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Abstract: Salt marshes are ecologically and economically valuable ecosystems, yet are
vulnerable to marsh dieback, the rapid death of marsh vegetation, which has affected
coastal areas along the southeastern and Gulf coasts of the United States in recent decades.
This study used multichannel electrical resistivity tomography (ERT) surveys to investigate
the shallow hydrostratigraphy (up to 39.2 m depth) of three dieback-affected salt marshes
along the Georgia coast to evaluate the influence of site location, vegetation status (dieback
versus healthy), and tidal conditions on ERT profiles. ERT profiles revealed consistent
subsurface resistivity patterns across the marsh platforms, with low resistivity (0.2 ohm-m)
at shallow depths indicating saltwater saturation and a transition to higher resistivity (up
to 8.1 ohm-m) at greater depths, potentially signifying a shift to brackish conditions and/or
sandy strata. The ERT data indicated that the hydrostratigraphy is similar across all study
sites. Furthermore, the ERT data remained consistent regardless of vegetation status, tidal
variations, and seasonal changes, suggesting that the processes driving the recovery of
marsh dieback are independent of the shallow marsh stratigraphy. These findings enhance
our understanding of marsh subsurface conditions, supporting efforts to better understand
marsh resilience and guide future research on salt marshes.

Keywords: groundwater; marsh dieback; electrical resistivity tomography; salt marsh;
Spartina alterniflora

1. Introduction

Salt marshes are valuable ecological and economic systems. They provide critical
breeding and foraging habitats for a diverse array of aquatic and terrestrial organisms.
They also improve water quality through nutrient and metal removal, sequester carbon,
and provide crucial protection to developed coastal areas from shoreline erosion and
storms [1,2]. Despite their ecological significance, salt marshes are vulnerable ecosys-
tems that have experienced marsh dieback throughout the United States (US) Atlantic
and Gulf Coasts [3-7], including coastal Georgia, since at least 2001 [4,8]. Marsh dieback
is characterized by a rapid senescence of salt marsh vegetation. It particularly impacts
Spartina alterniflora (marsh cordgrass) and Juncus roemerianus (black needlerush). This phe-
nomenon has been extensively documented, affecting over 8 km? in coastal Georgia [8,9].
Marsh dieback leads to the complete loss of vegetation structures, resulting in large mud-
flats that are vulnerable to erosion and loss of elevation, which further hinders marsh
recovery [3,10-12]. Observations have shown dieback across various elevations, from
low-lying creek banks to higher-elevation upland borders [9].

The causes of marsh dieback in coastal Georgia have been attributed to abiotic and
biotic variables, including soil biogeochemistry, fungal pathogens, and consumer food
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webs [8]. While a single definitive cause is rarely identified, a multi-stressor hypothesis
associated with drought conditions is most widely accepted for dieback in Georgia [8].
Groundwater dynamics influence salt marsh ecosystems, impacting soil salinity, nutrient
cycling, marsh productivity, and plant species distribution [4,13,14]. In marshes, dissolved
oxygen in shallow groundwater is impacted by vegetation roots, which typically grow 12 to
20 cm deep for S. alterniflora [15] and 30 to 60 cm deep for J. roemerianus [16]. This interaction
also contributes nutrients to the ecosystem [17]. Despite its importance, the subsurface en-
vironment of salt marshes remains underexplored. In particular, little is known about how
the shallow marsh hydrostratigraphy interacts with marsh dieback and recovery processes.
Previous studies have primarily focused on surface conditions, overlooking the potential
influence of subsurface hydrology. During droughts, for instance, shallow aquifers become
highly susceptible to salinization due to reduced recharge from local precipitation [4].
Additionally, drought conditions can dry the marsh surface and increase porewater salinity
when evapotranspiration proceeds in the absence of precipitation [4]. Moreover, coastal
aquifers provide hydrologic connections between marshes and estuaries [17]. The aquifers
influence estuarine water chemistry, which increases dynamic mixing in the reaction zones,
where the water chemistry changes drastically with tidal fluctuations [17]. Given the asso-
ciation between drought, changes in groundwater dynamics, and marsh dieback, a more
comprehensive investigation of groundwater below the salt marsh platform is needed. This
study, therefore, aims to examine the shallow hydrostratigraphy of salt marsh platforms
and their relationship to marsh dieback and recovery.

