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Abstract Naturally occurring isotopes of radon (***Rn) and
radium isotopes (**>224?2622%Ra) were used as tracers to
assess submarine groundwater discharge (SGD) into Little
Lagoon, AL (USA), a site of recurring harmful algal blooms
(HABs). The radium isotopic data suggests that there are two
groundwater sources of these tracers to the lagoon, a shallow
(Al) and deeper (A2) aquifer. We estimated the fraction of
each source via a three-end-member mixing model consisting
of Gulf of Mexico seawater, shallow and deep groundwater.
The estimated lagoonwide SGD rates based on a radium mass
balance and the mixing model were 1.22+0.53 and 1.59+
0.20 m® 5! for the shallow and deep groundwater discharges,
respectively. To investigate temporal variations in SGD, we
performed several radon surveys from 2010 through 2012, a
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period of generally declining groundwater levels due to a
drought in the southeastern USA. The total SGD rates based
on a radon mass balance approach were found to vary from
0.60 to 2.87 m> s'. We observed well-defined relationships
between nutrients and chlorophyll-a in lagoon waters during a
period when there was an intense diatom bloom in April 2010
and when no bloom existed in March 2011. A good correla-
tion was also found between radium (groundwater-derived)
and nutrients during the April 2010 period, while there was no
clear relationship between the same parameters in March
2011. Based on multivariate analysis of chemical and envi-
ronmental factors, we suggest that nutrient-rich inputs during
high SGD may be a significant driver of algal blooms, but
during low SGD periods, multiple drivers are responsible for
the occurrence of algal blooms.

Keywords Radium isotopes - Radon - Submarine
groundwater discharge - Algal blooms - Little Lagoon -
Alabama

Introduction

Submarine groundwater discharge (SGD) is the flow of water
on continental margins from the seabed to the coastal ocean,
regardless of fluid composition or driving force (Burnett et al.
2003a). SGD consists of the direct freshwater flow from an
aquifer to the ocean as well as the mixtures of freshwater—
seawater cycling through surficial unconfined and deeper
semi-confined aquifers (Moore 2010). The required condi-
tions for the occurrence of terrestrial groundwater flow toward
the sea are that an aquifer is hydraulically connected to the sea
and that the water table lies above the adjacent mean sea level
(Burnett et al. 2006). Tidal pumping, convection, bioturbation,
and other processes also contribute to exchange between pore
fluids in sediments and the overlying coastal seawater (Santos
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et al. 2008a). The extent of SGD in coastal waters can be
determined using naturally occurring radon (***Rn) and radi-
um isotopes (*2*-*2*220-228Rq). These are effective SGD
tracers as they behave conservatively in seawater, are higher
in concentration in groundwater relative to surface water, and
their decay rates vary over both the long and short time-scale
processes in question (Burnett & Dulaiova 2003; Burnett et al.
2008; Santos et al. 2008b).

Interest in SGD has been growing due to the recognition of
its relative importance to water balance on land and the
contribution to coastal ocean biogeochemistry via input of
nutrients and other species (Valiela et al. 1990; Laroche et al.
1997). In certain locations, the transport of land-derived
chemical species through SGD can rival that delivered via
local river runoff (Burnett et al. 2003a; Slomp & Van
Cappellen 2004; Swarzenski et al. 2006b; Swarzenski et al.
2007) and contribute to coastal water eutrophication, resulting
in ecological or human health problems (Valiela et al. 1990;
Charette et al. 2001; Lee & Kim 2007). For example, dinofla-
gellate blooms occurring in the southern Sea of Korea appear
to be related to nutrient-enriched groundwater supply (Lee &
Kim 2007; Lee et al. 2010). Hu et al. (2006) suggested that
blooms of the toxic dinoflagellate Karenia brevis in the Gulf
of Mexico (GOM) are supported in part by SGD along the
west Florida coast due to the intense rains associated with
numerous hurricanes that occurred prior to the blooms.
Groundwater discharge has been argued both to militate
against (LaRoche et al. 1997) and stimulate (Gobler &
Safludo-Wilhelmy 2001) blooms of the “brown tide”
pelagophyte Aureococcus anophagefferens in shallow estuar-
ies on Long Island, NY (USA).

In the present work, we report on our investigations of
Little Lagoon (Baldwin County, AL, USA), a hot-spot for
toxic blooms of the HAB diatom Pseudo -nitzschia spp.
Liefer et al. (2009) showed that the density of these blooms
is highly correlated with discharge from the surficial aquifer.
In that study, relative SGD rates were inferred from discharge
of the Styx River into Perdido Bay as both the river and the
lagoon are connected to the same aquifer. Here we report
direct assessments of SGD in Little Lagoon (LL) via isotopic
approaches. The main objectives of this study are to discern
the patterns and amounts of SGD in LL by using natural
radioisotopes and to investigate possible relationships be-
tween SGD, nutrient concentrations and the occurrence of
algal blooms.

Materials and Methods
Site Description and Approach

Little Lagoon is a shallow enclosed coastal lagoon with an
average water depth of ~1.5 m and a surface area of 10.52 km?
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in Baldwin County, AL (USA) (Fig. 1). A small brackish-
water lake, Lake Shelby (LS), in the eastern part of the study
area is connected to the lagoon through the Lake Shelby canal
(hereafter LS canal). Another canal not connected to LS drains
into the northeast section of the lagoon (hereafter NE canal).
The lagoon is connected to the GOM and experiences tidal
exchange via Little Lagoon Pass (LLP), a single shallow (~1-
m-deep) and narrow (~10-m-wide) pass. This pass was closed
from late May through July 2010 to prevent oil from the
Deepwater Horizon spill from entering the lagoon. Irregular
diurnal tides have a mean range outside the lagoon of ~0.5 m
and damped tides inside of only ~0.15 m. The lagoon lacks
stream inputs but likely receives significant groundwater in-
puts from the surficial aquifer because of a local maximum in
groundwater elevation (Dowling et al. 2004; Murgulet & Tick
2008, 2009). The unconfined aquifer (Al aquifer, ~30 m
thick) here is typical of coastal plain deposits throughout
much of the GOM consisting of fine- to coarse-grained quartz
sands, with varying degrees of heavy minerals, shell frag-
ments, and silt. The primary source of recharge for this aquifer
comes from local precipitation (average annual precipitation =
167 cm year™) infiltrating the surface sands (Dowling et al.
2004). The confined aquifer (A2 aquifer, 60 to 75 m thick) is
composed of (i) nonfossiliferous fine to medium reddish
brown sands with thin, discontinuous lenticular beds of clay,
and (ii) micaceous, fine- to coarse-grained quartz sands, with
some ironstone and minor laminated clay layers (Chandler
et al. 1985).

Measurements of Radon and Radium Isotopes in Water

We performed field investigations from April 2010 to August
2012. Our general strategy consisted of: (1) conducting radon
surveys in near-surface waters along the shoreline of LL and
LS to qualitatively locate points of enhanced SGD and to
quantify the temporal variation in SGD rates; (2) sampling
groundwater for Rn and Ra isotopes and nutrient concentra-
tions to determine end-member groundwater concentrations;
and (3) sampling lagoon surface waters for Ra isotopes, nu-
trient concentrations and chlorophyll to estimate quantitative-
ly the water residence time and SGD rates for comparison to
Rn-derived SGD estimates.

