9.9 ± 0.6 2.3 ± 0.1 26.0 ± 2.1 0.09

SRS-6 March 31, 2009 25.3646 −81.0779 0.50 25.39 34.0 20.9 ± 0.8 40.0 ± 1.3 48.8 ± 2.4 0.82

SRS-5 March 31, 2009 25.3771 −81.0323 0.50 25.86 29.0 26.3 ± 0.9 46.6 ± 1.2 89.1 ± 7.1 0.52

SRS-4 April 1, 2009 25.4098 −80.9643 0.50 28.09 19.8 11.5 ± 0.7 10.7 ± 1.2 103.5 ± 11.2 0.10

CP-SW March 31, 2009 25.4215 −80.9430 0.50 26.83 93 18.7 ± 0.8 5.9 ± 0.2 100.3 ± 8.0 0.06

RB-1A-SW April 1, 2009 25.4633 −80.8760 0.50 23.87 0.5 1.3 ± 0.2 5.9 ± 0.6 26.1 ± 2.1 0.23

TP-SW April 1, 2009 25.4144 −81.0071 0.50 26.98 21.4 nd nd nd nd

Wet SRS-Gulf September 14, 2010 25.3536 −81.1216 0.50 26.7 26.7 23.3 ± 2.3 62.2 ± 3.8 56.5 ± 11.2 1.10

SRS-6 September 14, 2010 25.3646 −81.0779 0.50 29.52 15.3 26.3 ± 2.6 53.7 ± 3.2 69.1 ± 12.5 0.78

SRS-5 September 13, 2010 25.3771 −81.0323 0.50 30.21 3.2 6.6 ± 0.4 28.8 ± 1.0 19.6 ± 7.1 1.47

SRS-4 September 12, 2010 25.4098 −80.9643 0.50 30.27 2.5 2.9 ± 0.2 14.2 ± 0.5 19.4 ± 9.5 0.73

CP-SW September 12, 2010 25.4215 −80.9430 0.50 30.17 0.2 0.4 ± 0.1 3.1 ± 0.2 1.8 ± 8.0 1.72

RB-1A-SW September 13, 2010 25.4633 −80.8760 0.50 28.9 0.2 0.2 ± 0.1 3.1 ± 0.4 1.6 ± 2.0 1.88

TP-SW September 12, 2010 25.4144 −81.0071 0.50 30.36 1.8 2.9 ± 0.2 10.6 ± 0.4 25.4 ± 6.7 0.42

nd not determined
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salinity distribution was relatively similar for the two
surveys (Fig. 4). During the dry season, data were col-
lected at low-to-flood tide. For the region between
Tarpon Bay and SRS-6 (region of overlap for both sur-
veys), surface water 222Rn varied between 0.9 and
6.1 dpm L−1 but was skewed toward the lower end with
a mean of 3.8 ± 1.4 dpm L−1 (n= 18). Salinity ranged
between 8.1 and 32.9 and a mean of 21.2 for the same
region. The range is higher than the discrete samples as
surveying was limited to areas downstream of and in-
cluding Tarpon Bay. During the wet season, data were
collected during high-to-ebb tides (Fig. 4b). The magni-
tude of 222Rn in the surface water during the wet season
was notably higher (6.6 ± 1.0 dpm L−1, n= 57) than the
dry season (3.8 ± 1.4 dpm L−1, n= 18). Wet season sa-
linity had a range of 2.5 to 25.4 and a mean of 15.6,
which based on mean and range were suppressed rela-
tive to the dry season. Using SRS-5 as a point of ref-
erence, salinity at this site was 27.2 and 24.9 during the
dry and wet surveys, respectively. Overall, there is no-
table contrast between the wet and dry season mapping
of 222Rn; however, the areas north of Tarpon Bay and
adjacent to SRS-6 showed relatively higher 222Rn
activity during both surveys than other portions of the
SRSE.