Multichannel electrical resistivity tomography (ERT) is a powerful geophysical tool
for noninvasive exploration of shallow subsurface environments [18]. ERT surveys deliver
detailed subsurface images, making them highly effective in detecting clay-dominated
strata and differentiating between freshwater- and saltwater-saturated sediments [18]. Such
surveys have characterized subsurface geology and hydrogeology, revealed stratigraphic
heterogeneities, and defined freshwater-seawater boundaries in coastal aquifers [18-20].
This technique works well in coastal environments because freshwater and seawater differ
in their electrical resistivity properties [18,19]. Additionally, ERT surveys provide insights
into the geometry of the groundwater seepage conduits and the movement and mixing of
groundwater and seawater in coastal aquifers [18,19]. Resistivity profiles are a function
of the underlying lithology, porosity, water salinity, and temperature [20] and, therefore,
reflect bulk resistivity (resistivity is the inverse of conductivity) of the subsurface materials.
ERT’s capability to measure bulk resistivity makes it a valuable tool for examining the
hydrostratigraphy of aquifers and aquitards in coastal environments. In this study, we
present the shallow hydrostratigraphy (<40 m) as revealed by ERT surveys from three
salt marshes located along a latitudinal gradient of the Georgia coast, US. This study
uses bulk resistivity to identify subsurface resistivity patterns beneath salt marshes and
evaluates whether the resistivity patterns vary based on site location, marsh vegetation
type, marsh vegetation health and zonation, seasonal dynamics, and tidal flooding. Our
results, therefore, offer insights into the geological and hydrological characteristics of these
vulnerable salt marsh ecosystems.

2. Materials and Methods
2.1. Study Sites

The Georgia coast is characterized by a subtropical climate with long, hot summers and
short, mild winters [21] and spans a 160 km section of southeastern North America along
the Western North Atlantic. The region’s lower coastal plain gives way to an extensive
network of coastal wetlands, salt marshes, river deltas, and meandering tidal rivers, leading
to an outer chain of barrier islands facing the Atlantic Ocean [22]. Within this setting, we
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collected field data at three marsh dieback locations (Figure 1A) that were dominated by
the foundation species S. alterniflora. Dieback at our field sites was restricted to the interior
marsh at distances exceeding 75 m from the tidal creeks, consistent with findings from
Schepers et al. [7]. In the subtropical climate, S. alterniflora production is responsive to
abiotic drivers year-round. Thus, we sampled quarterly (October-November, March, and
July) from November 2014 to July 2016.
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Figure 1. (A) Site location map showing Grays Creek (GC) located at 32.030289° N, 81.037223° W,
St. Simons Island (SSI) located at 31.165996° N, 81.441708° W, and Point Peter (PP) located at
30.759840° N, 81.531281° W field sites (yellow stars). The Fort Pulaski and Fernandina Beach tide
stations (green circles) and the Savannah (SAV), Brunswick (BQK), and Fernandina Beach (FNB)
weather stations (blue circles) are also shown. The weather stations are located within the boundaries
of the cities of Savannah, Brunswick, and Fernandina Beach, respectively. Field site maps showing
the plot locations (green triangles and plot labels), electrical resistivity cable placement (yellow line),
and cable distances (blue dots and associated numbers) for (B) GC, (C) SSI, and (D) PP.
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Site names were assigned based on location (Figure 1A), and abbreviations are as
follows from north to south: Gray’s Creek (GC), St. Simons Island (SSI), and Point Pe-
ter (PP). For geospatial analyses presented below, all data used a common horizontal
(North American Datum (NAD) 83(2011)/Universal Transverse Mercator (UTM) Zone 17N,
European Petroleum Survey Group (EPSG): 6346) and North American Vertical Datum
(NAVD) 88, GEOID 12A, EPSG: 5703) in unit meters. The GC site is located at 496,468.97mE
3,543,772.09mN (32.030289° N, 81.037223° W) near the city of Savannah. It is bounded by
an urban housing development on the east and a tidal river called Grays Creek on the west
(Figure 1B). S. alterniflora is the dominant vegetation at this site. The SSI site is located at
457,978.70mE 3,448,034.98mN (31.165996° N, 81.441708° W) off the FJ. Torras Causeway
between St. Simons Island and the city of Brunswick (Figure 1C). This site is bordered
by the EJ. Torras Causeway on the north-northwest and the tidal Mackay River on the
south—southeast. Data from SSI were collected exclusively from S. alterniflora-dominated
areas, avoiding areas with salt pans. Borrichia frutescens (sea ox-eye) and J. roemerianus
are found along the upland border of the SSI site. The PP site is located at 449,154.00mE
3,403,002.81mN (30.759840° N, 81.531281° W) near the city of St. Marys and is bounded
by the North River Causeway to the north and the tidal St. Marys River to the south
(Figure 1D). In addition to S. alterniflora, |. roemerianus is present at this site near the
causeway (Figure 1D), and both species are included in the ERT data at this site.

