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Highlights

= Airborne electromagnetic (AEM) surveys delineate salinity for wetlands and aquifers.

» AEM data reveals saltwater intrusion to aquifers from deep depths and the Gulf.

Dramatic changes in AEM-inferred salinity suggest the presence of faults.

AEM data reveals seawater intrusion into the Mississippi and Atchafalaya Rivers.
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Abstract

Coastal Louisiana is known for saltwater intrusion that threatens wetlands, aquifers, and
rivers. However, the extent of saltwater intrusion is not well understood. This study develops an
innovative framework with airborne electromagnetic (AEM) data to map chloride concentration
distributions for wetlands in the Mississippi River deltaic plain and Chenier plain as well as for
the Mississippi River Valley alluvial aquifer (MRVA) and Chicot aquifer. Moreover, the
framework maps chloride concentrations along the Mississippi River and Atchafalaya River. Key
components in the framework include the establishment of resistivity-to-chloride concentration
transformation, 3D resistivity architecture building through geostatistics, and the employment of
a lithologic model. The transformation functions correlate AEM resistivity data with porewater
salinity measurements and groundwater and river chloride samples. The results show that AEM
data reliably infers soil water chloride concentrations and correlates well with the distribution of
various marsh types. AEM data reveals extensive saltwater presence at depth and near the coast,
originating from salt domes and the Gulf of Mexico, respectively. The saltwater upconing pattern
in the Chicot aquifer is likely due to excessive groundwater withdrawals. The AEM data also
confirms a distinct tongue of saltwater intruding into the Atchafalaya Basin from the Gulf. The
AEM data helps to identify faults that are obscured or eroded at the surface, which appear as leaky
barriers in the subsurface where dramatic changes in chloride concentration are apparent. Finally,
this study uses the AEM data to infer the presence of an extensive seawater wedge in the
Mississippi River and Atchafalaya River.

Keywords: Airborne electromagnetic survey, saltwater intrusion, wetland, aquifer, river, fault.
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1. Introduction

Over one-third of the world’s population lives within 100 km of the coast (Reimann et al.,
2023), highlighting the importance of coastal wetlands and groundwater resource protection.
Coastal areas worldwide experience dynamic interactions between freshwater and saltwater
(Goebel et al., 2019). Salinity is an important factor in structuring coastal wetland communities
and influencing biogeochemical pathways (Baustian et al., 2017; Craft et al., 2009). However,
seawater intrusion and changes in salinity due to sea level rise and land subsidence can diminish
freshwater marshes (Li et al., 2018; Neubauer et al., 2013).

The intrusion of saltwater into coastal aquifers is becoming more challenging for coastal
communities worldwide, affecting drinking water supply, crop irrigation, and industries. Coastal
aquifers are vulnerable to atmospheric climate change and sea-level rise because both potentially
impact saltwater intrusion (Rasmussen et al., 2013). Over-pumping of freshwater can exacerbate
saltwater intrusion as pumping reduces the natural hydraulic gradient to the sea which can cause
the saltwater-freshwater interface to move inland (Klassen & Allen, 2017; Panthi et al., 2022).
Also, over-pumping can lead to upconing of deep saline waters to shallower aquifers (Jasechko et
al., 2020; Panthi et al., 2022). Top-down seawater intrusion can occur in coastal zones due to
tsunamis, storm surges, extreme high tides, high-amplitude waves, or a combination of these
factors (Bilskie et al., 2014).

Coastal Louisiana's groundwater salinization is influenced by seawater from the gulf and
paleo saltwater from salt domes and is interrupted by fault systems. The fault systems, including
the Tepetate-Baton Rouge fault system, can function as conduits and barriers (Bense & Person,
2006) and disrupt saltwater movement across fault planes (Elshall et al., 2013; Pham and Tsai

2017). Paleo saltwater dissolved from salt domes (Beckman & Williamson, 1990) is the major
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source of salt present at deep depths. Pumping activities in the coastal region can exacerbate paleo
saltwater upconing into shallow depths.

Mapping and monitoring the subsurface distribution of salinity is imperative for managing
coastal wetlands and groundwater resources. Traditional salinity mapping is accomplished through
water sample collection. However, water samples are often sparse, except for a few relatively small
and highly characterized areas (Schiavo et al., 2023). Sparse data and limited coverage often result
in higher uncertainty in maps of salinity. However, airborne electromagnetic (AEM) surveying has
the potential to expand limited salinity measurements into large-scale saltwater plume delineation,
shifting from borehole-based to regionally distributed information. AEM, as a geophysical
technique, is useful for developing subsurface models that accurately delineate the distribution of
aquifers and aquitards, saltwater and freshwater interfaces, and geological structures that influence
groundwater flow (Jgrgensen et al., 2012). AEM provides a measure of subsurface electrical
resistivity, which is highly sensitive to changes in pore fluid salinity and is an effective way to
map groundwater salinity. The first successful application of AEM surveys to map saline areas
was in the late 1970s (Sengpiel and Meiser, 1981). Since then, AEM has proven to be highly
effective in visualizing the subsurface and extensively exploring and assessing saltwater intrusion
in coastal areas (Goebel et al., 2019; Gottschalk et al., 2020). AEM has increasingly been used as
a tool for characterizing the subsurface because it is rapid, non-invasive, and cost-effective,
especially when mapping salinity over large areas (Attia and Tsai, 2024a). Compared to more
standard EM approaches, such as terrestrial above-ground surveys or down-well logging, AEM
provides broader spatial coverage and does not require direct ground access, making it particularly
advantageous for mapping salinity in remote or inaccessible areas. Nevertheless, standard EM