Temporal Variation in Salinity and Radon

Salinity and 222Rn activity varied with tidal stage (Figs. 5,
6, and 7). Connection between the creek mouth and the
interior mangrove forest is visible (Figs. 5, 6, and 7). In
both the dry and wet seasons, water levels in the man-
grove forest return to baseline conditions during succes-
sive tides. An offset between maximum water level and
salinity is on the order of 10–30 min and does not appear
to vary with season. However, the average salinity and
salinity variability differ significantly between the dry
and the wet season. During the dry season, salinity of
the water draining the mangrove forest averaged 33.0
and ranged 31.3 to 34.5. In contrast, surface water salin-
ities in September and November 2010 were much lower
with averages of 18.3 and 27.5, respectively. The range
during the wet season was also much greater (salinity
range of 9–10) than the dry season.

The activity of 222Rn covaried with surface water levels
but with a more pronounced lag than salinity and had char-
acteristics linked to differences in the tidal harmonics (i.e.,
semi-diurnal vs. mixed semi-diurnal). Mean 222Rn activi-
ties for the dry and wet seasons differed by 30 % (i.e., 12.9
and 9.3 dpm L−1, respectively). The range in activity dur-
ing the dry season relative to the mean (67 %) was notably

Fig. 4 The distribution of 222Rn (a, c) and salinity (b, d) measured during the dry season (top row; a, b) and the wet season (bottom row; c, d)
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higher than during the wet season (34 %) (Table 3). The
tidal harmonics also influenced the surface water 222Rn
activity. During the dry season and the first wet season
(September 2010) sampling, the tides were mixed semi-
diurnal. Under this type of tide, 222Rn activity only peaked
once during a complete 24.83-h tidal cycle. In contrast, the
November 2010 sampling occurred during a semi-diurnal
tide and 222Rn showed an identical but out-of-phase, semi-
diurnal modulation.

Discussion

Tidal Pumping of the Mangrove Forest Peat

Stieglitz et al. (2013) noted that spatial scaling is important in
assessing the overall impact of mangrove forests on local es-
tuarine and coastal ocean material budgets; however, temporal
variance (seasonal or daily) complicates any attempts at
upscaling. The importance of temporally varying processes
on surface water-groundwater exchange is well documented
and has been shown to significantly impact material cycling in
permeable systems (Robinson et al. 2007; Swarzenski et al.

2007; Smith et al. 2008; Roy et al. 2010; Santos et al. 2010).
Recently, the impacts that macrofauna burrows have on facil-
itating fluid and material exchange in mangrove and marsh
systems have been presented (Gleeson et al. 2013;Maher et al.
2013). The temporal variability of 222Rn activities measured at
SRSE highlight the significance of both the tidal and potential
seasonal controls on exchange between creeks and the man-
grove peat.

222Rn inventories and fluxes corrected for simple dilu-
tion retain the tidal signature observed in the activity
(Figs. 5, 6, and 7). This variability is the basis of the
net flux approached utilized with Eq. 2. The cumulative
net flux of 222Rn for each sampling trip from the man-
grove forest was assessed based on tide. The dry and first
wet season samplings were integrated from slack low-low
tide to slack low-low tide (Table 3). Depending on the
asymmetry of the tide, the cumulative net fluxes ranged
less than an order magnitude (5.6–38 × 106 dpm T−1) for
the three sampling trips (Table 3). In comparison, the
contribution from diffusion alone was between 1 and
10 % (i.e., 7.1–7.3 × 105 dpm T−1) of the total flux.

Both the tidal prism and the tidal flux models provide
comparable fluid fluxes. For the tidal prism approach,

a

b

c

Fig. 5 Time series data of water levels (a), salinity (b), and 222Rn activity (c) collected from the creek mouth during the dry season in March and April
2009. aWater level data for both the creek mouth (dashed) relative to the creek bottom and the mangrove forest (dotted) relative to the mangrove floor
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Eq. 1 is not sensitive to the nature of the tide and can be
used under the assumption of complete exchange of water
over the course of a tidal period. Thus, each low-to-low
tide period was used despite slight differences in the tidal
amplitude (Table 3). Using Eq. 1 with mangrove end-
member activities of 96 and 70 dpm L−1 for the dry and
wet seasons, respectively, the range in discharge attributed
to flushing of mangrove forest floor ranged between
roughly 65 and 297 m3 day−1. Discharge rates in the dry
season were two to three times higher than during the wet
season. This was consistent with the larger gradient bet-
ween the flood and ebb 222Rn activity observed during the
dry season. Similarly, the average of the two wet season
flux estimates was within error of one another. Larger
fluid fluxes (∼30 %) were observed during the lower
low tide of the mixed semi-diurnal tide than during the
higher low tide (Table 3). This may be due in part to
slight variation in the flooded area during subsequent high
tides. Based on water level data in from the mangrove
forest (Figs. 5, 6, and 7), flooding depths and thus
flooding extent were consistent for the April 2009,