Surface water samples (ca. 601) were collected for radium
isotope analysis from LL, LS, canals (C), and groundwater
wells around the lagoon (Fig. 1). Analyses of well waters were
conducted by sampling from deep wells (DW, mostly used for
irrigation purposes) in the A2 aquifer. We installed some
shallow “tube wells” (TW) around the lagoon later in the
study using narrow (diameter ~ 6 cm) PVC pipes inserted
1-4 m into the A1 aquifer.

Radium isotopes were pre-concentrated by adsorption onto
Mn impregnated acrylic fibers (Mn-fibers) using standard
techniques (Moore 1976). After extraction, the fibers were
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Fig. 1 Little Lagoon, AL, with
surface water and groundwater
sampling stations. The vertical
lines separate the lagoon into five
segments (/—5), which are used
for calculating volume-weighted
radioisotope activities
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washed thoroughly with radium-free tap water to remove
residual salt and particles. In the laboratory, the moisture of
the Mn-fibers was adjusted with a stream of compressed air,
and the activities of short-lived radium isotopes (***Ra and
22Ra) were measured using a delayed-coincidence counting
system (RaDeCC) described by Moore and Arold (1996).
Activities of **Ra were corrected for that supported by its
parent ***Th, so ***Ra reported here are all “excess” activities.
After the measurements of the short-lived Ra isotopes
(***Ra and ***Ra) were completed, the fibers were placed into
gas-tight cartridges, stored for about 5 days for **’Rn in-
growth, and then radon was transferred into Lucas cells via a
radon emanation line for determination of **Ra (Peterson
et al. 2009). Samples were next processed for the analysis of
both long-lived Ra isotopes (***Ra and ***Ra) using an Ortec
IG detector with a relative efficiency of 20 % (Dulaiova &
Burnett 2004). Mn-fibers were packed into custom-made
stainless-steel crucibles (0.05 mm thick, MSC Industrial
Supply) and ashed at 600°C for 6 h in a muffle furnace. The
crucibles were then folded first by hand, hydraulically pressed
using 1 kg cm™ pressure with a hand press, and sealed with a
silicone sealant to create a ~3-mm-thick counting wafer. In
this process, the crucible serves as the counting vessel which
eliminates any transfer steps between containers. Taking into
any gamma ray absorption by the stainless steel, we calibrated
the system by measuring the standards that were produced in
the same way. After aging to allow ingrowth of **’Rn daugh-
ters, the **°Ra activity was estimated from 2'*Pb and *'*Bi
photopeaks (295, 352, and 609 keV), while ***Ra activity was
estimated using photopeaks of 228A¢ (338 and 911 keV).
There was good agreement between 2>°Ra determined via
Lucas cell counting and assessed by gamma spectrometry (R
=0.97, n=112). The values reported in this work are from the
Lucas cell determinations which have better precision.
Radon surveys were performed along the shore of the
lagoon, the shore of LS and in the NE and LS canals.
Activities of *?Rn in the lagoon surface waters were mea-
sured continuously using an automated pumping and sparging
system connected to a suite of three RAD-7 detectors arranged
with the counting cycles time-parallel for real-time in situ
analysis (Burnett et al. 2001; Dulaiova et al. 2005). The

cruising speed was ~3—5 km h™'. The counting interval was
set to generally 5 min. The radon system is integrated with a
CTD Diver (Van Essen) and logging GPS with depth-
sounding capabilities. Radon concentrations in discrete sam-
ples of deep and shallow groundwater were measured on 250-
ml grab samples using an additional radon-in-water (RAD-
H20) accessory (Durridge) to the RAD7 radon detector.
Before taking a grab sample from a well, the well water was
purged first for ~10-20 min in order to remove the stagnant
well water. Later, the grab bottles were filled with care to
prevent radon loss.

Radium in Sediment Measurements

On March 9, 2011, five sediment samples were collected
along a transect spanning the entire lagoon. After drying and
homogenizing the sediments, they were packed into gas-tight
100 cm® aluminum cans. After >3 weeks for radon ingrowth,
the samples were measured for **°Ra and ***Ra activities on
the same Ortec germanium detector and using the same
photopeaks as used for the radium-in-water measurements.
The germanium detector was calibrated against a series of
IAEA natural matrix standards prepared with the same

geometry.

Nutrient Measurements

Water samples for nutrient analyses were collected from
groundwater wells in parallel with all groundwater radioiso-
tope measurements. Samples for nutrient analyses were also
collected in parallel with all surface water radium measure-
ments and at discrete points along each radon survey transect.
Samples were collected in acid-washed polyethylene bottles
and kept in a cooler on ice until processing. Samples were
filtered through Whatman GF/F filters (0.7 um) with gentle
vacuum pressure (<17 kPa or 5" Hg). The filtrate was collect-
ed in acid-washed high-density polyethylene flasks for analy-
sis of dissolved components and frozen until analysis.
Aliquots for measurement of total nutrients were collected
and frozen immediately.
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The filtrate samples were analyzed colorimetrically using a
Skalar Sans 10 autoanalyzer for dissolved inorganic nitrogen
(DIN = the sum of nitrate, nitrite, and ammonium), phosphate,
and silicate. Total dissolved nitrogen (TDN) and total nitrogen
(TN) were also determined colorimetrically as nitrate using
the autoanalyzer after oxidation with potassium persulfate
(Valderrama 1981). Dissolved organic nitrogen (DON) was
determined as the difference between DIN and TDN. Total
phosphorus (TP) was determined colorimetrically following
acid hydrolysis (Solérzano & Sharp 1980).

Resistivity Measurements

Electrical resistivity data in LL and LS were collected on
September 28-29, 2010 using an AGI Supersting RS eight-
channel resistivity apparatus. The meter was programmed for
continuous resistivity profiling (CRP) with a dipole—dipole
survey geometry. A floating streamer with 12-m electrode
spacing and a total length of 96 m was towed behind the boat.
The current injection electrodes were positioned 10 m behind
the survey boat to avoid any interference from the boat. The
injection electrodes impart an electrical field sampled by
successive pairs of receiver electrodes for voltage drops.
Increasing offset between the electrodes results in increased
depth of sampling. The full depth of penetration is nominally
one third of the streamer length or about 30 m in this case.
This was considered ideal for penetrating a shallow water
column and imaging the resistivity structure of the shallow
aquifer system such as that underlying LL.

Raw electrical soundings were integrated with depth and
location from a Lowrance depth finder and GPS unit (Model
HDS5). Proper positioning and depth information provide
constraints for inversion modeling to negate the effects of
the water layer overlying the sediments. Data were inverted
with AGI's EarthImager 2D software. An iterative approach
between the modeled resistivity structure and the raw electri-
cal soundings results in color-contoured electrical resistivity
tomograms (Fig. 2). Iterations are complete when least
squares difference and root mean square errors meet accept-
able thresholds demonstrating <10 % difference between
modeled and raw soundings. Conditions were calm and clear
during data collection and no significant environmental noise
(e.g., large electrically conductive bodies) was visually
observed.

