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Abstract
Multiple techniques, including thermal infrared aerial remote sensing, geophysical and geological data, geochemical characterization and radium isotopes, were used to evaluate the role of groundwater as a source of dissolved nutrients, carbon, and trace gases
to the Okatee River estuary, South Carolina. Thermal infrared aerial remote sensing surveys illustrated the presence of multiple submarine groundwater discharge sites in Okatee headwaters. Signiﬁcant relationships were observed between groundwater geochemical constituents and 226Ra activity in groundwater with higher 226Ra activity correlated to higher concentrations of organics,
dissolved inorganic carbon, nutrients, and trace gases to the Okatee system. A system-level radium mass balance conﬁrmed a substantial submarine groundwater discharge contribution of these constituents to the Okatee River. Diﬀusive benthic ﬂux measurements and potential denitriﬁcation rate assays tracked the fate of constituents in creek bank sediments. Diﬀusive benthic ﬂuxes
were substantially lower than calculated radium-based submarine groundwater discharge inputs, showing that advection of groundwater-derived nutrients dominated ﬂuxes in the system. While a considerable potential for denitriﬁcation in tidal creek bank sediments was noted, in situ denitriﬁcation rates were nitrate-limited, making intertidal sediments an ineﬃcient nitrogen sink in this
system. Groundwater geochemical data indicated signiﬁcant diﬀerences in groundwater chemical composition and radium activity
ratios between the eastern and western sides of the river; these likely arose from the distinct hydrological regimes observed in each
area. Groundwater from the western side of the Okatee headwaters was characterized by higher concentrations of dissolved organic
and inorganic carbon, dissolved organic nitrogen, inorganic nutrients and reduced metabolites and trace gases, i.e. methane and
nitrous oxide, than groundwater from the eastern side. Diﬀerences in microbial sulfate reduction, organic matter supply, and/or
groundwater residence time likely contributed to this pattern. The contrasting features of the east and west sub-marsh zones highlight the need for multiple techniques for characterization of submarine groundwater discharge sources and the impact of biogeochemical processes on the delivery of nutrients and carbon to coastal areas via submarine groundwater discharge.
Ó 2014 Elsevier Ltd. All rights reserved.
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1. INTRODUCTION
Shallow groundwater has long been recognized as a dynamic and potentially important source of nutrients to
coastal waters (Kroeger and Charette, 2008; Moore, 2010;
Null et al., 2012). Despite signiﬁcant methodological advances (summarized by Burnett et al., 2006), quantifying
groundwater inputs to coastal waters remains a challenge.
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As a result, groundwater inputs are often the least constrained component of coastal nutrient and carbon budgets
(Burnett et al., 2006; Moore et al., 2006; Moore, 2010). In
this study, we took an integrated multi-method approach
to evaluating groundwater inputs including thermal infrared imaging and radium isotope measurements to track
and quantify inputs of groundwater. Radium isotope measurements have been used to estimate groundwater inputs
at system scales as groundwater is enriched in radium isotopes relative to surface waters; it is an especially useful
method in coastal zones where saltwater periodically contacts sediments (Moore, 1996).
Meteoric groundwater accounts for only 6–10% of
volumetric surface water inputs to coastal waters globally
(Burnett et al., 2006; Moore et al., 2008; Moore, 2010).
However, mixtures of meteoric groundwater and inﬁltrated
seawater are altered by chemical and biological processes in
coastal aquifers resulting in release/regeneration of nutrients, carbon, and metals (Moore, 1999). Some of this water
enters coastal waters as submarine groundwater discharge
(SGD) that is enriched in nutrients, dissolved carbon and
metals, and has a variable salinity (Moore, 1999; Burnett
et al., 2006). The nutrient load associated with these SGD
inputs rival riverine sources (Moore et al., 2006; Kroeger
et al., 2007; Swarzenski et al., 2007; Null et al., 2012).
Groundwater from developed watersheds often contains
higher nutrient and organic matter concentrations than that
from undeveloped watersheds (Cole et al., 2006). Inputs of
nutrient-enriched SGD to the coastal zone can alter the
rates and types of primary producers in a system (Valiela
et al., 1990; LaRoche et al., 1997; Gobler and SañudoWilhemy, 2001; Gobler and Boneillo, 2003).
This study was motivated by the rapid urbanization of
the Okatee watershed in coastal South Carolina, near the
center of the South Atlantic Bight, and the potential impacts of this development on groundwater and surface
water quality (Windom et al., 1998; Varlik, 2010). The rapid development of the area is evident from the 40% increase in population of adjacent Beaufort County from
1990 to 2000, followed by an additional 34% from 2000
to 2010 according to the US Census Bureau, leading to signiﬁcant changes in groundwater use, recharge, and likely
geochemistry. Increased demand on septic and water treatment systems and increased timber clear-cutting, irrigation,
paving, and fertilizer application are among the factors that
can alter groundwater dynamics in urbanizing areas. This
study provides data to elucidate past and future impacts
on groundwater and surface water quality through analysis
of a large data set collected over a multiyear period.
Here we report the importance of SGD-derived inputs
to the Okatee River estuary, a coastal ecosystem in a rapidly urbanizing region west of Hilton Head, South
Carolina.
We also identify and characterize two distinct sub-marsh
zones on the east and west sides of the river characterized
by diﬀerences in subsurface geology, hydrologic conditions,
nutrient and organic matter supplies, and microbial processes, that shape the SGD ﬂux to the Okatee. We used
an integrated approach to investigate groundwater dynamics in the Okatee system, including radium isotopes,