We established three shore-perpendicular transects (212 to 221 m in length; Table 1)
at each site. The transects (T1, T2, and T3) were spaced ~15 m lateral distance from each
other and extended from the upland border to the creek bank. Each transect bisected
healthy (H), transitional edge (E), and affected dieback (A) condition classes of the marsh.
For clarity, only T2 is shown as yellow lines in Figure 1B-D, as this is the transect from
which the ERT data were collected. A permanent monitoring plot was established for
each condition class (e.g., GC T1A, GC T1E, GC T1H) along each transect at each field
site (green triangles in Figure 1B-D). Field data consisted of (1) real-time kinematic (RTK)
Global Positioning System (GPS) measurements of elevation along each transect for all
sampling dates, (2) standard water quality measurements (temperature, salinity, specific
conductivity) of water from a target depth of 90 cm beneath the marsh from T1 plots for all
sampling dates, and (3) ERT profiles along T2 for bulk resistivity measurements in October
2015 and March 2016.

Table 1. Real-time kinematic summary statistics for transect two at each study site. Transects
were measured from the upland border to the nearest creek, with elevations relative to the North
American Vertical Datum 88. Refer to Figure 1B (Grays Creek), Figure 1C (St. Simons Island), and
Figure 1D (Point Peter). Electrode 0 distance represents the closest point of the resistivity cable to

the creek.
Parameter Grays Creek St. Simons Point Peter

(GO) Island (SSI) (PP)

Minimum Elevation (m) 0.03 —-0.50 —0.48
Maximum Elevation (m) 0.92 1.79 0.98
Elevation Change (m) 0.88 2.28 1.45
Median Elevation (m) 0.72 0.70 0.58
Mean Elevation (m) 0.70 0.74 0.55
Standard Deviation (m) 0.18 0.36 0.28
Transect Length (m) 221 216 212
Electrode 0 Distance to Creek (m) 56 51 47

The nearest weather stations to each field site were Savannah International Airport
(station #USW00003822), located ~19.24 km NW of GC; the Brunswick Malcolm McKinnon
Airport (station #USW000013878), located ~4.67 km ESE of SSI; and Fernandina Beach
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(station #USC00082944), located ~12.22 km SE of PP (Figure 1A). As summarized in Table 2,
the weather stations indicated between 0.4 and 3.0 cm of precipitation in the seven days
prior to ERT profile collection.

Table 2. Total precipitation and average tidal amplitude in the seven days prior to each field
sampling date.

Sample Date Precipitation (cm) Tidal Amplitude (m)
Gray’s Creek (GC)
10/09/2015 1.2 23
03/04/2016 1.7 1.8
St. Simons Island (SST)
10/11/2015 04 1.9
03/06/2016 1.0 1.7
Point Peter (PP)
10/10/2015 3.0 1.7
03/05/2016 0.5 1.5

The National Atmospheric and Oceanic Administration maintains two harmonic tide
stations that bound the northern and southern ends of our field sites. The Fort Pulaski,
Savannah River Entrance (gage #8670870) is located ~12.60 km E of GC, and the Fernandina
Beach, Amelia River (gage #8720030) is located ~11.56 km SE of PP (Figure 1A). Fort Pulaski
experiences a great diurnal range of 2.3 m [23], while Fernandina Beach experiences a 2.0 m
great diurnal range [24]. Based on monthly mean sea level data from 1897 to 2023, the
Fort Pulaski station is registering higher relative sea-level rise (3.61 & 0.27 mm/yr) [25]
compared to the Fernandina Beach station (2.28 £ 0.17 mm/yr) [26]. Georgia marshes
experience mesotidal semidiurnal tides with an average tidal period of 12.4 h and an
average tidal amplitude of ~1.3 m, while spring tides exceed 3.5 m. The average tidal
amplitudes in the week leading up to each ERT field sampling date were typical for
the region, varying between 1.5 and 2.3 m, with GC experiencing larger tidal ampli-
tudes than PP (Table 2). All field sites experienced flooding to the upland border during
high tides.

Investigation of historic high-resolution multispectral orthoimages from 1999 onward
revealed marsh dieback at the GC, SSI, and PP sites starting in 2005, 2003, and 2006,
respectively. However, poor image quality and infrequent image availability precluded
thorough analysis of PP before 2006, except for one image from 2003, which showed no
dieback [27]. Based on the orthoimagery analysis, the field sites have been recovering from
dieback (dieback area shrinking) since 2012 for GC and SSI and since 2006 for PP [27]. Thus,
field sampling at all sites occurred during a phase of dieback recovery.

2.2. Data Collection and Processing

Figure 2 shows the data collection, data processing, and data overlay flowchart. Dur-
ing each field site visit, ground elevations along all transects were surveyed every 5 to
10 m from the marsh upland to the creek bank. A Trimble R8 RTK GPS receiver was used
to collect these data. The RTK data had vertical and horizontal accuracies of 0.020 and
0.0010 m, respectively, and are reported as the root mean square (RMS) error (68% confi-
dence level) [28]. RTK data are in the NAD83 UTM Zone 17 horizontal coordinate system
(EPSG 26917), and elevations are NAVD 88 orthometric heights (in meters) computed using
the National Geodetic Survey GEOID 12A. All RTK data were collected within two hours
of low tide. RTK data are real-time and are not post-processed.
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Field Data Collection Tasks
RTK Data From T2