Results
Resistivity Structure in the LS and LL Aquifer
Conductivity (the inverse of resistivity) is typically different in

groundwaters than associated surface waters and thus may be
used as an indicator of interactions between these water
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masses. In principle, resistivity responds to differences in
sediment characteristics, water content, and amount of dis-
solved materials within the pore water (Swarzenski et al.
2006a; Taniguchi et al. 2007). Higher resistivity corresponds
to lower salinity of the pore solutions in the saturated
sediment, assuming that the sediment characteristics (e.g.,
porosity) are homogeneous. In order to identify groundwater
sources and discharge zones in our study area, apparent elec-
trical resistivity was measured along the near-shore portion of
the lagoon and LS to provide images of subsurface resistivity
structure for pore waters shallower than 30 m. For the resis-
tivity profile along the southeast shore of the lagoon, it very
much appears that there is a confined unit about 12 m below
the lagoon bottom. There may a bit of leaky connectivity
between the confined unit and the surface resulting in the
“mixing zone” or green-colored area, but the hot colors are
clearly confined from the shallower sediments and overlying
surface waters. Along the west shore of the LS, there is clear
evidence of either a breach or termination of the shallow
freshwater zone seen down to about 6.5 m in the west. It looks
as though water of higher salinity has penetrated into the lower
unit (Fig. 2). Based on this evidence, it appears that ground-
water flow would be more likely in the eastern ends of the
lagoon (near the west side of LS).

Lagoonwide Radon Surveys

Our lagoonwide radon surveys were used to map dissolved
radon distributions in the near-surface waters. All radon con-
centrations, based on radon-in-air measurements, were
corrected for both temperature and salinity effects following
the procedure of Schubert et al. (2012). There were temporal
fluctuations of radon-in-water concentrations, with overall
average radon amounts in LL ranging from 0.52 to
1.47 dpm 1. Salinity was inversely correlated with radon
but the degree of correlation varied between sampling trips.
LS provides an unquantified but small amount of low-salinity
water to the lagoon, but LS waters were generally lower in
radon than the eastern sections of LL.

The plots of radon concentration and salinity from each
survey demonstrated substantial radon and salinity gradients
across the lagoon with both ends of the lagoon having gener-
ally higher Rn and lower salinities (Fig. 3). Although the
distribution patterns of radon and salinity were similar
throughout the study, radon activities in general decreased
throughout the investigation. Low-salinity water in the eastern
part of the lagoon is derived from two freshwater inputs, SGD
and LS via the canal. Radon concentrations are lower in LS
and are characterized by relatively high radon in groundwater.
We thus believe that there are fresh groundwater sources on
the east side of the lagoon as determined by the LS resistivity
and high Rn concentrations in the canals.
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correlations in the canals in both 2010 and 2011 (R > 0.8)
(Fig. 4). This suggested that freshwater entry into the NE and
LS canals were important sources for radon to LL.
Extrapolation of the radon-salinity trends to the y intercept
(zero salinity) from these surveys produced an apparent
groundwater end-member value of 29 dpm 1" in July 2010,
but a higher value of 56 dpm 1" in July 2011. The twofold
higher Rn concentrations in July 2011 relative to 2010 sug-
gested either that there may be more than one groundwater
source in the area or that the groundwater-lagoon regime may
have been changed due to the closure of the pass in July 2010.
After the pass was closed by backfilling with sand into LLP,
the water level rose about 10-20 cm and the salinity dropped
below 20 throughout the lagoon as a result of groundwater
inflow and no direct communication with the GOM.

Radium Isotope Distribution in LL

As with radon concentrations, the highest radium activities
were observed in the east end of the lagoon and the lowest
activities were near the pass (see Supplemental Data 1 for a
complete listing of all radium isotope data). Because we lack
data points in the mid-salinity range, it is difficult to assess
whether the distribution of Ra isotopes behaves as in a “nor-
mal” estuarine situation where radium is released by desorp-
tion from particles in the mixing zone (Fig. 5). Itis evident that
all of the lagoon samples are significantly enriched in **°Ra
over GOM waters that have an average concentration of
~8 dpm 100 1" (Moore & Scott 1986). Radium concentrations
in the more saline canal samples were slightly higher than
those in the brackish canal samples, likely due to the increase
in ionic strength causing the release of Ra. The LS samples fell
into a separate category with both low salinity and low radium
activities.

20
@® LL, July2010
V¥ NE canal, July 2010
NE & LS canal, July 2011
15 4
=) y=-2.01x+55.73
g R=091
5 104
E -
& y=-133x+2043 Yy
S R=0.76 N g
I-"‘ e °® %
0 - v
0 5 10 15 20 25 30

Salinity

Fig.4 *?’Rn vs. salinity based on survey data of the Lake Shelby and the
NE canals on July 29, 2010 and July 25, 2011
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We also noted that the y intercept values from the linear
regression of four radium isotopes vs. salinity for the lagoon
samples suggest apparent fresh groundwater end-member
concentrations for **’Ra, ***Ra, **°Ra, and ***Ra of 10.8+
4.3, 134%5, 56.3£7.1, and 123+5 dpm 100 1" (»<0.01),
respectively. These values are higher than the radium activities
measured in the shallow tube wells, while they are lower than
the activities measured in the deeper wells. Plots of lagoon
surface water and groundwater *2*2**?*%Ra vs. *°Ra activi-
ties showed that activity ratios (ARs) for surface lagoon
waters were within the ranges found between the deep and
shallow groundwaters (Fig. 6). For example, the ***Ra vs.
*26Ra ranges of most of the samples in surface water ARs
were within the range bounded by the shallow (AR =0.5) and
deep (AR =3.3) groundwaters. Coupled with the extrapolated
end-member activities from Fig. 5, this further suggests that
the discharging groundwaters may represent a mixture of
these two groundwater sources. The difference in groundwater
Ra activities may be a difference in the mineral composition of
the shallow and deeper aquifers since the mineralogy of the
two aquifers is different as described earlier. The residence
time of deep groundwaters is likely longer than that of the
shallow groundwaters, providing more time for rock—water
interactions, and chemical and physical differentiation pro-
cesses. Thus, the higher radium isotope concentrations and
different isotopic compositions from samples of the deep
wells are not unusual.

Radon and Radium Isotopes in Groundwater

In many cases, both Rn and Ra isotopes are highly concen-
trated in groundwater relative to surface waters. However, the
average radon concentrations in both shallow and deep
groundwaters were unusually low. Radon in samples collected
from the deep wells (44.0+3.4 dpm 1, n=10) was not sig-
nificantly different (p <0.05) than that measured in the shal-
low tube wells (52.5+8.5 dpm 1!, n=32; Table 1 and
Supplemental Data 2). While these radon activities are low
compared to most groundwaters worldwide (tens to tens of
thousands dpm 1™"), they are still 40-50 times higher than the
average surface waters in LL (mean = 0.96+0.71 dpm I'). In
addition, the measured groundwater Rn concentrations were
within the range of apparent groundwater end-member values
obtained from the y intercepts in the plot of Rn vs. salinity in
LS and NE canals (Fig. 4). While it is still possible that there is
amixture of shallow and deep groundwater contributing to the
lagoon waters, Rn cannot differentiate the source of the
groundwaters in this case.