temporal assessment of groundwater geochemical composition, diﬀusive benthic ﬂux determinations, thermal infrared
imaging, and geologic, geophysical, and hydrologic data.
With these data, we constrain spatial variations in groundwater processes, estimate SGD ﬂux to the system, and constrain SGD-derived inputs of nutrients, organic matter, and
trace gases to the Okatee system.
2. MATERIALS AND METHODS
2.1. Study site
Located in Beaufort-Jasper corridor along the South
Carolina coast, the Okatee River (32.34° N, 80.89° W) is
a tributary of the Colleton River, which ﬂows into Port
Royal Sound (Fig. 1A–C). The Okatee, a small tidallydominated river, cuts through low relief Pleistocene sediments that are overprinted by Holocene marshes, tidal
creeks, and mud ﬂats. The upper reaches of the Okatee River lie in a drainage that separates ﬂuvial sediments on the
west from barrier island sediments on the east (Doar,
2001; Fig. 1B). An extensive Spartina alterniﬂora marsh surrounds the Okatee River, which overﬂows its channel levees
during high tides. Salicornia occurs in saltpans, while Juncus marshes fringe the adjacent uplands. Undeveloped areas
support a mixture of pine and deciduous trees. Developed
areas generally have cleared land planted with grass or covered with impervious pavement. According to a 2010 report
there are an estimated 919 previously built homes utilizing
septic systems in the Okatee watershed with newly developed homes on a centralized sewer system (Varlik, 2010).
Most of the development located within the watershed is
downstream or to the southwest of the region of our study;
within the study area, a few homes exist on the eastern side
of the river but no homes exist on the western side. The
Okatee River experiences temperatures in the range of
10–30 °C and salinities in the range of 0–30; the tidal amplitude is 2 m.
2.2. Sample collection and analyses
2.2.1. Remote sensing and geophysical imaging
Thermal infrared (TIR) aerial remote sensing surveys
were conducted over the Okatee sites in August 2001 to
identify the location of groundwater seeps at low tide.
The surveys were timed to capture the maximal seasonal
temperature diﬀerences between warm surface water and
colder groundwater. These thermal diﬀerences permit visualization of sites where colder groundwater discharges into
warm surface waters (Portnoy et al., 1998; Kelly et al.,
2013). Once seeps were identiﬁed on individual TIR images,
the scanned images were oriented on an orthophoto map
within GIS and the coordinates of the seeps determined.
Multinode resistivity surveys to constrain submarsh
conductivity structure (e.g. Schultz et al., 2007) were acquired with a Syscal Jr. resistivity meter using a rollalong
Wenner proﬁling conﬁguration and a 24-electrode cable
with spacing at 1.5 m. The digital resistivity data were edited based on quality control criteria (% variation between
reciprocal and multiple measurements made with the same
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Fig. 1. (A) Inset to upper right shows the location of Okatee River along the South Carolina Coast in the South Atlantic Bight. The
background map is false color orthophotographs (taken in 2006), which capture electrical grid rights-of-way, housing tracts, golf courses,
cleared land, and other development near the Okatee watershed (noted on ﬁgure). Red circles represent monitoring wells (the area in the green
box is expanded in panel 1B) while yellow triangles denote locations of groundwater seepage detected through thermal infrared imaging. (B)
False color orthophotos with superposed elevation contours derived from a 0.33 arcsecond digital elevation model. Triangles and circles same
as in (A). Monitoring wells are labeled with their numerical designation, except for Well 1B, which is shown as a black circle between MW02
and MW03. White boxes mark the locations of Graves Dock (GD), 278 bridge, and t1 ﬂux core and rate core collection sites. Not shown is
Pooh Bridge (PB), which lies oﬀ the map to the northwest. (For interpretation of the references to color in this ﬁgure legend, the reader is
referred to the web version of this article.)
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current–potential electrode pairs) and inverted using ProﬁleR (A. Binley, pers. comm. 2003). Relative topographic
variation along a transect was measured using standard
land survey techniques and incorporated into the
inversions.
2.2.2. Monitoring wells and water sampling
Using the TIR data and geophysical surveys as a guide,
two groundwater monitoring well transects (Table 1) were
installed in the spring of 2002 (Fig. 1). Upland wells
(MW11 and MW12) were installed in the spring of 2003,
and the later installation date is reﬂected in a reduced number of samples available for analysis. For a full discussion
of well installation and well characteristics, see Sibley
(2004). Conventional monitoring wells were installed by
vibracoring to depth of refusal, following Schultz and Ruppel (2002). In all cases, the screened interval was fully within the saturated zone. The GPS location of each well and
the well characteristics, including total depth, depth at
top/bottom of screened interval, and height of wellhead
above ground surface were measured and recorded
(Table 1).
In the laboratory, retrieved cores were split, photographed, and formally described using standard methods.
Careful measurements during and after vibracoring allowed
estimation of the degree of compression, as necessary for
determining the depth of speciﬁc lithologies and inferring
the spatial variability of speciﬁc sediment packages.
In January 2003, slug tests were performed at wells 1, 3,
4, and 5 to constrain the hydraulic conductivity of sediments at the depth of the screened interval. The tests in
our study area involved the instantaneous introduction of
a 0.63 L slug to a purged well whose water level had been
permitted to stabilize. Water levels before, during, and after
slug introduction were logged at 1 s and 30 s intervals, and
hydraulic conductivity was determined using Hvorslev
(1951) analyses.

Monitoring wells were sampled eight times during 2002
and quarterly thereafter through the winter of 2005. A sample for argon (Ar) and dinitrogen (N2) analysis was collected into a glass vial (n = 3 per well) that was over-ﬁlled
with groundwater and ﬁxed with ZnCl2. A second sample
(2 mL) was injected into a He-purged, crimp-sealed 14 mL
headspace vial that was acidiﬁed (0.1 mL conc. H3PO4)
for subsequent determination of nitrous oxide (N2O), methane (CH4) and carbon dioxide (CO2) concentration. A
200 mL sample was collected into a He-purged bottle and
stored cold (on ice) to minimize oxidation of reduced species. The sample was subsequently ﬁltered (GF/F or
0.2 lm), ﬁxed as noted below, and stored (as noted below)
prior to analysis. Surface water samples (0.5 m from the
surface) were obtained from the Okatee River near the
bridge along highway 278 (Fig. 1A).
Temperature, pH and dissolved oxygen (O2) concentration were immediately measured on surface and groundwaÒ
ter samples using an Orion high precision temperature-pH
meter and a galvanic O2 sensor (Model 842). Dissolved
nutrient samples were ﬁltered (0.2 lm) and stored (4 °C)
prior to analysis (within days to a week). Concentrations
of nitrate plus nitrite (=NOx) and dissolved inorganic phosphate (DIP) were determined using standard protocols for
groundwater samples (Weston et al., 2006) or a Lachat
Ò
autoanalyzer (QuikChem 8000) for surface water samples.
þ
Ammonium (NH4 ) samples were immediately ﬁxed with
phenol and concentrations were quantiﬁed using the phenol-hypochlorite technique (Solorzano, 1969) usually within 1–2 days.
Samples for the determination of total dissolved nitrogen (TDN) were processed using high temperature catalytic
oxidation (Álvarez-Salgado and Miller, 1998; Weston et al.,
2006). Dissolved organic carbon (DOC) (Peltzer and
Brewer, 1993) and dissolved inorganic carbon (DIC) (via
acidiﬁcation and infrared detection; August 2002 and thereafter) concentrations were determined using a Shimadzu

Table 1
Monitoring well parameters. All wells (Fig. 1B and C) are 200 diameter PVC with 20 high-ﬂow 0.00600 machine-slotted screens located just above
the well point that forms the bottom of the well. Total depths of upland wells are approximate.
Well ID

Latitude
(°N)

Longitude
(°W)

Perpendicular distance
from tidal creek
channel (m)a

Total depth of well
below ground
surface (m)

Transect 1: South of Route 278 bridge
MW01s
Marsh, E
MW01n
Marsh, E
MW02
Marsh, E
MW03
Marsh, E
MW04
Marsh, W
MW05
Marsh, W
MW11
Upland, W

32°
32°
32°
32°
32°
32°
32°

17.307
17.309
17.310
17.316
17.297
17.286
17.306

80°
80°
80°
80°
80°
80°
80°

55.739
55.738
55.731
55.748
55.792
55.803
55.342

6
7
18
5
6
23
93

2.51
2.74
1.79
1.81
1.63
2.36
2.30

Transect 2: North of Route 278 bridge
MW06
Marsh, W
MW07
Marsh, W
MW08
Marsh, W
MW09
Marsh, W
MW10
Marsh, E
MW12
Upland, W