September 2010, and the latter part of the November
2010 study periods. Assuming the linear relationship bet-
ween areal extent of flooding and the radon/fluid flux in
Eq. 2c holds, Ahigh would have to increase by 50 % during
the higher high tides observed during the first part of the
November 2010 trip, making the percentages roughly off-
set. Discharge based on 222Rn tidal fluxes had a similar
range (68–374 m3 day−1) and seasonal characteristic as
was observed using the tidal prism approach. Overall,
the similarity between the fluid fluxes obtained by the
two 222Rn mass balance approaches suggest that benthic
exchange dominates the temporal variability in the 222Rn
data over the time scale of the study. Also, quantitative
and comparable estimates of groundwater discharge can
be obtained using either technique.

The semi-diurnal variability in 222Rn activity, salinity,
and water level within the mangrove forest highlights the
potential impact that contrasting tides (i.e., mixed semi-
diurnal) can have on material and fluid exchange (e.g.,
Troxler et al. 2015). The variability in 222Rn-based fluid
fluxes between successive tides is low and within error.

c

b

a

Fig. 6 Time series data of water levels (a), salinity (b), and 222Rn activity (c) collected from the creekmouth during the wet season in September 2010. a
Water level data for both the creek mouth (dashed) relative to the creek bottom and the mangrove forest (dotted) relative to the mangrove floor
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However, the lagged response in salinity and 222Rn activ-
ity provide clear evidence that the forest continues to
drain as water levels in the creek mouth shift between
slack and flood tides. During the higher low tide, a hys-
teresis effect results in an increase of residence time. On
the successive lower low tide, water levels and radon in-
dicate that there is more complete drainage. Our two ap-
proaches for examining fluid exchange does not directly
account for this hysteresis and its mere observation war-
rants further investigation. While our methods do not ac-
count specifically for this hysteresis, assessing fluxes over
the diurnal tidal cycle the fluid flux estimates are
conservative.

Potential Controls on Seasonal Variability
in the Mangrove Forest

Comparatively, the two wet season samplings have similar
radon fluxes but differ significantly from the dry season.
This seasonal variability may have implications for material
export from the mangrove forest. Similar seasonal variations

have been reported in both mangrove and marsh settings.
Gleeson et al. (2013) observed seasonal variability in radon
fluxes in a mangrove system located in South Moreton Bay,
Australia. In their study, higher fluxes occurred during the wet
season (summer) as opposed to the dry season, which they
attributed to enhanced biological activity. Our observations
at SRSE indicate higher radon fluxes during the dry season
over the wet season. The enhanced fluxes are due to the higher
radon activities exiting the flooded swamp and associated
steeper gradients in the dry season relative to the wet season.
There is no ancillary data to suggest a difference in biological
activity like that suggested in Australia. Thus, at SRSE, we
suggest two possibilities to account for the seasonal variable
radon fluxes: (1) there is an additional source of 222Rn (e.g.,
deeper groundwater) during the dry season or (2) a variation in
tidal flushing of the mangrove soil.

Discharge of deep groundwater from the Biscayne Aquifer
has been recognized from chemical mass balance in the man-
grove ecotone of the coastal Everglades (Price et al. 2003;
Price et al. 2006). The higher radon fluxes could be related
to seepage of groundwater from the underlying carbonate