Ra isotope activities measured in the shallow tube wells
(more than half of the samples) overlapped the range of
activities in the lagoon's surface waters. The groundwater
radium activities in the deeper wells, however, were always
much higher relative to surface waters (Supplemental Data 3).
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The average activities measured in three shallow tube wells
from the eastern end of the lagoon (TW1, TW3, and TWY)
were 8.63, 92.3, 49.1, and 52.4 dpm 100 I"' for **Ra, ***Ra,
?26Ra, and **®Ra, respectively. Deeper wells nearby contained
10.3, 388, 107, and 317 dpm 100 I'! for the same isotopes.
Considering the high connectivity between the lagoon and
shallow groundwaters, water in the shallow wells can more
frequently undergo infiltration from the lagoon when the
water table is low. Thus, it is possible that some of the shallow
tube wells are occasionally recharged by low-Ra lagoon wa-
ters, especially during the drought when the water table ele-
vation was decreasing.

Nutrients and Chlorophyll in the Lagoon and Groundwater

TN (=dissolved N + particulate N) concentrations in the
lagoon's surface waters were 17.4-99.9 uM (mean 50.7+
16.5 uM), TP (=dissolved P + particulate P) concentrations
were 0.29-5.99 uM (mean 1.86+0.92 uM), and Si ranged
from 1.6 to 130 uM (mean 43+36 uM). The TN:TP molar
ratios ranged from 11.7 to 184 (mean 36.5+30.4).
Concentrations of TN and silicate in groundwaters were much
higher than in the surface waters of lagoon, which implies that
any SGD would likely be accompanied by significant inputs
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are the linear regressions for the LL samples. Note the scale breaks for the
22%Ra and **®Ra plots

of these species. The measured groundwater TN concentra-
tions were 359-945 uM (mean 561+£271 uM), the ground-
water Si ranged from 8 to 530 uM (mean 150+160 uM) and
the TN:TP molar ratios were 242—853 (mean 676+371). The
lagoon sediments have very high nutrient concentrations
(8.8-41.2 mmol dm>=mM TN; 0.7-3.8 mmol dm>=mM
TP) with very low N:P molar ratios (11-16).

Two of the field surveys in this study (April 2010, March
2011) were carried out during the periods when blooms of the
potentially toxic diatom Pseudo -nitzschia spp. are most likely
to occur in the GOM adjacent to LL (Liefer et al. 2009).
Blooms of Pseudo-nitzschia spp. were observed in the lagoon
itself in the years 2008-2010 (Liefer 2012). The April 2010
survey coincided with a dense, toxic bloom of Pseudo-
nitzschia spp. (Liefer 2012; Liefer et al. 2013), while no
bloom was detected during our March 2011 sampling.
Microalgal abundance is estimated as chlorophyll-a (chl-a)
concentration in the water column. Chl-a concentrations were
two times higher in April 2010 than in March 2011, although
the measured TN and TP concentrations were comparable
between both sampling trips. Chl-a was highly correlated with
both TN and TP in both surveys (Fig. 7).

Concentrations of TN, TP, and silicate in the lagoon's
surface waters were positively correlated (0.84 < R < 0.99,
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Fig. 6 Lagoon water and groundwater *>?2*?2®Ra plotted against >*°Ra.
The dashed and solid lines show the approximate ranges of activity ratios
(ARs) in the shallow and deep groundwater wells, respectively

p<0.05) with ex**°Ra in April 2010 (Fig. 8a). In contrast,
none of the nutrients were significantly correlated with
ex**°Ra in March 2011 (Fig. 8b). Silicate was negatively
correlated with salinity in March 2011 (R=-0.73, p <0.05).
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Otherwise, there were no significant correlations (p >0.10)
between salinity and nutrient concentrations in these data sets.

Multivariate Analysis

Relationships between radioisotopes, nutrients and chl-a,
were examined using a principal component analysis to re-
duce the dimensionality in these data. Data were log-
transformed as needed to satisfy the requirement for normality
and normalized to the mean to eliminate scale-based differ-
ences in the distributions. The distributions of data and the
eigenvectors differ considerably between years (Supplemental
Data 4; Fig. 9). In April 2010, there is a clear geographic
separation between the east and west portions of the lagoon
and the sample taken in the pass (Fig. 9a). The first principal
component (PC1) explained 65 % of the variation in the data,
implying that most variation is along an environmental gradi-
ent. All factors except nitrate and phosphate were significantly
correlated with PC1. The second PC (PC2) explained a further
20 % of the variability for a total of 86 %. This is very high for
environmental data, which is consistent with most variability
being due to a common driver. Salinity and ammonium were
correlated with both PC1 and PC2. Phosphate was correlated
only with PC2. Nitrate was correlated only with the third PC
(PC3).

The situation in March 2011 was very different. The PC1
explained only 43 % of the variability and the first two PCs
combined (PC1 + PC2) explained only as much (67 %) as the
PC1 did in 2010 (65 %). There was very little co-variation in
the input parameters in 2011, as evidenced by the lower
explanatory power of the PCs (43 vs. 65 % for PC1; 67 vs.
85 % for PC1 + PC2; Supplemental Data 4) and by the
dispersion of the eigenvectors (Fig. 9b, d). The distribution
of factor loadings was more diffuse in the PC biplot and the
geographic clustering was less pronounced in 2011 than
in 2010, indicating higher heterogeneity in the dry year
(Fig. 9a, c). The majority of input parameters were correlated
with two or more of the first three PCs, indicating the lack of a
dominant driver of the physico-chemical variables. It is nota-
ble that the correlation between “**Ra and **°Ra was high in
2010 (R=0.79, p=0.01), while in 2011, there was no covari-
ance between any of the isotopes (p =0.49).

Discussion
Three-End-Member Mixing Model of Ra Isotopes

Theoretically, differences in the radium isotope composition
can help identify different radium sources and thus we can
estimate the fraction of each source using these end-member
values in a mixing model. To resolve the relative end-member
(A1 vs. A2 aquifers) contributions to the lagoon, we
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Table 1 Summary of Ra (dpm 100 I'") and Rn (dpm 1'"") isotopes in the surface waters of Little Lagoon, Lake Shelby, canals and groundwater (tube and

deep) wells
Site 23p, 24p, 226p, 28p, 22p,

Average S.D. =n Average S.D. =n Average S.D. =n Average S.D. n Average S.D. n
Little Lagoon ~ 5.27 329 47 402 238 47 209 9.60 47 453 234 47 096 071 447
Lake Shelby 2.03 081 7 30.4 154 7 242 112 7 39.6 234 7 1.72 0.65 43
Canals 6.80 475 11 644 395 11 311 167 11 650 385 11 636 478 58
Tube wells 8.63 467 9 923 50.8 9 49.1 20.8 524 230 9 52.5 8.5 32
Deep wells 10.3 6.73 388 209 5 107 49.0 317 154 44.0 34 10

S.D. standard deviation, n number of samples

developed a three-end-member model similar to that used by
Moore (2003) to estimate the fractions of shallow groundwa-
ter, deep groundwater and seawater using Ra isotopes as
tracers. We choose “*°Ra and ***Ra for the mixing model
rather than **’Ra and ***Ra to avoid complications relating
to decay. This model can help identify different radium
sources and should respond well to saline flows (Moore
2003; Dulaiova & Burnett 2006). The mixing model equa-
tions used are as follows:

Ssew +Fpow + fsw =1 (1)
26 Rasew fsow + **Rapew fpow + ***Raswfsw = ***Ray (2)
28 Rasew fsow + 2 Rapew foow + ** Rasw fsw = **Ray (3)

where f is the fraction of the shallow groundwater (SGW),
deep groundwater (DGW), and seawater (SW) end-members;
Raggw is 22°Ra or ***Ra activity in the shallow groundwater
end-member; Rapgw is 2*°Ra or ***Ra activity in the deep

a TP (uM)
0.0 0.2 0.4 0.6 0.8 1.0
8 1 1 1 1
® TNvsChl-a
6 O TPvsChl-a O
- Chl-a=6.17x(TP) + 1.13 p.
> R = 0.864 }
3 p=0.012 o
- 4 [ Je)
= , Chl-a = 0.18x(TN) - 1.73
o 0 @ R=0894
2 o) °® p=0.007
April 2010
0 T T T . .
0 10 20 30 40 50 60
TN (uM)

groundwater end-member; Ragyw is >*°Ra or **Ra activity in
the seawater end-member; and Ray; is measured 2*’Ra or
*2%Ra activity in the lagoon water samples. These equations
can be solved for the fractions of each of the three end-members.