After Completion

ERT Data From T2
(note plant type and RTK Data From T1
plant presence/absence)

After Set-up After Completion

s

WQ Data From T1 RTK Data From T3

Data Processing and Quality Control

Post-Processing Post-Processing
Necessary Unnecessary
ERT Data WQ Data | [RTK Data

Data Combination

RTK, Plot, and ERT ERT and Plant
Location Overlay Type Overlay
WQ and RTK
Overlay

Figure 2. Flowchart showing field data collection tasks, data processing, and quality control, as
well as data combination tasks to create data overlays (gray boxes) for the real-time kinematic (RTK)
elevation and location information (green boxes), the electrical resistivity tomography (ERT) bulk
resistivity data (blue boxes), and the water quality (WQ) data (yellow boxes).

After RTK measurements were complete (Figure 2), water quality data were collected
from T1 plots (green triangles in Figure 1B-D) within two hours of low tide using a
90 cm long push-point piezometer (MHE Products) coupled to a peristaltic pump (Geotech
Environmental Equipment, Inc., Denver, CO, USA) and measured with a YSI-Xylem EXO1
water quality meter (Table 3). The water quality meter was calibrated to factory-supplied
solutions following manufacturer specifications before each field sampling session. The
metal push-point piezometer has a 5 cm screen length and a 0.5 cm inner diameter. Water
was typically drawn from 90 cm depth but was occasionally drawn from shallower depths
(Table 3) if 90 cm depth yielded inadequate water for measurement. All water quality data
were collected after >500 mL of water (>3 times the piezometer volume) was purged from
the piezometer, and water quality parameters were stabilized.

After RTK data were collected (Figure 2), bulk resistivity was measured concurrently
with water quality data. To avoid interference between metal piezometers and resistivity
measurements, ERT data were collected from T2 (yellow line in Figure 1B-D). To image
bulk resistivity, two-dimensional electrical resistivity profiles were collected during day-
light hours. A stationary eight-channel, 168 m long SuperSting R8/IP Marine Electrical
Resistivity Meter equipped with 56 electrodes spaced 3 m apart (Advanced Geosciences,
Inc., Austin, TX, USA) was used to collect the bulk resistivity data. Before collecting data,
we tested the receiver, relay, and cable to verify optimal equipment functioning. After
equipment checks, the cable was positioned shore perpendicular in a straight line to image
as much of the dieback area as possible, with any remainder of the cable extending toward
the nearest creek. At all sites, the length of the marsh platform exceeded the cable length. A
sandbag was placed atop each electrode to optimize contact resistance. Contact resistance
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checks ensured values were typically below 100 ohm-m. All data were collected using
a dipole-dipole array with a strong gradient to maximize the signal-to-noise ratio. The
dipole-dipole array was selected because of its horizontal and vertical exploration capa-
bilities, ability to resolve near-surface features, and potential to detect lateral resistivity
variations [29,30]. This ERT configuration has a 3.0 m horizontal resolution and a 1.0 m
vertical resolution near the Earth’s surface, increasing to 4.5 m horizontal and 1.5 m vertical
resolution with depth. When time allowed, time-series resistivity profiles were collected
on the same day but at tide conditions ranging from low to high tide. These surveys pro-
vide information about temporal and spatial changes in the marsh platform [18]. We also
recorded the presence or absence of marsh grasses at each electrode. Depression storage of
surface water on the marsh platform was always minimal, as were elevation changes along
the profile.

Table 3. Water quality data for the study sites were organized by plot and sample date. Depth is in
centimeters, and specific conductivity (SPC) is in microsiemens per centimeter. Some plots did not
always yield water and are indicated with “-”.

Sample Date Depth Salinity SPC Depth Salinity SPC Depth Salinity SPC
Grays Creek GCT1A GCTIE GCTiH
11/14/2014 40 37.5 56,329 30 36.3 54,050 30 35.8 54,024
03/20/2015 90 29.0 44,801 90 26.8 41,650 90 30.0 46,206
07/31/2015 90 24.3 38,580 90 23.8 37,590 90 22.2 35,390
10/09/2015 - - - 90 26.9 33,854 90 23.7 32,063
03/04/2016 90 25.2 39,379 90 23.1 36,438 90 22.8 36,118
07/22/2016 90 19.8 31,766 90 19.8 31,820 90 18.5 29,880