32°
32°
32°
32°
32°
32°

17.451
17.464
17.470
17.474
17.478
17.474

80°
80°
80°
80°
80°
80°

55.680
55.693
55.722
55.748
55.772
55.828

139
103
60
13
13
221

2.04
3.32
1.65
1.98
2.34
1.80

a

Setting East
or West

Negative distances denote east of tidal creek.
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TOC5000 (Bouillon et al., 2003; Weston et al., 2006). Prior
to August 2002, DIC was determined on an acidiﬁed sample by gas chromatography using a methanizer to convert
CO2 to CH4 and a ﬂame ionization detector to quantify
CH4 concentration (Weston et al., 2006). Sulfate (SO4 2 )
and chloride (Cl) concentrations were determined on acidiﬁed sub-samples using ion chromatography (Joye et al.,
2004). Total dissolved phosphorous (TDP) concentrations
were determined by evaporation, ashing, and acid hydrolysis followed by quantiﬁcation as DIP; dissolved organic
phosphorous (DOP) was estimated by diﬀerence
(DOP = TDP  DIP; Monaghan and Ruttenberg, 1999).
The concentration of dissolved N2 and Ar was determined
by membrane inlet mass spectrometry (MIMS, Kana et al.,
1998); N2O (Joye and Paerl, 1994) and CH4 (Joye et al.,
2004) were quantiﬁed by gas chromotography. Hydrogen
sulﬁde (H2S) and dissolved reduced iron (Fe2+) were quantiﬁed by colorimetry (Cline, 1969; Stookey, 1970, respectively). We used the measured groundwater DIC and
DIN concentrations, estimates of carbon and nitrogen stoichiometry from the literature, and stoichiometric calculations to estimate denitriﬁcation rates in groundwater
during transit through the marsh (Joye et al., 1996).
2.2.3. Radium quantiﬁcation
The long-lived isotopes of radium (226Ra and 228Ra)
were used to track SGD inputs (Moore, 1996; Rama
and Moore, 1996). Samples were collected by pumping a
known volume of surface water (25 L) or groundwater
(1–4 L) through a pre-ﬁlter (47 mm glass ﬁber, 1 lm)
and then through a column of MnO2-coated acrylic ﬁber
at a rate of <1 L min1 (Moore, 1976). 226Ra and 228Ra
were determined in a gamma ray spectrometer after removal from the ﬁber and co precipitation with BaSO4 (error = 7%; Moore, 1984). Radium isotope-chemical
constituent concentration loading relationships were used
to estimate SGD-derived loading rates to the system
(Moore et al., 2006).
2.2.4. Diﬀusive benthic ﬂuxes and sediment denitriﬁcation
Diﬀusive benthic ﬂuxes were determined at four sites between June 2001 and January 2004. Site t1 (t1), near the
freshwater end member, and Pooh Bridge (PB), along Malind Creek a tidal tributary of the Okatee (Fig. 1), had a
salinity range of 0–20. Site 278 (278), near the highway
US-278 Bridge, had a salinity range of 10–30. The salinity
at Grave’s Dock (GD) had a range of 26–35. Diﬀusive benthic ﬂuxes were determined in ﬂow-through, whole-core
sediment incubations of macrophyte-free sediment (n = 2–
3 cores) under simulated natural diel cycles using the protocols described by Porubsky et al. (2009).
We used the hypsometric curve developed by Moore
et al. (2006) to estimate the area of intertidal, creek-bank
sediment as 2  105 m2. We then calculated a system-wide
integrated ﬂux of nutrients for day and night periods as well
as a net daily ﬂux. The period of inundation was estimated
at 12.4 h a day (i.e., 6.2 h of day submerged and 6.2 h of
night submerged) and thus the integrated ﬂuxes reﬂect submerged periods only.
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Short sediment (30 cm deep) cores were collected in
April and June 2001 for determination of potential denitriﬁcation (pDNF) rates using the acetylene (C2H2) block
technique (Joye and Paerl, 1994). Cores were extruded in
the laboratory under anaerobic conditions, and sub-samples (3 grams wet sediment, n = 3 per depth) were collected at 1–5 cm intervals. Sediment was slurried with
15 mL of 0.2 lm ﬁltered, He-purged surface water,
amended with NO3  and glucose (1 and 2 mmol L1,
respectively), injected with C2H2 (10% vol:vol), and incubated in the dark for 4 h at in situ temperature. Following
incubation, a headspace sample was collected and stored
in a He-purged gas tight vial for N2O quantiﬁcation by
gas chromatography (Joye and Paerl, 1994). Rates were
background corrected and normalized per gram wet sediment (gws1).
3. RESULTS
3.1. Remote sensing and geophysics
3.1.1. Thermal IR
The TIR survey revealed numerous and signiﬁcant surface and sub-marsh groundwater seeps throughout the
Okatee estuary (Fig. 1A and B). Eighty-three distinct seep
locations were identiﬁed from the TIR imagery based on
observed temperature diﬀerences between warm surface
water and cold seep water, and over half of the seeps were
between the head of the Okatee and a point roughly 3 km to
the north. Groundwater seeps occurred both west and east
of the main tidal channel in this area, but the seeps were
markedly concentrated at the base of the upland on the
eastern side of the channel along a 1.75 km stretch that constituted the headwaters of the Okatee and that included the
monitoring wells (Fig. 1B). Where possible, locations of
TIR detected seeps were conﬁrmed by ground truthing,
none of the conﬁrmed seeps were of clear anthropogenic
origin.
3.1.2. Hydraulic conductivity
Slug tests revealed no appreciable diﬀerences in the
hydraulic conductivity of the sediments adjacent to the well
screens on either side of the drainage basin. The resulting
hydraulic conductivities fell in the narrow range of
9.5  106 to 1.87  105 m s1. Care must be taken in
extrapolating these results to the marsh as a whole or to
all the lithologies in these complicated sedimentary sections.
3.1.3. DC resistivity proﬁling
Inversion of the DC resistivity data collected along the
southern monitoring well transect revealed lenses of low
resistivity sediment beneath the conifer and palmetto uplands and fringing Juncus on the east side of the basin
(Fig. 2A) and, to a lesser extent, beneath the conifers and
Juncus fringe to the west side of the Okatee (Fig. 2B). These
lenses were probably associated with freshwater stored beneath the uplands, with the low resistivities representing
the saturated sediments. Both inversions showed increasing
resistivity with depth. In the marsh (areas with grasswort or
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Spartina), this increase appeared to occur within 2 m of the
surface. Current loss due to the presence of saline waters
near the surface may have obscured the true resistivity
structure of the submarsh.
On the east side of the tidal creek (Fig. 2A), the resistivity inversion shows shoaling of the high-resistivity submarsh layer centered at 20 m from the tidal creek. The
high resistivity material may have corresponded to the
dry, indurated green clay encountered in many boreholes
in the marsh. Alternately, the penetration of current may
have been particularly inhibited at this location, which
coincided with a hypersaline pond that supports glasswort
growth along the marsh surface. A zone of saturated sediment was also imaged adjacent to the tidal creek (2–14 m
distance) and intersecting the monitoring wells. The sediments here may have been more permeable than those on
the west side of the tidal creek (Fig. 2B), and an eastward-thickening sand lens was encountered during well
installation at 1.5 m depth.
On the west side of the tidal creek (Fig. 2B), the inversion results are relatively featureless across the entire extent
of the marsh. The lens beneath the upland in this area does
not appear as well developed, and this may reﬂect the diﬀerent (less permeable) geology on this side of the drainage relative to that on the east side.
3.2. Groundwater and surface water geochemistry
Surface water collected from the Okatee at the 278
bridge had an average salinity of 10.3 (range: 0–34), was relatively high in dissolved O2 (206 lmol L1), had a
Cl =SO4 2 ratio (18.9) comparable to seawater (Table 2),
and a dissolved N2 concentration in equilibrium with the
atmosphere (100% saturation, Table 3). Okatee surface
water had high concentrations of DIC, DOC, and DON,
but low DIN and a DIN/DIP of 4 (Table 4) relative to
other nearby estuaries (Cai et al., 2000). The high DON:DIN ratio in the Okatee surface water and the implication
for assessing anthropogenic inputs are revisited in the discussion section.
The geochemistry of groundwater from the upland wells
(MW11 and MW12) was similar and thus averaged here
(Tables 2–4). Upland groundwater had a salinity of 14.2,
indicating a signiﬁcant contribution of saline water to the
upland aquifer (Table 2). Upland groundwater was characterized by low pH, low dissolved O2 concentration
(71.3 lmol L1), and high concentrations of dissolved
Fe2+, DOC, Ra isotopes, and reduced nitrogen (i.e. NH4 þ
and DON, Tables 2–4). Concentrations of DIP were also
low, resulting a DIN/DIP ratio of 88.5 (Table 4). Stoichiometric calculations suggested substantial denitriﬁcation in
both the eastern and western aquifers but predicted denitriﬁcation rates were signiﬁcantly higher in western groundwater (Table 4).
Signiﬁcant diﬀerences in submarsh groundwater biogeochemistry were apparent between the eastern and western
sides of the Okatee. Eastern groundwater was signiﬁcantly
higher in salinity, dissolved O2, and reduced iron and significantly lower in H2S (Tables 2 and 3) relative to western
groundwater. The Cl =SO4 2 ratio for eastern groundwater