Fig. 7 Time series data of water levels (a), salinity (b), and 222Rn activity (c) collected from the creekmouth during the wet season in November 2010. a
Water level data for both the creek mouth (dashed) relative to the creek bottom and the mangrove forest (dotted) relative to the mangrove floor
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aquifer and transporting 222Rn through the peat into the sur-
face water flooding the mangrove forest. Radon-222 activity
in the groundwater approximately 7 mbls is two to three times
greater than the pore water average and thus could contribute
to the surface water concentration in the ebb fluxes. However,
the path for groundwater discharge is complex and very
diffuse. For the same area of SRSE, Whelan et al. (2005)
showed that head was higher in the aquifer during the wet
season (0.12 m), but the wet season vertical head gradients
(5.4×10−2 m m−1, positive upward) were either the same or
less than during the dry season (7.6×10−2 m m−1). This sug-
gests that vertical upward seepage is feasible as has been pre-
viously indicated (Price et al. 2003; Price et al. 2006); howev-
er, this would occur at similar rates year round as the head
gradients always favor vertical upward flow. Also, the small
creek examined in this study is separated from the underlying
aquifer by 5–7 m of low permeability peat deposits (Whelan
et al. 2005). Since most of the porosity in the mangrove peat
originates from the burrows, the likelihood of a deeper
groundwater source seems low, at least for the mangrove for-
est proper.

The wet season radon activities and salinities are quantita-
tively less than the dry season. Precipitation leading up
(2 weeks; Elec. Supp. Material A1) was similar for the two
sampling during the wet seasons (145.3 and 66.5 mm for
September and November 2010) but significantly different
for the dry season (5.5 mm). Reduced salinity during the ebb
and slack low tide also supports an additional freshwater
source during the wet season. The added precipitation, if
stored as surface water features, could locally dilute the
222Rn and account for lower salinity but would have to be
either within a few days prior to the sampling. Somewhat in
opposition to this explanation though are the water levels in

the mangrove forest. Water levels observed above the forest
floor do not appear to vary seasonally, suggesting that water
level in the mangrove forest is strictly tidal modulated. Thus,
if meteoric water was to be retained, it would have to be
locally stored in small pools. Alternatively, the younger mete-
oric water could percolate into the mangrove soil increasing
soil saturation. Such dynamics in soil saturation would have
bearing on the recoil and supply of 222Rn and its ingrowth in
the pore fluids as well as the effectiveness of tidal flooding on
burrow flushing.

Burrows, Mangrove BSponge,^ and Pathway
for Enhanced Respiration

The peat that accumulates in mangrove environments is often
considered to have low permeability and a large fluid ex-
change capacity (Hemond and Fifield 1982 Wilson and
Gardner 2006; Xin et al. 2009; Xin et al. 2013).
Contributing to this exchange capacity is the abundance of
burrows and similar secondary porosity modifications associ-
ated with an active benthic infaunal community (Hemond and
Fifield 1982; Stieglitz et al. 2000; Koretsky et al. 2002;
Gardner and Gaines 2008). The SRSE is one such place where
there is limited knowledge on how these modified
macroporous structures influence surface water-groundwater
exchange. In mangrove ecotones such as the SRSE, dominant
crab families include Ocypodidae (fiddler), Xanthidae (mud),
and Grapsidae (grapsid). The abundance of these families is
variable but the commonality is that they tend to rework sed-
iments and create burrows that link the surface and subsurface
environments. The efficiency at which the burrows are flushed
during a tidal cycle has a significant impact on material

Table 3 Radon-222 concentrations and fluxes used to evaluate fluid fluxes from the tidal prism model and the integrated net flux approach

Tidal prism
approach

Net flux
approach

Season Date Ebb
222Rnxs
(dpm L−1)

1σ Flood
222Rnxs
(dpm L−1)

1σ Volumetric
flux,
Qmangrove

(m3 day−1)

Unc. Net 222Rnxs
flux,
Jmangrove
(dpm T−1)

Unc. Diffusive
222Rnxs
Flux, Jdiff
(dpm T−1)

Unc. Volumetric
Flux,
Qmangrove

(m3 day−1)

Unc

Dry April 2009 14.1 0.9 9.1 0.7 307 63 3.78E+07 1.43E+07 7.07E+05 3.48E+04 413 156

Dry April 2009 15.2 0.5 7.6 0.6 471 42

Wet September 2010 8.6 0.6 6.7 0.5 133 22 1.02E+07 7.14E+06 7.14E+05 2.01E+05 106 74

Wet September 2010 9.5 0.6 7.0 0.5 178 29

Wet September 2010 8.8 0.6 7.1 0.5 117 19 9.75E+06 6.38E+06 7.14E+05 2.01E+05 101 66