St. Simons SSIT1A SSIT1E SSI T1H
11/01/2014 70 35.6 53,867 50 33.7 51,160 30 32.6 49,761
03/21/2015 90 38.3 55,286 60 34.4 51,829 90 36.6 52,648
07/25/2015 90 35.2 53,796 90 27.5 42,830 90 313 48,200
10/11/2015 90 36.0 48,002 - - - - - -
03/06/2016 90 35.9 54,289 - - - - - -
07/24/2016 90 34.1 51,882 60 30.9 47,596 90 28.6 44,410
Point Peter PPT1A PP T1E PP T1H
11/02/2014 40 20.3 32,409 50 15.5 25,282 50 17.0 27,629
03/28/2015 90 26.9 42,665 90 32.2 54,160 90 22.5 35,562
07/26/2015 90 25.0 39,412 90 22.8 36,084 90 18.4 24,773
10/10/2015 - - - 90 22.8 38,115 90 23.0 -
03/05/2016 - - - 90 24.6 38,710 90 22.6 35,721
07/23/2016 - - - 90 21.6 34,300 90 17.3 28,308

All measured apparent resistivity profiles were processed identically using Earth
Imager 2D, which uses Gauss—Newton and quasi-Newton methods (Advanced Geosciences,
Inc.). Inversion parameters were set to default values for smooth inversion and included
data spike removal [31]. The inversion parameters were set to allow no more than seven
model iterations; however, all profiles converged in three iterations. The inversion process
was considered converged when RMS was <6% and L2-norm was less than 1 [31,32].
RMS represents the difference between the calculated and measured apparent resistivity
values [33] in the profile, while L2-norm is a smoothness constraint that measures data
misfit between observed and predicted data [31,32].

3. Results
At the beginning of the study, the median intertidal elevation of the marsh platform
was 0.72, 0.70, and 0.58 m relative to the NAVD 88 for GC, SSI, and PP, respectively (Table 1).

Elevation changes across the platform from the upland border to the creek bank for each
site ranged from 0.88, 2.28, and 1.45 m for GC, SSI, and PP, respectively (Table 1). The
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lowest elevations were near creek banks, where tall S. alterniflora was found, and the highest
elevations were along the upland border. Similar average water salinity existed across the
marsh platform (A, E, and H condition classes) within each site (Figure 3). PP had the least
saline water (range 15.5-32.2, average + standard deviation 22.2 £ 4.3, n = 15), followed by
GC (range 18.5-37.5,26.2 £ 5.8, n = 17), and then SSI (range 27.5 to 38.3, 33.6 + 3.1, n = 14),
as shown in Table 3. Approximate specific conductivities and resistivities for these waters
are also shown in Figure 3.

40 T T T T T T T 60 017
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[ Point Peter H E E —
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E 150 2 10205
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Figure 3. Salinity, approximate specific conductivity, and approximate resistivity of the transect one
(T1) plot at each field site relative to the distance from the creek. Error bars show the range of salinity
values measured quarterly at each plot from November 2014 through July 2016. “H” indicates healthy
plots, “E” indicates transitional edge plots, and “A” indicates affected (dieback) plots.

The ERT cable was placed in the same location along T2 for both collection dates,
and the data collection and inversion parameters were held constant over time. Thus,
changes in resistivity across different sampling times resulted from changes in water
chemistry [18]. The cable straddled the dieback areas at the SSI and PP sites (Figure 4C-F).
The dieback extended beyond the cable length (Figure 4A,B) at GC. The ERT profiles from
all sites showed consistent subsurface characteristics for October and March (Figure 4A-F)
and through ebb-to-flood tide conditions (not shown). During the modeling process, the
electrodes closest to the upland border (horizontal distance = 162 m) at all sites typically
had lower contact resistance than electrodes closer to the creek. All data from all sites
were processed with RMS varying between 3.75 and 5.64% and L2-norm varying between
0.44 and 0.74 (Figure 4A-F). These statistics are well within model acceptance tolerances [19].
All models had low overall resistivities, with PP having the highest maximum resistivity of
8.1 ohm-m (Figure 4E,F), followed by GC at 4.8 ohm-m (Figure 4A,B) and SSI at 2.0 ohm-m
(Figure 4C,D).