The concentration of Ra isotopes in discharging ground-
water is an important parameter that needs to be quantitatively
determined for the calculation of each fraction. The measured
Ra activities in groundwater wells usually vary within a wide
range due to the distribution of mineralogical and water yield
properties of the aquifer as well as the groundwater salinity. In
this study, the measured ***Ra/**°Ra ARs had a range of 0.74—
5.0 in the lagoon. This means that the ARs in different end-
members (seawater, shallow, and deep groundwater) should
cover such ***Ra/**°Ra ARs. (i) In the three-end-member
mixing model, the ARs in seawater end-member is stable at
0.7. (i) We repeatedly sampled the shallow wells during
different seasons, and we are confident that the average activ-
ities of these samples (***Ra=52.4 dpm 100 I"' and ***Ra=
49.1 dpm 100 I'") can provide a reasonably good estimation of
the ARs for shallow groundwater, which is 1.1. (iii) For the
deep wells with a limited number of samples, the ARs must be

b TP (uM)
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8 1 1 1 1
6 1 Chl-a=0029%(TN) + 1.24
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= 4. R = 0.898
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Fig. 7 Relationships between chl @ to total nitrogen (7N) and total phosphorus (7P) in April 2010 (a) and in March 2011 (b). The solid lines are the
linear regression lines for TN vs. chl a, and the short dashed lines are the linear regression lines for TP vs. chl a
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Fig. 8 Relationships between nutrient concentrations and excess radium
in lagoon surface waters in April 2010 (a) and in March 2011 (b). The
solid lines are the linear regression lines for TN vs. ex**°Ra

higher than 5.0 as mentioned above. The measured average
228Ra activity is 317 dpm 100 1", and thus the maximum
26Ra will be about 63 dpm 100 I"'. We found in the limited
samples that °Ra varied from 47.9 dpm 100 I"' (the mini-
mum measured) to 56.0 dpm 100 "' (a little bit lower than the
maximum predicted) can achieve the ARs within the range we
measured in the lagoon, whereas using the higher values of
22°Ra generated apparent negative values for the shallow
groundwater contribution for many of the lagoon samples.
Extrapolation of the ***Ra-salinity trend in LL waters to zero
salinity also produced a value of 56 dpm 100 I"' (Fig. 5), so
this range seems reasonable. The error related with the selec-
tion of Ra activity in deep wells result in the uncertainty of
resultant SGD of <20 %.

Table 2 summarizes the parameters adopted to initialize the
mixing model and the corresponding results using all radium
isotope data in the lagoon measured from 2010 through 2012.
The average fsgw, f/pgw, and fsw were 0.10, 0.14, and 0.76,
respectively. Using these fractional values, a mixture from the
respective groundwater proportions gives us an average
*?Ra/**°Ra AR of ~4.1. This value can satisfy ~90 % ARs
observed in the lagoon, indicating internal consistency with
the selected groundwater end-member values.
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Flushing time

Information about flushing time is essential to understand
hydrodynamic processes that transport water and its constitu-
ents (Dronkers & J.T.F. Zimmerman 1982; Monsen et al.
2002). Importantly, a flushing time is necessary to convert
the excess Ra into an actual SGD rate. The tidal prism method
is a classical approach for estimating flushing time in tidal
systems, when it can be assumed that tides dominate the
flushing of the system (Dyer 1973). One may define the
flushing time (Ty) for the lagoon as:

P= / ZAdz (4)
VT
Tr=1mp ®)

where P is the tidal prism, 4 is the water surface area of the
lagoon (10.52x 10° m?), z is the average water depth over the
tidal range (H), V is the volume of the lagoon (product of the
surface area and average depth, 1.58x10” m®, assuming ver-
tical walls), 7 is the tidal period (0.97 days), and b is the return
flow factor (the fraction of effluent water that leaves the
lagoon during ebb tide and returns with the next flood tide).
In this model, the most difficult parameter to obtain is the
return flow factor (b). Moore et al. (2006) estimated the b
factor based on the difference between the outflowing ebb
velocity and the incoming flood velocity as well as using a Ra
isotope mixing model. In our investigation, we collected water
samples during a full tidal cycle at LLP on May 21-22, 2012.
We observed an inverse relationship between ***Ra (and
223Ra) activities and the tidal level, showing maximum Ra
values at low tide and minimum values at high tide. Using
22%Ra (or **’Ra), the b factor can be estimated as:

24 R4~ Ragy

p=—F W
24 Rar— " Ragy

(6)

where ***Ray, **Rag, and ***Ragy are the 2**Ra activities
measured during the flood tide, ebb tide and in seawater end-
members, respectively. This approach results in a b factor that
ranges from 0.02 to 0.17, lower than many other embayments
in the world. This is likely due to the much slower water
exchange through the shallow LLP. This & factor is similar
to the range of 0.05-0.24 as determined using ***Ra activities
(Table 3). We also conducted radon time-series measurements
at the pass. The calculated b factor based on **’Rn data range
from 0.02 to 0.31 without considering complications due to
atmospheric evasion. The b factor can also be determined
using the salinity at the pass compared to the GOM (SGom =
35.0), and this results in a b factor of 0.07-0.12, in the same
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range of Ra-derived estimates. Thus, the combined average b
factor is 0.04-0.21.

The measured tidal amplitude for neap, mean and spring
tides in the lagoon were 0.10 m, 0.15 m and 0.25 m, respec-
tively. This allowed us to compare the flushing time for
different tidal stages over an entire range of the return flow
factor. The results show that the flushing time is not very
sensitive to the b factor at these low values (Fig. 10). The T'¢
calculated by this approach had an error of at most 30 % when
b increased from 0.01 to 0.3. However, small positive changes
in b at higher values would result in much larger increases in

flushing time. Based on these calculations, the overall flushing
time for LL with a b factor of 0.04-0.21 is estimated to be in
the range of 10.1-12.3 days (mean 11.2+1.1 days).
Alternatively, naturally occurring radium isotopes can be
used to determine the apparent ages of coastal water masses
based on an AR of a short-lived normalized to a longer-lived
Ra isotope (Moore 2000). Radium that has recently entered a
water body will have a higher AR that will then decrease as a
function of radioactive decay and mixing. Since the mixing
would be the same for both isotopes, decay time will be the
dominant factor affecting the measured activities and can be