Wet September 2010 9.9 0.6 7.7 0.6 149 24

Wet November 2010 8.7 0.7 7.2 0.6 101 24 8.73E+06 1.36E+07 7.28E+05 6.33E+04 89 139

Wet November 2010 9.3 0.7 7.2 0.6 147 24 5.61E+06 7.87E+06 7.28E+05 6.33E+04 54 76

Wet November 2010 9.3 0.7 7.6 0.6 111 18 9.45E+06 1.46E+07 7.28E+05 6.33E+04 97 150

Wet November 2010 10.4 0.7 8.3 0.7 81 13 1.36E+07 2.48E+07 7.28E+05 6.33E+04 144 261

Wet November 2010 11.3 0.4 10.2 0.7 72 12 1.34E+07 2.14E+07 7.28E+05 6.33E+04 141 225
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budgets in these mangrove ecotones (Smith et al. 1991;
Gleeson et al. 2013; Maher et al. 2013).

Crab burrow density does not vary along SRSE (i.e., up-
stream to downstream) nor does it vary inland away from the
main channel (Balentine et al. 2008). According to Balentine
et al. (2008), burrow density along SRSE ranged from 60 to
110 burrows m−2 with a mean of 80 burrows m−2. Assuming a
10,000-m2 drainage area for the tidal creek at SRS-6, approx-
imately 800,000 burrows are expected to occur within the
study area. With a burrow volume of approximately
2.5×10−4 m3 per burrow, that equates to 200 m3 of total bur-
row volume that is subject to tidal flushing. The 222Rn mass
balance approaches result in volumetric exchange that range
from 32 to 250 m3 per tidal cycle with a mean of 87.6 m3.
Building upon the evidence of seasonal variability observed,
fluid exchange expected during the dry season (∼250 m3)
would flush all the burrows present. In contrast, during the
wet season, single tide volumes are on the order of 50–
60 m3, which would suggest a residence time of 2 days and
a burrow flushing efficiency of 25 %. There is only slight
variation in pore water 222Rn during the dry and wet season,
which suggests that the difference in burrow flushing is con-
trolled by exchange of 222Rn between the peat and burrows.
During the wet season, the peat is at saturation (i.e., soil satu-
ration index of 1) due to a combination of tidal inundation and
precipitation. The pressure gradient (i.e., loading) between
burrow water and flood tide is small (Xin et al. 2009) limiting
advective exchange. In contrast, during the dry season, the
peat is not fully saturated (i.e., soil saturation index less than
1) and the water that enters the burrows during the flood tide
can seep into the surrounding peat matrix. Xin et al. (2009)
was able to model this gradient in salt marsh peats, which are
comparable in terms of transmissivity and hydrodynamics to
the mangrove forest. Modeled pressure gradients showed a net
seepage from the burrows to adjacent peat during the flood
tide and subsequent drainage during the falling tide. This
flooding and drainage process during the dry season would
enhance net material exchange.

Normalizing our volumetric flux rates over the entire area
of the mangrove forest floor drained by the small creek (10,
000 m2) results in specific groundwater discharge rates that
range between 6.7 to 50 L m−2 day−1. These rates are 3 to 4
orders of magnitude higher than discharge obtained from a
temperature-based, 1D advection-conduction model (Spence
2011). The temperature model results, while accounting for
variable permeability, do not incorporate macroporous flow,
which appears to be the primary pathway for benthic ex-
change in these mangrove peats. Similarly, the radionuclide-
based flux estimates are 7 to 50 times greater than the contri-
bution of fresher groundwater from the confined Biscayne
Aquifer as reported by Saha et al. (2011). Again, the water
budget approach focuses solely on the freshwater imbalance
and does not account for marine groundwater fluxes.

Considering the peat thickness (∼600 cm) and the low hydrau-
lic conductivity of the mangrove peat (18.7 cm day−1; Whelan
et al. 2005), nearly all the discharge implied by the radon
budgets would be modified surface water with little contribu-
tion from deeper aquifers (e.g., Biscayne). In areas where the
peat thickness is greatly reduced (e.g., in channels and up-
stream), the contribution from both deep aquifer groundwater,
whether marine or terrestrial in source, would be more impor-
tant than at SRS-6. It appears based on the radon budgets that
at SRS-6 tidal pumping of crab burrows dominates.