Generally speaking, all sites showed consistent resistivity at shallow depths across
each transect regardless of plant species and dieback status (Figure 4A,F). Although the
resistivity scales vary between sites, several generalizations regarding the ERT data can be
made. Bulk resistivity within the top ~0.8 m of the platform (green hues) at all sites was
similar to the bulk resistivity at depths ranging from ~5 to ~6.5 m for GC and PP and from
~5 to ~13 m for SSI (Figure 4A-F). Between ~0.8 and ~5 m depth, bulk resistivity decreased
to its lowest values, indicated by blue hues in Figure 4A-F. Bulk resistivity increased to
its highest values (yellow, orange, and red hues) below ~6.5 m at the GC and PP sites and
below ~13 m at the SSI site (Figure 4A-F).
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Figure 4. Bulk electrical resistivity results for Gray’s Creek (GC) on (A) 9 October 2015 and (B) 4 March
2016; for St. Simons Island (SSI) on (C) 11 October 2015 and (D) 6 March 2016; and for Point Peter
(PP) on (E) 10 October 2015 and (F) 5 March 2016. For all panels, the x-axis shows the distance
across the marsh platform, with a distance of 0 m closest to the creek bank (but not at the creek bank)
and a distance of 162 m at the upland border. The y-axis shows depth. All panels are displayed
with a 0.85 vertical exaggeration with mean sea level (MSL) indicated on the x-axis of each panel.
Model convergence parameters, including iterations, root mean square (RMS) error, and L2-norm,
are shown in each panel. The coloration is a nonlinear electrical resistivity scale (ohm-m), which
varies by site and was selected to maximize the resistivity scale for each location. Red hues represent
higher bulk resistivity and lower conductivity compared to blue hues, which represent lower bulk
resistivity and higher conductivity. Plant coverage is also shown along the x-axis, with the shorter
light green plants representing Spartina alterniflora, the taller dark green plants representing Juncus
roemerianus, and marsh dieback areas shown with no plant coverage. All panels correspond to low
or nearly low tide conditions, as shown on the tidal stage insets. The tidal stage inset shows the
time of day (M = Midnight and N = Noon) and tidal height (m) relative to mean lower low water
(note, the y-axis scale changes from inset to inset). Tide data for GC were compiled from the Fort
Pulaski station (#8670870), while tide data from SSI and PP were compiled from the Fernandina Beach
station (#8720030).
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4. Discussion

ERT models produce non-unique solutions from inherent limitations in the inversion
process, which relies on a finite number of electrodes [30]. This characteristic allows for
multiple resistivity models that fit the observed data while adhering to data accuracy
constraints [34]. Additionally, as data density decreases with increasing depth, the potential
for alternative solutions increases, further reducing model constraints, particularly at
depth [32,35]. While the horizontal and vertical resolution of the ERT method smooths and
averages the resistivity signal, the data nevertheless suggest a coherent interpretation of
the shallow hydrostratigraphy beneath all three marsh platforms.

For all sites, the ERT data suggest a hydrostratigraphic sequence starting with a layer of
low permeability unsaturated mud and peat from the surface down to ~0.8 m depth, shown
as green hues in Figure 4A-F. Biological processes such as root growth, organic matter
decomposition, and fiddler crab burrows occur within this unsaturated zone [14,36]. At
shallow depths, Hemond and Fifield [37] hypothesized that evapotranspiration could lead
to a cascade of events, including air entry into shallow marsh muds through crab burrows
and old root channels. Dense mats of S. alterniflora roots, rhizomes, and aerenchyma
modify the physical structure of the shallow subsurface and contribute to an environment
conducive to air trapping and enhanced aeration [38]. Li et al. [39] also demonstrated
that during inundation, air can become trapped in finer marsh soils, such as silt and clay.
Xin et al. [40] further suggested that crab burrows can increase water flow and enhance
aeration. Enhanced aeration, trapped air, and root networks act as insulators, increasing
bulk resistivity compared to saturated materials [41]. The bulk resistivities at <0.8 m
depth observed across each platform at all three field sites (green hues in Figure 4A-F) are
consistent with these hypotheses.

Below the unsaturated zone, the marsh hydrostratigraphic sequence at all sites indi-
cated a resistivity change at ~0.8 m depth, transitioning to the lowest measured resistivity
values (0.2 to 0.4 ohm-m), represented by blue hues in Figure 4A-F. We interpret this
change as the top of the water table, which is located near the Earth’s surface, where the
ERT resolution is higher due to the greater density of current paths. Although this depth
is shallower than the vertical resolution of the ERT data, this interpretation is supported
by field measurements from piezometers, which consistently yielded water from depths
of 0.9 m and occasionally shallower (Table 3). These measurements also align with the
expected location of the water table, which fluctuates around the mean sea level (MSL;
Figure 4A-F). Both the piezometer data and the alignment with MSL provide ground-truth
validation for the resistivity interpretation.

Since water is conductive, its presence reduces bulk resistivity. Consequently, the low-
est resistivity values indicate marsh muds or mud-sand mixtures saturated with brackish
water or saltwater [42] at ~0.8 m depth. The lower salinities observed at PP are consistent
with its higher resistivity values compared to the other sites (Table 1). These findings align
with previous studies, where resistivity values below 2.5 ohm-m typically indicate marine
sediments saturated with seawater, while higher resistivity values suggest marine sedi-
ments saturated with brackish or freshwater [43]. The ERT data suggest that this saturated
zone forms a continuous, unconfined aquifer in marsh muds at all sites (Figure 4A-F).
During site visits, water extracted from the piezometer was often mixed with air. We do
now know the definitive source of the air; however, possibilities include air trapped in the
marsh during flooding [37-39], biogenic gas [44], or air resulting from reduced inflow rates
during sampling. As expected, given the distance from the creek, no slope of the water
table toward the creek bank was observed, as each profile was collected at least 47 m from
the nearest creek (Table 1).
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Below ~5 m depth, each site exhibited a gradual increase in resistivity represented
by green, then yellow, orange, and finally red hues. This pattern suggests that, with
increasing depth, salty water may gradually change to brackish water, that sandy materials
associated with a confined aquifer may become more prevalent, and that greater sediment
compaction decreased porosity [42]. At greater depths, Harvey et al. [45] hypothesize
that fine decomposed organic matter could fill pore spaces within sandy strata, reducing
porosity. As resistivity is inversely related to porosity and the conductivity of the fluids [42],
this reduction in porosity would result in increased resistivity. The observed pattern of
increasing resistivity with depth (Figure 4A-F) aligns with this hypothesis. Additionally,
the consistently low bulk resistivity values (max of 8.1 ohm-m) across all sites suggest that
brackish water is likely present at depth at each site [42], with PP being the least saline site
(Figure 3).