Table 2 Results of the three-end-

member mixing model giving the 226Ra 22®Ra  Fraction SGW  Fraction DGW  Fraction SW  n

fractions of shallow groundwater

(SGW), deep groundwater End-members

(DGW) and seawater (SW) SGW 49.1 524 1.00 0.00 0.00

end-members in the lagoon DGW 479560 317 0.00 1.00 0.00

surface waters
SW 8.0 5.6 0.00 0.00 1.00

Surface water fractions

April 5, 2010 13.0 252 0.07 0.05 0.88 7
November 15, 2010 14.1 37.5 0.07 0.10 0.83 6
March 9, 2011 17.4 45.1 0.11 0.11 0.78 8
November 29, 2011 14.7 51.1 0.02 0.15 0.83 4
April 24, 2012 30.9 116 0.22 0.32 0.46 12
Average 0.10 0.14 0.76 37
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Table 3 Estimation of return flow factor b based on salinity, ?*****Ra

and **?Rn differences between the outflowing ebb tide and incoming
flood tide

Flood tide  Ebb tide Seawater b
Value
22%Ra(dpm 100 1")  10.5-14.0  33.4-434 991 0.02-0.17
Ra(dpm 100" 1.26-2.05 546-6.77 0.95 0.05-0.24
22Rn (dpm I' 0.1-0.3 0.8-1.1  0.08 0.02-0.31
Salinity 31.6-32.5  30.7-312 350 0.07-0.12
Average 0.04-0.21

calculated via the following expression (for the case
229Ra/***Ra AR):

224Ra B 224Ra e*/\224t ,
Wp, " ~ |28p, i' et (7)

where [***Ra/***Ra],,s represents the measured AR of the
sample, [**Ra/**’Ra]; is the initial AR of the radium that
entered the system, Ayy4 and A3 are the decay constants for
22%Ra and **Ra (A\24=0.189 day™', A»,3=0.0606 day™), re-
spectively, and ¢ is the time since the water became enriched in
Ra and was isolated from its source. Rearranging Eq. 7 allows
one to solve for ¢ (time):

Raage = (n|Ra] Ly [ZiRa) ) (8)
aage = 223Ra . 223Ra . Aoa—Non3

This approach assumes: (1) the initial **Ra/***Ra (or other
AR) is constant; (2) only one Ra source exists; (3) no additions
or losses of Ra occur except for mixing and radioactive decay
after the water leaves the source region; and (4) the open Gulf
contains negligible excess “**Ra and **Ra. Because the AR in
the shallow and deep groundwater samples varied over a wide
range, we do not have a good estimate of the initial AR.

350
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—_ 300 ——— Mean tide
% 250 - Spring tide
°
[ J
£ 200
o 150 -
C
%
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[
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0 T T : :
0.0 0.2 04 0.6 0.8 1.0

Return flow factor, "b"

Fig. 10 Plot of estimated flushing time against the return flow factor b
for typical neap, mean, and spring tides in Little Lagoon
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Instead, we used the highest LL value measured for each suite
of samples from different sampling periods to calculate rela-
tive Ra ages. Because we used the highest AR in LL rather
than in the groundwater source, the calculated Ra ages are
minimum estimates. However, these results will provide cor-
rect relative age differences between samples that are inde-
pendent of the initial AR. Based on Eq. 8 and its assumptions,
the calculated Ra ages were 2.4 days near the east end of the
lagoon, and 6.2 days near the pass.

The tidal flushing model provided an overall flushing time
of 11.2 days, two times higher than the maximum Ra age. To
produce a radium age close to the tidal model age would
require an initial ***Ra/***Ra AR of about 36. Our mixing
model results give fsgw and fpgw of 0.10 and 0.14, respec-
tively. Normalized to 100 % groundwater and ignoring the
contribution through the pass, the respective groundwater
fractions would be 0.42 and 0.58. Combined with the average
ARs in the respective groundwaters (shallow AR = 12; deep
AR =41), we calculate a theoretical initial AR of 29 for waters
that discharge into the lagoon. When we use this value in
Eq. 8, we obtain an average radium age of 10 days (range =4—
14 days) for the surface waters of the lagoon, which is similar
to the tidal flushing model result of 11 days.

SGD Based on 2*°Ra Mass Balance

Several researchers have utilized a Ra mass balance to esti-
mate SGD rates (e.g., Moore 1996; Kim et al. 2005;
Swarzenski et al. 2007). Since groundwater discharge into
the lagoon is the only likely source of additional Ra, the
activities of ***Ra above the baseline supported by GOM
waters should represent the contribution from SGD.
Assuming near-conservative behavior, the contribution of Ra
which is not from the GOM waters to the lagoon can be
estimated by:

Sobs
226Raex = 226Raobs_ (226RaGOM X b ) (9)
Scom

where ?2°Ra,, is the amount of >**Ra above that contributed
by GOM waters, 22°Ragps and S are the measured 2*°Ra
activity and salinity in LL samples, and 22°Ragom and SGom
represent the known **°Ra activity and salinity in GOM
waters (226RaGOM =8.0 dpm 100 "' and S o = 35.0; Moore
& Scott 1986). Because samples are not homogeneously
distributed within the lagoon, an overall volume-weighted
average 2°Ra,, is calculated based on the sampling site
surface areas determined using ArcGIS maps and the
average respective depth measured by our echo sounder
during the surveys (Hougham et al. 2008):
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n

226 i
Z ( Ra;vg 'Ai ’Zi)

226 i=1
Ra,, = 10
¢ ArZ (10)

where i represents the number of each box segment (Fig. 1), n
is the number of total boxes (5 in this case), 226Raavgi is the
average ““°Ra., activity measured in each box, 4; is the area
of each box, A is the surface area of the lagoon (10.52x
10° m?), Z; is the depth of each box, and Z is the average
depth of the entire lagoon. The calculated 226Raavg", areas and
water depths are listed in Table 4. Using Eq. 10, the calculated
226Ra,, is 9.25 dpm 100 I'! and the volume-weighted inven-
tory of “°Ra is 131 dpm m™. By dividing the inventory by the
derived flushing time of 11.2+1.1 days, we obtained a total
#26Ra flux within the system of 11.7+1.15 dpm m™? day™. By
multiplying the shallow and deep groundwater fractions (nor-
malized to 0.42 and 0.58) by the total Ra flux, the contributions
from both the Al and A2 aquifers can be determined. The
SGD flux can be calculated by:

226Raex .7 'f‘GW

SGD =
Tf . 226RaGW

(11)

Here, *’Ragy is the 2*°Ra activities for either the shallow
(mean 49.1+20.8 dpm 100 I'") or deep (the best range con-
sistent with the mixing model with mean of 52.0+4.1 dpm
100 I'") groundwater end-members. The SGD rates calculated
using this **°Ra mass balance approach were 1.0+
0.44 cm day™ (1.22+0.53 m® s™') for shallow groundwater
and 1.3+0.16 cm day™ (1.59+0.20 m® ") for deeper ground-
water (total groundwater flow of 2.81+0.57 m® s). In this
work, most of the groundwater well samples are fresh ground-
water, and thus this Ra methodology gives the maximum
contribution of terrestrial fresh groundwater.