Similar radionuclide-based discharge rates have been re-
ported in the literature for mangrove regions in Australia
(e.g., Gleeson et al. 2013; Stieglitz et al. 2013). With the ad-
dition of the SRSE observations, an assessment of
commonality and distinction among different mangrove
systems is possible. Using 222Rn and radium isotopes,
Stieglitz et al. (2013) estimate rates of fluid exchange that
are on the order of 30.4 L m−2 day−1. While the two flushing
rates are quite comparable, there is considerable variability in
the two benthic communities. Based on Stieglitz et al. (2000),
the Coral Creek system in Australia is characterized by very
few (i.e., 1.8 burrow m−2) yet large (70 L) burrows. In con-
trast, the SRSE system is characterized by high burrow den-
sity with low volumes. This high density, low volume leads to
larger water-burrow wall interaction than would large-vol-
ume, low-density systems such as Coral Creek.

Variation in flushing efficiency will have a profound im-
pact on organic matter diagenesis and carbon efflux. Previous
studies have shown the impact of surface water-groundwater
exchange on the transport of material out of the mangrove
forest soil but few have noted the potential for enhancing
remineralization within the mangrove soil. In other submarine
environments, the effects of burrow chemistry on metal and
other elemental cycling has been demonstrated and shown to
have a significant impact on reduction and oxidation process-
es (e.g., Klerks et al. 2007; Meysman et al. 2006). Respiration
and NO3

− reduction are more favorable modes for oxidation
of organic matter than other terminal electron acceptors. Thus,
reduced fluid residence time in the burrows during the dry
season would increase the exposure of the organic matter to
oxygen and increase oxidation rates through successive tides.
Given the large density and abundance of crab burrows in the
region, the potential impact on soil elevation is likely. Even
with an increase in residence of 0.5 to 2 days, the potential
impact on organic matter degradation and subsequent subsi-
dence is an important process still mostly overlooked in this
setting. Further studies or advancements to measure actual
burrow flushing rates versus apparent burrow flushing rates
may help quantitatively verify these results. The enhanced
interaction of the water with these burrow walls could result
in more complex material exchange and cycling (e.g., organic
carbon ormercury; Bergamaschi et al. 2011) and should be the
focus of future research.
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Groundwater Contributions to the Estuary

Groundwater discharge from the Biscayne Aquifer does not
appear to be a likely driver of 222Rn variability at SRS-6
moorings. However, groundwater discharges occurring where
parts of the carbonate aquifer are unconfined or exposed (i.e.,
such as the channel, see later section) cannot be excluded.
Previous studies have identified that groundwater is an impor-
tant pathway for macronutrients in the mangrove ecotone.
Price et al. (2003) observed that density-corrected, hydraulic
gradients between brackish groundwater and surface water
favored groundwater discharge along portions of the FCE-
LTER including SRSE. Saha et al. (2011) developed a water
budget for this region using hydrologic data spanning 2002–
2008 and verified Price et al. (2003) semi-quantitative obser-
vations. Based on the water budget, combined fresh ground-
water discharge from surficial peat aquifer (0–6 m below land
surface) and the underlying aquifer was on the order of
400 mm year−1 (∼0.11 cm day−1). Several observations in
our data suggest that groundwater into the channel may be
significant and more prevalent in the dry season.