was comparable to surface seawater, while the Cl =SO4 2
ratio in western groundwater was signiﬁcantly higher than
both the eastern groundwater and surface seawater, indicating a depletion of SO4 2 ; the greatest depletion was observed in well MW05 (Table 2 and Fig. 3A). Both eastern
and western groundwater samples were signiﬁcantly elevated in DIC relative to the Okatee (Table 4) and the
DIC concentration in western groundwater was signiﬁcantly higher than eastern groundwater (Table 4). The
DOC concentration in western groundwater was signiﬁcantly higher than eastern groundwater (Table 4) and was
similar to the concentration in the Okatee.
The DIN, primarily NH4 þ , concentration in western
groundwater was 28 times higher than in the Okatee
(Table 4). Both DON and DIP concentration showed a similar pattern with highest concentrations evident in the western groundwater (Table 4). Though the mean DIN
concentration in western groundwater was 7 times that in
eastern groundwater, the DIN/DIP ratio in western groundwater was lower due to higher DIP concentrations (Table 4).
Groundwater from the western Okatee had H2S concentrations 65 times higher than in eastern groundwater
(Table 3). Groundwater from the western side also had
generally higher concentrations of dissolved CH4, but the
diﬀerence was not signiﬁcant (Table 3). Similar concentrations of N2O (20–250 nmol L1) were found in eastern
and western groundwater. There was no signiﬁcant diﬀerence in either N2 concentration or % saturation between
the eastern and western groundwater (Table 3).
3.3. Radium-derived loading rates to the system
Groundwater collected from the eastern side of the Okatee had signiﬁcantly lower 226Ra activities than groundwater collected from the western side (1.58 vs. 3.85 dpm L1,
Table 4; Moore et al., 2006). While there were no signiﬁcant
diﬀerences in the 228Ra activity between the eastern and
western groundwater, the lower 226Ra activities in the eastern groundwater resulted in a higher average 228Ra /226Ra
activity ratio (7.67 ± 0.46 eastern vs. 2.73 ± 0.09 western;
Moore et al., 2006). Signiﬁcant relationships were observed
between geochemical constituents and 226Ra in groundwater (Fig. 4A–F). Higher 226Ra activity correlated to higher
concentrations of DOC, DIC, DON, NH4 þ , DIP, H2S,
CH4 and N2O. Linear ﬁts of concentration of 226Ra vs. concentration of these constituents were used to estimate their
groundwater-derived ﬂux, which far exceeded the diﬀusive
ﬂuxes of these chemical species from the sediments (Table 5,
see below).
3.4. Benthic processes (ﬂuxes and pDNF)
Integrated sedimentary DIC inﬂux during the day exceeded release during the night, resulting in a negative net
daily DIC ﬂux, indicating autotrophic sediments (Table 6).
Creek bank sediments were a net sink for DIN and a net
source of organics (DOC and DON) to the Okatee. Potential DNF rates decreased with depth (Fig. 5A and B). The
average pDNF for the shallow depth (1.5 cm) was
38.6 nmol N gws1 h1. Using measured sediment density,
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Fig. 2. Resistivity structure beneath the southerly well transect (a) east and (b) west of the tidal creek as imaged in November and December
2002. Resistivity is the inverse of electrical conductivity, so low resistivities in this setting may correspond to more saline pore waters. The
locations and depths of the monitoring wells are shown along the transects, with the horizontal line on each well indicating the top of
sublithiﬁed green clay. The borehole for MW2 did not encounter the sublithiﬁed clay, so the horizontal line is drawn at the depth of refusal in
a clay-rich layer that may have been eroded from the lithiﬁed clay. Plant zonation is based on data collected during the resistivity survey. The
upland boundary roughly corresponds to the onset of palmetto and conifers. Glasswort prefers hypersaline settings. Spartina usually occurs in
well-irrigated parts of the marsh and Juncus in drier or more elevated areas. (For interpretation of the references to color in this ﬁgure legend,
the reader is referred to the web version of this article.)

Table 2
Summary of physical and chemical data (T, °C; pH; oxygen, lmol L1), major ions (Cl and SO4 2 , mmol L1) and radium activities (226Ra
and 228Ra, dpm L1) for groundwater and surface water samples collected between March 2002 and December 2005. Averages and standard
errors for pooled data from wells on the east (wells 1A, 1B, 2 and 3) and west (wells 4, 5, 6, 7 and 8) sides of the Okatee River and wells
adjacent to the upland (wells 11 and 12) are shown (see Fig. 1 for well locations). n denotes the number of measurements. U, E, W and O
designate statistically signiﬁcant (p < 0.05) diﬀerences between a given location and the upland wells (U), Okatee at 278 (O), eastern wells (E),
or western wells (W); n.s.d. = no signiﬁcant diﬀerences; as determined by 2-way t-test assuming variance of log transformed variables unequal.
Site

Temperature

pH

Salinity

Oxygen

Cl

SO4 2

Cl =SO4 2

226

228

Upland wells
standard error
n
Statistically diﬀerent from

19
0.8
11
W

4.3
0.3
10
O,E,W

14.2
0.4
13
E,W

71.3
28.6
9
O

199
5.5
13
E,W

8.98
0.39
13
E,W

22.4
0.5
13
C,D

5.2
0.9
9
O,E

44.9
5.2
9
O,E,W

Okatee at 278
standard error
n
Statistically diﬀerent from

17.9
1.9
13
n.s.d.

7.3
0.2
9
U,E

10.3
2.7
15
E,W

206
28.7
6
U,E,W

182
50.2
16
E,W

8.98
2.25
16
E,W

18.9
1.7
16
D

0.4
0.04
25
U,E

1
0.2
25
U,E,W

Eastern wells
standard error
n
Statistically diﬀerent from

20.2
0.5
63
n.s.d.

6.6
0.1
30
U,O,W

38.5
0.9
65
U,O,W

50.1
11.5
23
O,W

574.9
13.1
70
U,O,W

29.1
0.72
70
U,O,W

19.9
0.3
70
U,W

1.6
0.1
26
U,O,W

12.1
1
26
U,O

Western wells
standard error
n
Statistically diﬀerent from

20.9
0.5
68
U

7
0.1
38
U,E

31.2
0.6
74
U,O,E

4.4
1.4
4
U,O,E

463
7.1
79
U,O,E

17.8
0.51
79
U,O,E

27.6
0.8
79
U,O,E

3.9
0.2
53
O,E

10.3
0.5
53
U,O

porosity, and rates from the upper 3.5 cm yields a pDNF
rate of 7.7 mmol N m2 d1. Using the tidal prism area
(7.13  105 m2) determined by Moore et al. (2006) as an
estimate of the area of active pDNF yields a system wide
pDNF rate of 5.51  103 mol N d1. Conﬁning DNF to
the estimated creek bank area (2  105 m2) yields a more

Ra

Ra

conservative estimate of 1.54  103 mol N d1 for the
pDNF rate. The tidal prism area DNF estimate represents
20% of the estimated groundwater derived DIN ﬂux
(Table 5), while the creek-bank estimate was 6% of the
estimated groundwater derived DIN ﬂux, reﬂecting the
reduced area of activity.
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Table 3
Reduced metabolites (H2S, Fe2+, CH4, N2O, and N2 in lmol L1) and % saturation of N2 (%) for well and surface water samples collected
between March 2002 and December 2005. Averages and standard errors are presented for pooled data from wells on the east (wells 1A, 1B, 2
and 3) and west (wells 4, 5, 6, 7 and 8) sides of the Okatee River and wells adjacent to the upland (wells 11 and 12). n denotes the number of
measurements. U, E, W, and O designate statistically (p < 0.05) diﬀerences between a given location and the upland wells (U), Okatee @ 278
(O), eastern wells (W); n.s.d = no signiﬁcant diﬀerences; n.d. = not determined.
Site

H2S

Fe2+

CH4

N2O

N2

N2 %sat

Upland wells
Standard error
n
Statistically diﬀerent from

9.6
6.8
12
W

1250
150
12
O, E, W

0
0
4
E, W

0
0
4
E, W

n.d.
n.d.
n.d.
n.d.

n.d.
n.d.
n.d.
n.d.

Okatee at 278
Standard error
n
Statistically diﬀerent from

12.7
10.2
14
W

17.2
10.1
9
U, E

3
1.7
9
E, W

0.1
0
6
n.s.d.

560
51
5
n.s.d.

102
0.4
5
E, W

Eastern wells
Standard error
n
Statistically diﬀerent from

34.4
19
57
W

60
15
41
U, O, W

16.9
6.5
40
U, O

0.2
0
27
U

471
8
29
n.s.d

109
1
30
O

Western wells
Standard error
n
Statistically diﬀerent from

2210
306
65
U, O, E

19.2
5.2
54
U, E

31.2
8.9
46
U, O

0.2
0
28
U

488
6.2
30
n.s.d.