SGD Based on Radon Mass Balance Model

SGD rates can also be evaluated using *’Rn. A one-
dimensional advection—diffusion model (Cable et al. 1996)

Table4 Summary of parameters in the overall volume-weighted average

226Ra,, calculation for Little Lagoon SGD flux using a **°Ra mass
balance model

Box **°Ral, 4, Z; AL z
no. (dpm100T") (10°m® (m) (10°m%) (m) “**Ra
(dpm 100 1)

1778 213 153 1052 142 925

2 612 260 151

30731 279 179

4 165 169 1.06

5 144 131 1.20

can be set up for all inputs and outputs of >**Rn in the lagoon
under a steady-state system to estimate groundwater discharge
rate. The main principle of using natural radon to estimate
SGD is based on the assumption that groundwater and diffu-
sion from sediments are the only significant radon sources to
the water column, whereas losses are via radioactive decay,
atmospheric evasion and mixing of radon with low-activity
seawater (Cable et al. 1996; Burnett & Dulaiova 2006;
Swarzenski et al. 2007; Dimova & Burnett 2011). Radon
concentrations during our lagoonwide radon surveys were
all corrected for support by its parent **°Ra (mean
180 dpm m™). Like **°Ra, we calculate the volume-
weighted average ***Rn (2*?Rn ) for the entire lagoon.

The relevant equations for the radon model are as follows:

1="2Rn-Z (12)
1

Fogy + Fag=Fam=I - X I- — =0 (13)

’ Ty
Faa A

SGD = L (14)
Rngw

where 2*?Rngy is the radon concentration in the groundwater

end-member, [ is the inventory for the volume-weighted
222Rn value (dpm m), F,q, is the advective flux of radon
via groundwater (dpm m day ™), F g is the diffusive flux of
radon from sediments (dpm m™ day "), F ym is the atmospher-
ic evasion of radon (dpm m™ day™), A is decay constant of
*22Rn (0.182 day™), and 1/Tis the exchange rate based on the
estimated water flushing time (7'y). While we did not collect
vertical radon profiles in the lagoon, we assumed a well-
mixed water column as the water depths are mostly less than
2 m. Note that if anything, sampling radon near the surface
would produce an underestimate of radon inventory and thus
the calculated groundwater flow.

The total flux at the sediment—water interface should equal
the Rn losses by F ., radioactive decay, and mixing if the
system is in steady state. The loss by atmospheric evasion,
F ., was determined using surface water temperature and
salinity for the correction of the air—water partitioning of
radon, and wind speed for the calculation of the gas transfer
velocity (Dulaiova & Burnett 2008). The diffusion of radon
from sediments, F g7, Wwas determined using the Rn concen-
tration gradient between surface water and groundwater, po-
rosity, and vertical diffusivity (Burnett et al. 2003b). We also
determined the diffusive flux of radon from an experimentally
defined relationship between the **°Ra content in sediments
and the estimated diffusive flux of **’Rn. The average **°Ra
activity measured from the five lagoon sediments was 0.12+
0.02 dpm g’l. The empirical relationship between >**Rn flux
and sediment ***Ra content (Burnett et al. 2003b) is based on
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experimental data from a range of environments (both marine
and fresh):

Flux (dpm mfzdayfl) =495 x 2°Ra,.; + 18.2 (15)

where **°Rayq is the 2°Ra activity of the sediments (dpm g™).
The radon diffusion calculated from Eq. 15 from surface
sediments was 78 dpm m™ day™', which was slightly lower
but comparable to the advection—diffusion model estimates of
80-98 dpm m™ day'. Radon fluxes in the lagoon were
corrected for decay based on the Rn inventory and also
corrected for mixing based on the derived average flushing
time. All the input and calculated parameters for the above
formulas are summarized in Table 5. It should be noted again
that the Rn model does not distinguish between shallow and
deep groundwaters as the concentrations were so similar. The
specific lagoonwide advection rates calculated in this manner
were in the range of 0.49-2.36 cm day™' (0.60-2.87 m® s™)
from 2010 through 2012. These Rn-derived SGD rates from
different periods overlap the average ***Ra-derived SGD rates
based on all our samplings (shallow + deep SGD = 2.81 +
0.57 m® s™"). Here, the Rn methodology is independent of
salinity as radon will increase in both fresh and saline ground-
waters. Together, the Rn and Ra approaches complement each
other. In this area, the amount of rainfall in summer was higher
than in winter from 2010 to 2012, leading to changes in the
hydraulic gradient that may be reflected in groundwater seep-
age to the lagoon. During the majority of our study, the

southeastern USA was experiencing a severe drought, so the
calculated SGD rates presented here may be lower than long-
term average rates.

Temporal Variation of SGD

Based on the results from the radon surveys over the course of
the study, the SGD rates decreased from May 2010 to the end
of 2011, and then increased during the spring (April/June) of
2012 (Table 5; Fig. 11). The excess Rn activities in the lagoon
and Rn inventories follow a trend very close to that of the
calculated advection rates. The slight differences between the
activity and inventory trends compared to the advection rate
trend are due mainly to the corrections that are made for
atmospheric evasion (dominated by temperature and wind
speed variations). The decrease in SGD from May 2010 to
November 2011 is likely due mainly to changes in ground-
water elevation. It is clear that, except for some small varia-
tions, the overall trend of the water table was dropping from
2010 through 2011 when most of our measurements were
carried out. However, the water table was clearly rising after
January 2012 when the last two radon surveys were conduct-
ed. The SGD rates based on the Rn mass balance model also
decreased from 2010 to 2011 and then increased during the
two surveys in 2012. The higher estimated SGD rates in 2012
may be related to these two surveys being conducted shortly
after unusually heavy rains in the area. We also noticed that
there was relatively higher discharge from the deeper A2

Table 5 A summary of the input and calculated parameters for the entire lagoon SGD rates based on radon surveys from 2010 through 2012

Input parameters

May 27,2010 September 29, 2010 March 10, 2011 November 29, 2011  April 24, 2012 June 19, 2012

Input parameters

Water temperature (°C) 29.7 25.7
Wind speed (m s™) 3.74 327
Water depth (m) 0.95 1.38
Rn in air conc. (dpm 1) 0.07 0.07
Excess Rn in lagoon conc. (dpm 1™ 1.02 0.84
Rn inventory (dpm m™) 969 1159
Calculated parameters

Atm. evasion (dpm m™ day™) 911 567
Diffusive flux (dpm m? day™) 97 93
Decay (dpm m™ day™) 176 211
Mixing (dpm m day™") 87 103
Total flux at W.-S. int. (dpm m? day™) 1,174 879
Specific advection (cm day™) 23 1.7
Total discharge (m® s™) 2.8 2.1

16.7 14.3 20.9 29.4
5.70 528 4.61 5.44
1.75 1.39 1.48 1.42
0.07 0.07 0.07 0.07
0.14 0.54 0.79 0.47
245 751 1169 667
181 668 875 750
84 80 87 98
45 137 213 121
22 67 104 60
247 871 1,190 931
0.49 1.7 24 1.9
0.60 0.60 29 23

A steady-state advection—diffusion model (Cable et al. 1996) was used to estimate groundwater discharges. The input parameters include average
measured values for temperature, wind speed, water depth, radon in air and water concentrations, and radon inventory

Estimated area of lagoon=1.05x 10" m?; measured groundwater Rn concentration=50.4 dpm I"' ; average *** Ra in lagoon=0.21 dpm I"'
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Fig. 11 The continuous line shows the shallow (A1) groundwater-level
daily statistics from USGS Groundwater Monitoring Well
302416087505501 at Weeks Bay, AL (30.405°N, 87.848°W), about
18 km from Little Lagoon. Numbers next to the plot are Rn-derived
SGD rates (m> s) for the shallow aquifer. The square symbols show the
fraction of deep groundwater derived from the mixing model (Table 2)

aquifer with the 2012 results having the largest deep ground-
water fractions observed during the entire study (Fig. 11). If
the discharge from the A2 aquifer increased during the later
period of the study, perhaps due to recharge at a more distant
point up-gradient from the field area, this would explain why
the SGD rates in 2012 do not fit the water table trend from the
Al aquifer. Relatively higher inputs from the A2 aquifer could
also have ecological consequences as the TN:TP, DON, and
DIN tend to be much higher in the deeper groundwaters.