Surveys of 222Rn found that surface water activities are
lower in the dry season than in the wet season. While 222Rn
provided a quantitative tracer for tidal exchange (due to its
conservative nature and short half-life), it may not be the best
tracer for examining basin-scale groundwater exchange. In
this low-gradient system, there are more sources of 222Rn than
can be distinguished by simple surface water measurements.
As observed in the time series studies, a significant efflux of
222Rn occurs from the mangrove forest soil during each tidal
exchange. The daily addition of radon limits its applicability
as a quantitative tracer over the basin scale as the end-member
concentrations between the deep groundwater and the shallow
mangrove pore water are not grossly different (i.e., a factor of
1 to 5) across the estuarine gradient (Table 1). The radium data
show promise in evaluating much larger scale dynamics. The
variability in the half-lives of the various radium-isotopes may
help elucidate mixing, residence time, and groundwater con-
tributions. For example, the low 224Ra/226Ra activity ratios
observed during low-tide and during the dry season are quan-
titatively similar to the groundwater ratio. This implies that
groundwater from the Biscayne Aquifer is more influential
to the surface hydrochemistry of the SRSE proper during the
dry season when surface water flows are most reduced. In
contrast, surface water 224Ra/226Ra is notably higher during
the wet season than the dry season (Table 2). Driving ratio
difference though is 226Ra activity, which is much lower in
the wet season than the dry. The long half-life of 226Ra would
suggest that it is not readily regenerated on tidal time scales
and thus would be sourced by a longer flow path than the
short-lived isotopes (Rodellas et al. 2015). Thus, groundwater
from the Biscayne Aquifer may be the major supplier of the
226Ra and tidal exchange the main input of 223Ra or 224Ra (i.e.,

similar to 222Rn). Therefore, deep groundwater inputs from
the Biscayne Aquifer are more readily detectable during the
dry season than during the wet season. The source of this
groundwater remains unclear to whether it originates as fresh
or saline groundwater or if the contribution of these two end-
members vary considerable through time in response to hy-
draulic gradients in the surface estuary.

Unfortunately, the nonconservative behavior of radium is
not well characterized for this SRSE with this data set.
Radium is an alkaline earth metal is known to have noncon-
servative behavior in estuarine environments. Classic studies
attribute this nonconservative behavior to sorptive processes
of suspended particles (e.g., Li and Chan 1979), but more
recent studies (e.g., Gonneea et al. 2008) have shown that
other processes are influencing radium’s behavior in solution.
Webster et al. (1994, 1995) showed Ra2+ absorbed onto clay
and organics readily desorbed when particles were exposed to
higher ionic strength solution, which contain abundant seawa-
ter cations such as Na+ and Ca2+.

In order to provide quantitative estimates of SGD using
radium would require estimates of desorption rates and char-
acterization of both the mangrove soil and the carbonate chan-
nel (Webster et al. 1995; Rama and Moore 1996; Michael
et al. 2011; Stieglitz et al. 2013), but these rates are not avail-
able for these sediment. However, the radium isotope data
support that geochemically groundwater is more influential
in the dry season than in the wet season along the SRSE.
Additional work characterizing the potential sources of radi-
um isotopes may help fully elucidate the volumetric contribu-
tions of groundwater to the Everglades, whether it is of fresh,
brackish, or saline origin.

Conclusions

Attempts to scale up fluid fluxes especially over low hydraulic
gradient systems such as coastal mangrove forests are chal-
lenging. As shown for the SRSE, temporal variability occurs
at both daily and seasonal time scales. Extrapolating one time
period to an annual time scale or large spatial scale could
neglect significant contributions from mixed tides and vari-
able seasonal fresh, surface water inputs. Based on observa-
tions from SRS-6, tidal variations drive a significant material
exchange (e.g., radon) between the mangrove forests and the
overlying water column by flushing crab burrows. This tidal
flushing is responsible for a large outwelling signature of ra-
don from the mangrove forest. In addition to the tidal fluxes,
there is an apparent seasonal difference in the radon fluxes
exiting the mangrove forest. The wet season observations pro-
vide conservatively low estimates of radon exchange while
the dry season is nearly four times higher. These seasonal
variations may be associated with saturation states of the man-
grove soil, where low saturation in the dry season allows for
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better exchange between the soil and the burrow water and
vice versa in the wet season.

A radon mass balance approach suggest that recirculation
or burrow flushing within the mangrove forest is several or-
ders of magnitude greater than previous estimates of ground-
water discharge along the SRSE. Such exchange rates must be
accounted for in material exchange in these low gradient sys-
tems. Additional lateral fluxes can occur through communica-
tion between the main river channels and the underlying aqui-
fer. As such, attempts to scale and fully quantify groundwater
discharge and fluid exchange and its two primary components
requires a substantial assessment of bothmangrove outwelling
and tidal pumping across the channel as identified in the map-
ping of radon during both wet and dry seasons as well as the
long-lived 226Ra isotope.
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