The ERT data provide valuable insights, but overlapping resistivity ranges and the
absence of sediment core data reduce the interpretability of bulk resistivity in the deeper
sections of the salt marshes. Nevertheless, the typical stratigraphy of marshes in the
southeastern United States often consists of 1 to 4 m of fine-grained marsh mud overlying
sandy layers, of which all materials are Quaternary in age [4,14,46-50]. These sandy layers
are frequently relict beach ridge deposits or sandy tidal channel deposits [47]. They function
as confined aquifers and serve as conduits for groundwater flow from upland marsh areas
to tidal creeks [45,49].

At the SSI site (Figure 4C,D), a notable resistivity feature is characterized by light green
hues. This feature extends 9 m horizontally, between 60 and 69 m horizontal distance, and
vertically from a depth of 4.9 to 14.7 m (approximately 10 m tall). This feature is positioned
beneath the dieback-affected area of the marsh but does not connect to any distinguishing
characteristic on the marsh surface (Figure 1C). The exact nature of this feature remains
inconclusive without additional data. This feature also connects to a shallower, higher-
resistivity zone, indicated by yellow and orange hues, that is located at horizontal distances
of 15 to 60 m and depths of 6 to 10 m. This shallower feature may represent a higher per-
meability zone that facilitates water movement beneath the marsh toward the creek. Such
a zone could consist of a sandy layer interspersed within the presumably predominantly
fine-grained muddy substrate. Alternatively, this feature may be associated with higher
resistivity less-saline water movement, a plausible interpretation if the stratigraphy consists
predominantly of homogeneous fine-grained materials. Additionally, the ERT data from
the SSI site suggest the presence of a brackish lens at the upland border between horizontal
distances of 156 to 162 m and depths of 0 and 5 m (Figure 4C,D). This lens is depicted by
yellow and orange hues (Figure 4C,D). A recently installed 90 cm deep well at the upland
border yielded water with an average salinity of 3.7, supporting the growth of B. frutescens,
a species that prefers fresher water environments [51]. However, we cannot rule out that
this resistivity feature could be related to fill material associated with the adjacent EJ. Torras
Causeway. The causeway directly abuts the upland border plots, which are outside of the
scope of this study and are not shown in Figure 1C. Notably, both the vertical conduit and
upland border resistivity features are absent from the GC and PP sites.

At the PP site, a ~1 m wide, shallow creek is located between horizontal distances of
147 and 150 m (Figures 1D and 4E,F). Although this creek held water at low tide during
data collection, it is not visible in the ERT profiles. Another small creek was forming
between horizontal distances of 78 and 84 m (Figure 1D), but this creek also does not
appear in the ERT data (Figure 4E,F). Additionally, J. roemerianus was present in the ERT
profile between horizontal distances of 99 and 129 m (Figure 1D); however, there was
no detectable difference in the hydrostratigraphy beneath J. roemerianus compared to
S. alterniflora (Figure 4E,F). The ERT profiles reveal the highest overall resistivity (8.1 ohm-m)
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at the PP field site, suggesting the presence of less saline groundwater compared to GC and
SSI. This result aligns with the presence of a large stand of J. roemerianus, which typically
indicates systems with fresher water conditions [52].

Our sampling protocol involved collecting water quality data along T1 and ERT data
along T2. This approach created a limitation for data interpretation because the shallow
ground truth measurements (Table 3) were not collected directly underneath the cable.
However, average salinities for all condition classes at each field site were not significantly
different (repeated measures ANOVA, F2,40 = 0.611, p = 0.574; Figure 3), suggesting similar
water quality parameters across the platform of the marsh through time. Thibodeau [53]
also found little variation in the salinity spatial pattern over time at a marsh site in South
Carolina. Several studies [53-55] found lower salinities in their respective salt marsh field
sites during the winter months when rainfall was higher and evapotranspiration rates were
lower compared to summer months. Except for PP (Table 3), our field data do not suggest
a similar relationship (repeated measures ANOVA, F1,34 = 0.044, p = 0.845), though there
was a significant interaction between site and season (p = 0.00108). However, note that our
sampling protocol was limited to one data point seasonally for only two years, making
statistical inferences difficult.