Relationship to Algal Blooms

A nutrient-limited system should show a strong correlation
between chl-a and TN and/or TP, and we did observe this in
both April 2010 and in March 2011 although the chl-a con-
centrations were lower in the later sampling (Fig. 7). In
addition, a strong positive correlation was observed between
nutrients and ex **°Ra in April 2010 but not in March 2011,
although the range in concentrations of TN and TP was similar
(Fig. 8). In order to better understand what is driving these
relationships, we tested for significant dependence of the PCs
(Fig. 9) on the input variables using the broken-stick method
(Peres-Neto et al. 2003).

In April 2010, the isotope data (***Ra, ***Ra, *°Ra, and
228Th) were all correlated exclusively with PC1, as were
silicate, DON, TN, TP, and chl-a (Supplemental Data 4). A
parsimonious explanation for this is that discharge of DON-
and silicate-rich groundwater is the factor underlying PC1. TN
was dominated by DON (28-66 %, mean 54 %), and TP was
dominated by particulate plus dissolved organic phosphorus
(71-83 %, mean 78 %). The correlation between TN and PC1
would then be because of its dominance by SGD-derived
DON. The correlation between TP and PC1 might be due to
discharged DOP and DIP that were rapidly assimilated into
the particulate phase. Similarly, the correlation between chl-a

and PC1 might reflect assimilation of N and P and represent a
link between SGD and phytoplankton abundance.

Although salinity was correlated with PC1, it was more
highly correlated with PC2, as was ammonium, with which it
was strongly and negatively correlated (R=—0.77, p <0.002).
Ammonium accounted for 7-17 % (mean 11 %) of TN. It is
possible that this reflects salinity-driven desorption of ammo-
nium from DON, secondary to supply of the DON by SGD.
Phosphate was correlated exclusively with PC2 and was
weakly correlated with salinity (R=0.45, p=0.07). Nitrate
was correlated exclusively with PC3. It accounted for only
0.4-2.1 % (mean 0.9 %) of TN.

In March 2011, the parameter grouping was much more
diffuse in PC space and had a less pronounced geographic
clustering. The lack of correlation between nutrient pool and
the groundwater tracers indicates that multiple drivers (e.g.,
benthic remineralization) are responsible for the nutrients
during this period and/or that there is local heterogeneity in
SGD. The TN pool was even more strongly dominated by
DON (59-95 %, mean 83 %) and less by ammonium (1-9 %,
mean 4 %) and nitrate (0.6—1.7 %, mean 1.3 %) than in April
2010. The TP pool was comparably dominated by DOP and
particulate-P (72—-89 %, mean 83 %). Chl-a was significantly
and highly correlated with TP (R =0.90, p =0.006) and weakly
with TN (R=0.66, p =0.07).

The high covariance of physico-chemical parameters in
2010 suggests that their dynamics across the lagoon were
responding to a common driver, namely SGD. The correlation
between ***Ra and ?*°Ra, which have half-lives of 3.6 days
and 1,600 years, respectively, suggests that it was relatively
recent. In contrast, the low covariance of the physico-chemical
parameters in 2011 and the absence of a correlation between
2%Ra and **°Ra do not support recent discharge as a driver of
systemwide structuring of the physico-chemical environment.
Although the nutrient concentrations were comparable be-
tween the two years, and although chl-a concentrations were
correlated with TN and/or TP in both years, chl-a concentra-
tions were higher in 2010 than 2011. The relationship between
chl-a and nutrient availability depends on both the rate of
advection and the rate of growth vs. rates of advection and
grazing (e.g., Lucas et al. 2009). The higher chl-a observed in
2010 might reflect taxonomic differences in pigment quotas or
acclimative regulation of pigment quota to different environ-
mental conditions (MacIntyre et al. 2002) or higher grazing
pressure in 2011.

There was a bloom of the toxic diatom Pseudo -nitzschia
spp. in the lagoon in April 2010 but not in March 2011. We
have argued previously (Liefer et al. 2009; Maclntyre et al.
2011) that members of the genus that bloom in coastal waters
in Alabama are opportunistic, occupying a niche characterized
by recent SGD. This is consistent with the evidence for a
recent flushing event in 2010 and the absence of one in
2011. There were significant differences in water temperature
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between the two surveys, with a mean of 24.6 °C in 2010 vs.
16.6 °C in 2011. Dortch et al. (1997) found that the most
favorable temperature for blooms of Pseudo -nitzschia spp.
along the Louisiana/Texas shelf was 24.4+4.9 °C. Liefer et al.
(2009) observed maximum densities of Pseudo -nitzschia spp.
at 19.6+3.28 °C in Alabama waters. The temperatures ob-
served in March 2011 were therefore well within the range in
which bloom densities of Pseudo-nitzschia have been ob-
served near LL (Liefer et al. 2009; MacIntyre et al. 2011),
and no bloom occurred in the lagoon later in 2011 when water
temperatures rose. We argue therefore that the higher
groundwater discharge in April 2010 was the most likely
driver of the Pseudo -nitzschia spp. bloom and that SGD plays
a significant role in structuring the microalgal community in
the lagoon.

Conclusions

This study demonstrated the utility of radon and radium
isotopes in identifying areas where groundwater inputs are
qualitatively important as well as quantifying SGD rates. Both
resistivity and radioisotope results suggested that the strongest
groundwater source was at the east end of the lagoon and
associated with canals in that area. An overall water residence
time (11.2+1.1 days) for the lagoon was estimated using a
tidal flushing model in which the return flow factor b was
calculated from **2?*Ra data during a full tidal sampling at
the LLP. The relative Ra ages based on “**Ra/**Ra ARs can
also be used as a first approximation of the flushing time for
the system. Since there appeared to be a mixture of shallow
and deep groundwaters discharging into the lagoon, we con-
structed a three-end-member mixing model to calculate the
fractions contributed by the two groundwater sources as well
as the GOM. Combining these estimated fractions in a **°Ra
mass balance, this approach yielded overall average shallow
and deep groundwater discharges of 1.224+0.53 and 1.59+
0.20 m> s™', respectively (total discharge =2.81+0.57 m’ s™").
SGD rates based on the Rn mass balance model ranged from
0.60to 2.87 m® s and displayed a temporal pattern in general
agreement with the water table elevation in the area.

We observed well-defined relationships between nutrients
and chl-a during both periods when there was a diatom bloom
(April 2010) and when no bloom was present (March 2011).
A well-defined relationship between radium (groundwater-
derived) and nutrients was clear during the April 2010 sam-
pling, while no relationship existed between the same param-
eters in the drier March 2011 period. A multivariate analysis
was applied to examine possible relationships between SGD,
nutrient concentrations, and other environmental factors.
Results indicated that SGD is a likely driver of algal blooms
in LL.
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