107
1
30
O

Table 4
Summary of carbon and nutrient concentrations (lmol L1) for well and surface water samples collected between March 2002 and December
2005. Averages and standard errors are presented for pooled data from wells on the cast (wells 1A, IB, 2 and 3) and west (wells 4, 5, 6, 7 and 8)
sides of the Okatee River and wells adjacent to the upland (wells 11 and 12). DIN/DIP reﬂects the molar ratio (¼ ½ðNOx þ NH4 þ Þ=PO4 3 )
and Npred reﬂects the expected DIN concentration obtained by dividing the observed DIC concentration by the literature derived C/N ratio
(=DIC/12.2). Nmissing reﬂects the amount of DIN that cannot be accounted for, assumed to be removal via denitriﬁcation or assimilation
during transit through the marsh. n denotes the number of measurements. U, E, W, and O designate statistically signiﬁcant (p < 0.05)
diﬀerences between a given location and the upland wells (U), Okatee @ 278 (O), eastern wells (E), or western wells (W); n.s.d. = no signiﬁcant
diﬀerences; n.a. = not applicable.
Site

DIC

DOC

NOx 

NH4 þ

DON

PO4 3

DIN/DIP

Npred

Nmissing

Upland wells
Standard error
n
Statistically diﬀerent from

671
114
9
O, E, W

910
51
12
E, W

3.4
2.3
12
n.s.d.

53
10
13
O, E, W

54.6
12.2
8
W

0.6
0.1
14
O, E, W

88.5
14.1
12
O, E, W

55
9.4
9
O, E, W

8
13.0
8
E, W

Okatee at 278
Standard error
n
Statistically diﬀerent from

2140
488
12
U, E, W

1310
224
15
E

4.5
1.8
13
n.s.d.

7.1
1.9
17
U, E, W

56
7.1
13
W

2.4
0.7
13
U, W

4.9
2.4
13
U, W

175.8
40
12
U, E, W

n.a.
n.a.
n.a.

Eastern wells
Standard error
n
Statistically diﬀerent from

4870
335
52
U, O, W

613
27
66
U, O, W

7.8
2.2
54
n.s.d.

21.2
3.5
70
U, O, W

53.7
7.2
58
W

2.4
0.6
56
U, W

12.2
10.9
52
U, W

398
27.5
52
U, O, W

377.5
33.0
37
U, W

Western wells
Standard error
n
Statistically diﬀerent from

16,000
1090
61
U, O, E

1390
53
75
U, E

4
1.6
64
n.s.d.

203
18
83
U, O, E

103
12
54
U, O, E

25
5
72
U, O, E

8
6.5
61
U, O, E

1310
89.6
61
U, O, E

1078
82.7
61
U, E

4. DISCUSSION
4.1. Spatial variations in groundwater dynamics
Several lines of evidence point to signiﬁcant diﬀerences
in SGD ﬂux between the eastern and western sides of the
Okatee headwaters. Most importantly, the 228Ra/226Ra

activity ratio was signiﬁcantly higher in the eastern wells
than the western wells. Radium ﬂuxes arise from (1) surface
water inﬂow, (2) sedimentary Ra release and (3) groundwater discharge. By measuring the ﬁrst two components and
estimating surface water residence time (Moore et al.,
2006), we were able to estimate the Ra ﬂux from SGD.
Then, by measuring the Ra isotopic composition and
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Fig. 3. (A) Sulfate versus chloride relationships for Okatee wells. The gray line indicates the expected SO4 2 =Cl ratio; values that fall below
this line indicate SO4 2 depletion. Dashed black line indicates the linear relationship for the east wells the solid black line indicates the linear
relationship for the west wells. (B) DOC versus DIC relationship for Okatee wells. The dotted line indicates the linear relationship for the
upland wells, the dashed line is for the east wells and the solid line is the linear relationship for the west wells.

activity in groundwater, we were able to estimate the volume of SGD required to support the estimated SGD-derived Ra ﬂux. 226Ra and 228Ra have half-lives of 1600
and 5.7 yrs, respectively, and are continuously produced
from their long-lived parents, 230Th and 232Th. The typical
232
Th/230Th activity ratio (AR) in sediments is about 1.3,
based on the crustal abundances of 232Th and 238U
(Wedepohl, 1995). Enrichments of U may lead to lower ratios, but because Th is not mobile, the 232Th/230Th AR is
rarely >1.3. Phosphorite deposits containing uranium in
the western side of the Okatee (Sibley, 2004) are expected
to enrich 230Th and 226Ra, resulting in lower 232Th/230Th
activity ratios. Instead we observed 228Ra/226Ra AR’s on
the west side of 2.7, at least twice the expected ratio. The
elevated activity ratios infer that ﬂushing of 226Ra from
the sediments is occurring. On the eastern side the AR
was higher at 7.7, indicating even more 226Ra depletion in
these sediments. Due to its higher regeneration rate, 228Ra is
replenished more quickly after removal of pore ﬂuid, and a
high dissolved 228Ra/226Ra AR therefore indicates an actively
ﬂushed aquifer (e.g. Moore, 2003). The high 228Ra/226Ra AR
on the eastern side of the Okatee headwaters suggests more
frequent ﬂushing there than on the western side.
Higher O2 and NO3  concentrations and lower concentrations of reduced metabolites along the eastern side of the

Okatee headwaters (i.e. H2S and NH4 þ , Tables 3 and 4) are
consistent with increased ﬂushing of the aquifer. Higher
NO3  concentrations likely resulted from increased nitriﬁcation due to the increased O2 supply (Tobias et al.,
2001a; Smith et al., 2006). Conversely, lower ﬂushing frequency on the western side, and consequently longer
groundwater residence times, promoted anaerobic microbial processes like denitriﬁcation and sulfate reduction
due to lower oxygen concentrations and increased access
to labile dissolved organic matter (Harvey and Odum,
1990; Capone and Slater, 1990).
Other groundwater geochemical data (Tables 2–4) also
point to signiﬁcant diﬀerences between the western and eastern sides of the Okatee headwater drainage. Signiﬁcantly
higher DOC, NH4 þ and DON concentrations were
observed on the western side. The high concentration of presumably labile DOC supported greater heterotrophic
metabolism, as evidenced by higher DIC concentration
(Table 4 and Fig. 3B). Relying on the conservative nature
of Cl and the constant Cl =SO4 2 ratio of seawater, the
Cl =SO4 2 ratio can be used to estimate SO4 2 consumption
via microbially-mediated SO4 2 reduction (Weston et al.,
2006). Signiﬁcant sulfate reduction in the western
Okatee was evident in the depletion of SO4 2 relative to
Cl (Table 2 and Fig. 3A) and higher concentrations of
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Fig. 4. Constituent versus 226Ra activity relationships for the Okatee wells. (A) DOC, (B) DIC, (C) NH4 þ , (D) PO4 3 , (E) H2S, and (F) N2O.
Open symbols were excluded from linear relationship analysis.

H2S in groundwater (Table 3). The breakdown of organic
matter by sulfate reducers (and other heterotrophic bacteria) leads to the production of NH4 þ and DON, which were

present at high concentrations in western groundwater.
Conversely, groundwater from the eastern side of the
Okatee had lower DOC concentrations and insigniﬁcant
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Table 5
Potential groundwater derived ﬂuxes of nutrients, organics, and dissolved gases in the Okatee estuary (area = 7.13  105 m2) using an annual
average 226Ra ﬂux of 3.43  108 dpm d1; from Porubsky, 2008) and estimated from linear regressions (see Fig. 4A–F). Concentration (C) in
lmol L1; n.a. = not applicable.