Flooding of the marsh platform during tidal inundation is the dominant driver of the
saturation state [56], and therefore, groundwater resistivity changes. Thus, it is unsurprising
that the precipitation (Table 2) prior to collecting ERT profiles did not noticeably impact
the bulk resistivity measurements. The bulk resistivity at depth also remained similar
at each field site over time. This is likely due to the predictable tidal flooding regime
at the field sites, which creates predictable groundwater flow regimes [57]. The ERT
data also show little variation across seasons, suggesting that seasonal changes do not
greatly impact the groundwater conductivity at any of the study sites. Collectively, the
frequent and dominant tidal flushing signature of the platform might obscure any such
relationships if they exist. Alternatively, while the ERT profiles image relatively deep
beneath the marsh platform, the observed similarities may suggest that, at the horizontal
and vertical resolution of the ERT data, the data are insufficient to detect changes in soil
aeration conditions. This limitation includes macroporosity from crab burrows and roots,
as well as crab burrow density. Furthermore, the ERT data are insufficient to detect changes
in water conductivity resulting from evapotranspiration in the root zone, as observed by
field researchers [37,58]. Alternatively, such signatures may be masked by the tidal signal,
as suggested by Thibodeau [53].

The ERT data across the marsh platform were similar beneath all three vegetation
condition classes (dieback, affected, and healthy; Figure 4A-F). Furthermore, we detected
no changes to the shallow hydrostratigraphy as the marsh vegetation began recolonizing
the dieback areas during the period of dieback recovery between the October 2015 and
March 2016 ERT collection dates (Figure 4A-F). Additionally, changes in vegetation type or
marsh dieback and recovery status do not appear to be affected by depth to groundwater.
However, any potential relationships between initial dieback and resistivity would have
been missed as our sampling occurred well after the onset of dieback.

We found that vegetation species followed a general zonation pattern across the topo-
graphical gradient from low to high marsh. Observed plant distributions corresponded
to those previously described [59] for Southeastern salt marshes with tall S. alterniflora
at lower elevations and J. roemerianus and B. frutescens at higher elevations. McKee and
Patrick [60] found that species elevations can vary widely among salt marshes, making
elevation comparisons difficult between marsh sites. The mean RTK elevation and range
for each site correspond with previous observations in Georgia salt marshes [61,62]. How-
ever, despite the elevation difference among the studied marsh sites, we did not detect
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corresponding changes in bulk resistivity, suggesting that elevation may not influence
resistivity patterns.

ERT profiles show similar bulk resistivities across different tidal heights at each field
site, suggesting that the profiles were collected too far from the creek to detect tidally driven
groundwater flow or depth to any mud/sand contact at the creek bank. The cable was
positioned 56, 51, and 47 m from the low tide line of the creek at GC, SSI, and PP, respectively
(Table 1). Several studies have modeled [48,56,57,63] or measured [64,65] groundwater
flow and tidal signal propagation from the creek for various marsh geometries in the
southeastern United States. Except for storm-driven groundwater flow [48], these studies
generally agree that groundwater flow typically occurs within 2 to 15 m of the creek, and
tidal signal propagation into the marsh platform rarely exceeds 35 m from the creek. Thus,
the ERT results align with previously published models and field data.

Finally, the deployment of the ERT cable on the marsh had ecological consequences.
Despite our efforts to minimize disturbance, the process left a visible path through the
marsh due to the large crew required to deploy the equipment. This resulted in unintended
damage to vegetation and soil structure. Based on our experience and the consistent ERT
results obtained at each field site, we recommend conducting only one ERT survey at any
given marsh site with the smallest crew possible to minimize ecological impact.

5. Conclusions

This study used multichannel ERT surveys to identify subsurface resistivity patterns
beneath three salt marshes. The results for all sites suggest typical marsh hydrostratigraphy
consisting of unsaturated mud and peat overlying an unconfined muddy aquifer saturated
with saltwater. There is minimal evidence of freshwater influence. We established that the
ERT data reveal consistent subsurface resistivity patterns across seasons and tidal flooding.
Bulk resistivity patterns were similar under S. alterniflora and J. roemerianus. Further, all
three marsh vegetation condition classes (healthy, affected, dieback) showed similar bulk
resistivity patterns. Vegetation status, seasonal changes, and tidal variation had minimal in-
fluence on water depth or chemistry, suggesting that tidal flooding predominantly governs
shallow subsurface dynamics in these marshes. Our findings suggest that the processes
driving the recovery of marsh dieback are independent of the shallow marsh stratigraphy.
These findings contribute to a better understanding of salt marsh subsurface conditions
and the role they play in marsh resilience and dieback recovery, informing future studies
on the hydrological factors influencing marsh health.
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