Constituent
NH4 þ
PO4 3
DOC
DIC
DON
CH4
N2

C/226Ra (lmol dpm1)

Areal ﬂux (mmol m2 d1)

Total ﬂux (mol  103 d1)

N/P ﬂux ratio (molar)

75.5
5.9
304
5130
10.9
3.76
0.02

15.9
1.2
64.0
1079.2
2.3
0.8
0.004

11.3
0.9
45.6
769.5
1.6
0.6
0.003

12.8
n.a.
n.a.
n.a.
n.a.
n.a.
n.a.

net sulfate reduction rates (i.e. Cl =SO4 2 ratio comparable
to that expected from mixing with seawater; Table 2 and
Fig. 3A). Lower concentrations of organic matter could account for the observed lower concentrations of NH4 þ and
DON in the eastern groundwater. Alternatively, the disparity in the groundwater geochemistry and the inferred microbial activity on the western and eastern sides of the Okatee
could reﬂect variations in ﬂow regime. The higher rate of
groundwater ﬂushing on the eastern side may remove reduced metabolites eﬃciently before they accumulate to substantial concentration.
In other systems, the relative contributions of DON and
DIN to the groundwater nitrogen pool have been related to
the land-use in surrounding watersheds (Valiela et al.,
2000). High DON/DIN ratios were correlated with low
anthropogenic inputs and naturally vegetated areas. The
DON/DIN ratio groundwater from the upland wells was
1:1 and it increased to 1.2:1, as measured in the eastern
wells suggesting marsh processing played a role in diminishing the anthropogenic signal on the eastern side. The western groundwater had a ratio of 0.5:1, and had
signiﬁcantly higher total nitrogen suggesting a stronger
anthropogenic signature in this part of the system. The
DON/DIN ratio for the Okatee at the 278 bridge was
5:1 indicating that consumption of DIN at the marsh surface and within the Okatee rapidly alters the nitrogen pools.
Using a depth averaged C/N ratio (12.2) calculated for a
fringing Spartina marsh (Tobias et al., 2001a) and observed
DIC concentrations; we calculated the expected DIN concentration resulting from theoretical total organic matter
breakdown within the marsh; i.e. 12.2 DIC per DIN
(Table 4). An alternative approach using DOC/DON ratios
determined in this study yields an average C/N ratio of
12.4. This approach assumes the total breakdown of organic matter and that the sole source of DIC is from organic
matter decomposition within the groundwater. This expected DIN was then compared to the measured DIN to
calculate the missing N (Nmissing). High groundwater DIC
concentrations on both sides of the Okatee generated high
expected DIN concentrations. The measured DIN concentrations fall far below the expected values (Nmissing = 377
and 1078 lmol N L1 for the eastern and western sides,
respectively; Table 4), indicating the presence of a signiﬁcant potential sink of DIN, likely denitriﬁcation, in the
marsh complex. Supersaturation of N2 in eastern and
western groundwater (Table 3) conﬁrms that DNF is an

important process in the marsh. Surprisingly, these calculations suggest higher denitriﬁcation rates along the western
side that is counter indicated by the elevated H2S concentration observed in the western side. However, denitriﬁcation is sensitive to H2S concentrations greater than
20 lmol L1 and NOx uptake decreases by 50% when
H2S concentrations exceed 500 lmol L1 (Porubsky et al.,
2009). The western side supports high sulfate reduction
rates (Fig. 3A) and groundwater H2S concentration often
exceeds 2000 lmol L1 (Table 5). This H2S could inhibit
denitriﬁcation in favor of other potential N sinks, including
bacterial assimilation (Veuger et al., 2007) or assimilation
by marsh plants.
Physical data are also consistent with increased groundwater ﬂux on the eastern side of the Okatee headwaters.
Known diﬀerences in geology and geomorphology (Fig. 1)
on either side of the Okatee likely play a role in regulating
groundwater dynamics. Unlike seeps on the west side of the
Okatee headwaters, seeps to the east were more likely to lie
at the marsh-edge topographic break. This observation implies that seeps on the eastern side may be associated with
direct discharge of upland waters to the marsh. The pattern
of seep distribution may also partially reﬂect the asymmetry
of the marsh, whose tidal channel lies much closer to the
upland on the eastern side. This marked asymmetry, coupled with the ﬁnding of relatively constant hydraulic conductivity in the slug-tested wells, implies that a
microbially-active zone through which groundwater must
ﬂow to reach the tidal creek would be traversed more rapidly on the eastern than western side.
Hydraulic head diﬀerences that lead to increased
groundwater discharge may be an important factor contributing to more rapid groundwater ﬂushing on the east side of
the Okatee drainage. Average elevations adjacent to the
headwater marsh are 1 m higher on the east side, an
appreciable diﬀerence in this low-lying (elevations generally
<5 m) coastal setting. The topography east of the drainage
is also markedly steeper than that on the west (Fig. 1B).
Developed land lies closer to the tidal creek on the east side
as well (Fig. 1A), possibly contributing to increased runoﬀ,
decreased interception of water by the thinned tree canopy,
and increased groundwater recharge through irrigation and
other human activities.
The larger-scale geology adjacent to the upper reaches of
the Okatee and the local, submarsh geology probably also
contribute to the diﬀerences in hydrologic conditions on
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Table 6
Summary of diﬀusive benthic ﬂuxes. Individual ﬂuxes are in units of lmol m2 h1, integrated average ﬂuxes are in mol d1 for the estimated
Okatee creek-bank area (2  105 m2 from Moore et al., 2006). Numbers in parentheses are ±1SE. n.d. = no data.
Date

Site

Treatment

DIG

DOC

NOx

NH4 þ

DON

PO4 3

June 2001

GD
GD

Day
Night

n.d.
n.d.

3450 (3560)
3420 (2950)

3.0 (0.9)
2.3 (3.4)

2.5 (27)
16 (28)

59 (3.6)
24 (69)

39 (113)
63 (91)

February 2002

T1
T1
278
278
GD
GD
PB
PB

Day
Night
Day
Night
Day
Night
Day
Night

137 (124)
28 (97)
7.5 (147)
57 (240)
2380 (569)
1300 (369)
142 (33)
45 (164)

278 (173)
93 (138)
19 (108)
38 (92)
41 (150)
2460 (1240)
3910 (2140)

8 (11)
6.5 (5.5)
9.4 (5.4)
3 (5.4)
23 (7.3)
12 (10)
16 (19)
41 (40)

7.3 (3.1)
1.5 (3.7)
77 (62)
24 (29)
6.9 (8.3)
3.8 (4.9)
11 (9.2)
11 (8)

24 (21)
13 (13)
68 (127)
87 (70)
83 (63)
48 (72)
130(207)
99 (170)

0.3 (0.7)
0.5 (0.8)
1.9 (3.7)
2.1 (2.4)
0.8 (2.6)
0.01 (1.2)
3 (2.1)
3.3 (1.4)

August 2002

GD
GD

Day
Night

1610 (230)
1310 (100)

84 (123)
32 (320)

6.8 (6.5)
21 (5.7)

3 (15)
3.4 (12)

n.d.
n.d.

1.1 (0.3)
0.7 (0.3)

January 2004

GD
GD

Day
Night

890 (480)
690 (150)

n.d.
n.d.

2.2 (1.9)
2.1 (3.3)

1.6 (8.9)
16.2 (14.6)

230 (180)
50(99)

2.3 (12.5)
0.4 (1.4)

Integrated whole system ﬂuxes
Average
All
Day
All
Night
All
Net

952 (533)
685 (324)
266 (235)

700 (720)
1450 (980)
750 (820)

3.2 (6)
9.8 (8.4)
13 (6.5)

19 (13)
6.6 (6.2)
12 (10)

113 (43)
46 (28)
68 (58)

8.5 (6.7)
10 (11)
1.7 (4.8)

the western and eastern sides of the headwaters. Along
much of its length before turning southwest toward Port
Royal Sound 8.5 km downriver from the study site, the
Okatee divides Pleistocene ﬂuvial deposits (Jasper sediments) of unknown stratigraphic relationship on the west
from Pleistocene barrier island deposits lying beneath the
Princess Anne Terrace on the east (Doar, 2001). The Jasper
sediments have a substantial clay component in the uppermost layers, while the barrier island sediments to the east
are sandier and even include some medium-grained sands
(Doar, 2001) that are likely quite permeable. At a smaller
spatial scale, analyses of sediment cores obtained during
monitoring well installation revealed substantial diﬀerences
in the distribution of coarse and ﬁne-grained lithologies
over short distances, but the limited number of cores and
the very high degree of geologic heterogeneity made it
impossible to draw ﬁrm conclusions about diﬀerences between the western and eastern sides of the drainage basin.
4.2. Groundwater chemical evolution in the submarsh
reaction zone
The geochemical signature of the upland groundwater
evolves as it traverses the microbially-active zone prior to
discharging to the Okatee. Upland groundwater has a low
pH and is low in DOC, NO3  , and PO4 3 concentration
but enriched in NH4 þ and Fe2+ relative to Okatee surface
water (Tables 2–4). The combination of acidic conditions
and high Fe2+ suggests oxidative weathering of iron sulﬁde
rich soils (Giblin and Howarth, 1984; Portnoy and Giblin,
1997; Hussein and Rabenhorst, 1999). However, the high
SO4 2 concentration that would result from the oxidative
weathering are absent in the upland groundwater (Table 2),
we lack data on Fe3+ concentrations, and the elevated
Cl =SO4 2 ratio (22.38, Table 2) suggests active microbial
sulfate reduction even in the upland aquifer. Within the

marsh, the highest DIC concentrations are observed in
groundwater closest to the upland wells (24.45 ± 1.48 and
21.68 ± 1.18 mmol L1 for MW05 and MW06 respectively)
and DIC concentration decreased toward the Okatee. Linear regression of groundwater DOC and DIC concentrations suggested separate sources for eastern and western
groundwater as the DOC content of the east marsh was half
that observed in the west marsh. The upland groundwater
fell along the western groundwater regression at the low
end indicating the DIC source was not derived from the upland; marsh groundwater contained the highest DOC concentrations and DIC is linearly related to DOC
throughout the Okatee (Fig. 3B), indicating a common
source of DIC and DOC within the marsh most likely the
microbially-mediated breakdown of particulate organic
matter originating within the marsh.
Marsh groundwater from the western side of the Okatee
has signiﬁcantly higher concentrations of DIC, DOC,
NH4 þ , DON, PO4 3 , H2S, CH4, and N2O (Tables 3 and 4)
than the western upland water that enters the marsh. The increase in nutrients, dissolved organics, and dissolved gases
reﬂects signiﬁcant microbially-mediated alteration of the
groundwater geochemical signature during transit through
the marsh and indicates that a signiﬁcant portion of dissolved
inorganic and organic nutrients may have a mid-marsh
source and/or may undergo signiﬁcant recycling within the
marsh. Estimating SGD-derived inputs based on the geochemical composition of the upland groundwater results in
2-fold underestimate of organic (DON and DOC) ﬂuxes
and a 10-, 50- or 100-fold, respectively, underestimation of
NH4 þ , PO4 3 , or DIC ﬂuxes (see further discussion below).
4.3. SGD-derived ﬂuxes of nutrients and organics
The examination of upland and marsh groundwater in
the current study allows us to elucidate alteration of
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Fig. 5. Potential denitriﬁcation rate depth proﬁles for several sites within the Okatee River estuary. (A) April 2001, (B) June 2001, error bars
represent ±1SE.

groundwater-derived materials during transit through
marsh sediments. Marsh microbial processes can strongly
alter the SGD geochemical signature prior to discharge to
the coastal ocean (Tobias et al., 2001a), highlighting the
need for geochemical characterization of groundwater
proximal to the receiving waters.
Moore et al. (2006) used radium isotopes to estimate
nutrient ﬂuxes on the Okatee estuary. One of the equations
used in this analysis (Eq. (15)) was incorrect. The correct
equation is:

P 226
226
Raloss ¼
Rasea  226 Rabay þ b 226 Rabay  226 Rasea
T

tively, than the wetland to estuary ﬂuxes determined by
Tobias et al. (2001b). The NH4 þ and DOC ﬂuxes are 3
and 2 times higher than the ﬂuxes reported for a site in the
northeastern coastal Gulf of Mexico (Santos et al., 2008),
while DON ﬂuxes are similar in both studies. The radiumderived DOC ﬂux, 64 mmol m2 d1 (Table 5), indicates that
Okatee groundwater is a signiﬁcant source of potentially
labile organic carbon to the coastal ocean. DOC gradients
along the length of a river are typical of coastal rivers with
DOC concentrations ranging from 0.6 to 1.7 mmol L1 for
lower and upper bay stations reported for Winyah Bay, SC,
150 miles north of the Okatee study site (Goni et al., 2003).

where P is the tidal prism, T is the tidal period, and b is the
return ﬂow factor. Using the corrected equation, 226Ra
ﬂuxes decrease by a factor of 0.44 relative to those estimated by Moore et al. (2006), to 1.5  108 dpm d1.
Linear regressions of nutrient, organic matter and trace
gas concentration versus 226Ra activity in marsh wells
(Fig. 4A–F) were used to estimate SGD inputs of nutrients
based on 226Ra ﬂuxes (Table 5). The geochemical data from
upland wells, MW11 and MW12, did not ﬁt these regressions, indicating alteration of the groundwater geochemical
signature during marsh transit. More speciﬁcally MW11
had a similar radium signature to the marsh wells but had
much lower concentrations of DIC, DIP, and H2S. In contrast MW12 had a higher radium signature 2 to 10 times
higher than the marsh wells.
The estimated ﬂuxes of NH4 þ , PO4 3 , and DOC are comparable to the estimated inputs from Moore et al. (2006) –
given the above caveat – which were obtained using a
groundwater input of 1 m3 s1 and nutrient concentrations
from the western marsh wells only. The ﬂux estimates in Table 5 use data from both the eastern and western wells; surprisingly, inclusion of data from the eastern wells did not
signiﬁcantly alter the ﬂux estimates suggesting that the eastern wells do not account for a signiﬁcant portion of the
groundwater derived nutrients entering the Okatee. 226Ra
derived ﬂuxes of NH4 þ , DOC, and DON to the Okatee
(mol C or N m2 d1) are 15, 6 and 2 times higher, respec-

4.4. SGD-derived ﬂuxes of DIC, CH4 and N2O
Previously estimated DIC ﬂuxes suggest that only a
small fraction (10%) of DIC in groundwater is exported
to the coastal ocean, the remaining fraction (up to 90%)
being lost to the atmosphere upon exiting coastal aquifers
(Cai et al., 2000). Though the predicted loss of DIC to
the atmosphere leaves a relatively small fraction of groundwater DIC available for transport to the coastal ocean, the
high SGD-associated ﬂuxes nonetheless represent a large
ﬂux of DIC to coastal ecosystems. The SGD-associated
DIC ﬂux was greater than the riverine DIC ﬂux in the
South Atlantic Bight (Cai et al., 2003) and SGD DIC concentrations were signiﬁcantly higher than those in surface
waters (Table 4; see Cai and Wang, 1998 and Cai et al.,
2003). Estimates of SGD DIC ﬂux from North Inlet, SC
based on radium-derived SGD discharge rates and an average groundwater DIC concentration of 5 mmol L1,
yielded a ﬂux of 171 mmol m2 d1 (Cai et al., 2003). The
average groundwater DIC concentration from the Okatee
system was 10 mmol L1 and the associated ﬂux rate
was much larger, 1100 mmol m2 d1 (Table 5), 6 times
that observed at North Inlet.
SGD-derived ﬂuxes of CH4 and N2O may contribute to
global warming; atmospheric concentrations of both of
these greenhouse gases have increased since pre-industrialization periods and N2O contributes to stratospheric ozone
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depletion (IPCC, 2007). Radium based SGD CH4 ﬂuxes
(0.9 mmol m2 d1, Table 5) were 7 times higher than
CH4 emission rates from macrotidal salt marsh sediments
in the Bay of Fundy (0.13 mmol m2 d1; Magenheimer
et al., 1996) and 23 times higher than CH4 ﬂuxes
from Lanark Spring in Florida (Cable et al., 1996).
These SGD-derived CH4 ﬂuxes were half the CH4
emission rates from Chesapeake Bay salt marsh sediments
(2.4 mmol m2 d1; Lipschultz, 1981), 80% of CH4
emission rates reported for salt marshes in Georgia (King
and Wiebe, 1978) and were 3 to 22 times lower than CH4
emission rates from a variety of fresh and salt water ecosystems under varying degrees of anthropogenic pressure in
India (Purvaja and Ramesh, 2001). While CH4 ﬂuxes were
orders of magnitude lower than DIC ﬂuxes, they were comparable to CH4 emission rates from natural marsh systems
and resulted in an average CH4 concentration (3 lmol L1)
in Okatee surface water that was at the high end of the
range (0.002–3.6 lmol L1) reported for a series of European estuaries (Middelburg et al., 2002).
The Okatee SGD-derived N2O ﬂuxes (8.8 lmol N m2
1
d , Table 5) were 1.5 times the N2O ﬂux reported for salt
marsh sediments (6 lmol N m2 d1, Smith et al., 1983).
However, recent radon-based estimates on groundwater-derived N2O ﬂux (Wong et al., 2013) found ﬂuxes an order of
magnitude higher than those documented in the Okatee,
further supporting a signiﬁcant SGD-derived source of
N2O to the atmosphere and coastal zone.
4.5. Diﬀusive benthic ﬂux based estimates of nutrient ﬂux and
N mitigation via DNF
Diﬀusive ﬂuxes measured in sediment ﬂux cores were
much smaller than radium derived SGD nutrient-ﬂuxes
(Table 5 and 6), indicating that advective groundwater
transport (SGD) of nutrients and organics dominates
inputs to the Okatee. Diﬀusive NH4 þ ﬂuxes indicated a
net uptake (0.06 mmol N m2 d1) while radium-based
ﬂuxes implied a substantial SGD NH4 þ source
(16 mmol N m2 d1) for the Okatee.
Net DIC ﬂuxes from benthic cores indicated that intertidal sediments, in the absence of advective groundwater
ﬂow, were consuming DIC and thus net autotrophic, capable of removing 266 mol C d1 within the intertidal area
(Table 6). Absolute rates of diﬀusive DIC ﬂuxes were orders
of magnitude smaller than estimated radium derived SGD
ﬂuxes of DIC for North Inlet, SC (Cai et al., 2003) and
the Okatee. Benthic microalgae (BMA) can assimilate
nutrients from the water column and the sediments (Sundbäck and Granéli, 1988; Sigmon and Cahoon, 1997;
Porubsky et al., 2008) and act as a cap that modulates benthic nutrient ﬂuxes at the sediment–water interface. However, even the most eﬃcient BMA cannot completely
consume the SGD-derived nutrient and DIC ﬂuxes observed in this system.
The average diﬀusive benthic ﬂux of DOC
(3.74 mmol C m2 d1) was 17 times lower than the radium based DOC ﬂux. Even under diﬀusive conditions,
the intertidal sediments from the Okatee were a source of
DOC to the water column. Sediments occupied by a

productive BMA community are often a source of DOC to
the water column (Pinckney and Zingmark, 1993; Porubsky
et al., 2008) because up to 73% of total gross primary production is released as DOC (Goto et al., 1999). Such organic matter inputs to the estuary may stimulate heterotrophic
metabolism in the water column and inﬂuence the net metabolic balance of the system.
The averaged daytime N/P uptake ratio in diﬀusive benthic ﬂux cores was 2.6 (Table 6). The N/P ratio of the
Okatee (4.91, Table 4) was signiﬁcantly lower than the radium estimated SGD ﬂux N/P (12.8, Table 5) indicating
that N was preferentially assimilated in the benthos. The ratio of N/P can impact competition between communities
for available resources. A low N/P may confer an advantage to N-ﬁxing cyanobacteria (Pinckney et al., 1995) while
a high N/P may favor benthic diatoms. Further, the ratio of
DIN/DON and groundwater inputs have been linked to
inﬂuencing the frequency of brown tides in the coastal
waters of Eastern Long Island (LaRoche et al., 1997). LaRoche et al. found that groundwater had high DIN/DON ratios and that brown tide bloom frequency correlated with
periods of low groundwater discharge and thus low DIN/
DON ratios in surface waters. DIN/DON ratios in Okatee
surface water was 0.21, groundwater from the Eastern
side was 0.54 and groundwater from the Western side
was 2.0 indicating the marsh complex was a larger source
of DIN than DON. This is consistent with the ﬁndings of
LaRoche and has implications for coastal water populations. Processes that alter the groundwater N/P and DIN/
DON ratios within the marsh complex have implications
far beyond the sediment–water interface.
Denitriﬁcation represents an N loss that can mitigate N
loading to coastal zones. While pDNF rates measured in
slurry incubations (7.7 mmol N m2 d1) indicated that
denitriﬁcation could remove a signiﬁcant amount of the
DIN load in the Okatee system, in situ denitriﬁcation rates
measured in diﬀusive benthic ﬂux cores were much lower
(0.01 and 0.23 mmol N m2 d1 for January 2004 and August 2002 respectively; Porubsky et al., 2009). Based on the
relationship between DIC and the predicted DIN concentration, Cai et al. (2000) estimated a range of denitriﬁcation
rates of 3–11 mmol m2 d1 (dependent on the C/N ratio
selected) in Okatee groundwater. In the Okatee, the pDNF
and denitriﬁcation rates determined from NO3  —amended
benthic ﬂux cores (4 mmol N m2 d1, Porubsky et al.,
2009) fall within this range indicating that, given access to
high NO3  concentrations, denitriﬁcation could potentially
mitigate a signiﬁcant portion of the DIN load. However,
denitriﬁcation is limited by the supply of nitrate at the time
the water became anoxic and thus is dependent on rates of
nitriﬁcation that are likely limited by low dissolved O2 and
high H2S concentrations in western groundwater. Alternative N-sinks such as anaerobic ammonium oxidation
(anammox) have been increasingly documented in coastal
sediments (Rich et al., 2008; Koop-Jakobsen and Giblin,
2009; Dang et al., 2010; Song et al., 2013). 15N tracer studies conducted at a subset of sites within the Okatee (Porubsky et al., 2009) indicated that anammox was not a
signiﬁcant nitrogen sink in this system, these studies did
not target anammox and thus did not include the most
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rigorous methods for detecting anammox, however, based
on the analysis of the available data the potential contribution of anammox was insigniﬁcant.
5. CONCLUSIONS
The hydrology and resulting geochemistry of a complex hydrologic system such as the Okatee underscores
the necessity for the integration of geologic, geochemical
and geophysical based approaches. While TIR data indicated similar degrees (i.e. number of seeps) of groundwater delivery on the eastern and western sides of the
Okatee, 228Ra/226Ra activity ratios contradicted this ﬁnding and indicated that the aquifer on the eastern side was
more frequently ﬂushed. A variety of physical data
showed that geologic and hydrologic conditions on the
east side of the Okatee headwaters are conducive to a
greater degree of surface water–groundwater interaction
and possibly higher ﬂux of SGD into the marsh from
the east. The variations in hydrology, likely combined
with organic matter supply, impacted microbial activity
and groundwater geochemistry. Less ﬂushing and more
organic matter in the groundwater on the western side
led to higher sulfate reduction rates and increased concentrations of reduced metabolites.
Loading rates derived from radium isotope data indicated that even though the eastern side may be more frequently ﬂushed, the signiﬁcantly higher concentration of
organics, DIC and nutrients observed in the western
groundwater represent the majority of the advective
groundwater input (SGD) of dissolved organics, DIC,
and nutrients to the Okatee. Diﬀusive benthic ﬂuxes were
signiﬁcantly smaller than radium-based SGD inputs and
thus were of minor importance to the overall ﬂux of
materials to the Okatee. The large amount of ‘missing’
DIN in the upper reaches of the Okatee suggest a significant N sink, and while pDNF rates could account for a
large fraction, in situ rates were much lower and could
not be responsible for the loss. While alternative sinks
such as microbial uptake or possibly anammox may account for some of the missing N, its exact fate is not
known.
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