methods can provide high-resolution data at specific locations.
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Relying solely on the measurement of electrical resistivity to indicate water salinity can be
misleading and challenging. The electrical resistivity of subsurface materials is influenced not only
by water salinity, but also by the texture and minerals of sediments, and the volume of water
present (Gottschalk et al., 2020). For instance, clay-rich sediments and saltwater have lower
resistivity (high conductivity) values than coarse-grained or freshwater counterparts (Attia and
Tsai, 2024a). This underscores the importance of mapping subsurface lithology to distinguish
saline aquifers from aquitards to determine the relationship between AEM resistivity and salinity.

The challenges of mapping salinity are further compounded when considering the
interactions between groundwater and surface water, particularly in riverine environments (Lane
et al., 2020). The physical structure and permeability of riverbeds play a crucial role in
groundwater/surface water (GW/SW) exchanges, which significantly affect water quality
(Bianchin et al., 2011; Boano et al., 2014). Waterborne and airborne electromagnetic mapping
techniques have demonstrated effectiveness in assessing salinity in surface waters (Hatch et al.,
2010; Paine et al., 2009). These methods offer rapid and extensive coverage, making them superior
to traditional sampling approaches that are often impractical on large scales (Kalbus et al., 2006;
Briggs et al., 2019).

The objective of this study is to investigate the salinity distribution in Louisiana’s coastal
zone. The novelty of this study lies in the integration of AEM data along with water quality data
and lithologic modeling to comprehensively estimate salinity in wetlands, aquifers, and rivers,
which has not been previously achieved at this scale. The results map salinity conditions for the
coastal wetlands in the Mississippi River deltaic plain and Chenier plain, and also for the
Mississippi River Valley alluvial aquifer and Chicot aquifer. In addition, this study delineates the

seawater wedges in the Mississippi River and Atchafalaya River and infers fault traces as leaky
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barriers. This study advances the understanding of coastal salinization by providing detailed 3D
salinity mapping, a significant improvement over previous methods that have been limited in

spatial resolution and integration of diverse data sources.

2. Study Area: Louisiana’s Coastal Zone

The study area is in south Louisiana, adjacent to the Gulf of Mexico. The study area covers
63,457 km? and comprises 27 parishes as shown in Fig. 1. The major Holocene landforms include
the Mississippi River deltaic plain, the Chenier plain, and the Atchafalaya Basin. Within the study
area, Pleistocene deposits are exposed at the surface in southwestern Louisiana. The Mississippi
River deltaic plain is located along the eastern shoreline, where the coastal morphology is a product
of sediment deposition. It is also the present location of the Mississippi River Delta (Oliver-
Cabrera & Wdowinski, 2016). The late Holocene Chenier plain is located along the western part
of the shoreline, where the coastline’s morphology consists of wooded beach ridges and mudflats
covered by swamps and marshes (McBride et al., 2007). The Atchafalaya Basin contains the
Atchafalaya River and covers the southernmost part of the Mississippi Alluvial Plain (Ladd and
Travers, 2019). The groundwater dynamics from 2004-2021 in the study area was studied,
including the MRV A and the Chicot aquifer, through a statewide 3D high-resolution groundwater
flow model developed by Yang et al. (2023). Groundwater levels are generally near the land
surface in the low-lying wetlands and several meters below the land surface in the heavily pumped
areas in southwest Louisiana. In other words, the vadose zone in the coastal Louisiana is limited.
The groundwater model aids this study in understanding the connections between saltwater

intrusion and groundwater levels.
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2.1. Wetlands and Salinization Impact

Louisiana’s coastal wetlands cover 40% of the U.S. coastal wetlands, extending 130 km
inland and 300 km along the coast and encompassing around 37,780 km? of lowland plains, deltaic
lobes, and open water (Couvillion et al., 2017). These wetlands provide crucial ecosystem services
such as wildlife habitat, storm protection, flood control, water storage, erosion reduction, carbon
sequestration, fisheries support, water quality improvement, and recreational opportunities
(Barbier et al., 2011; Oliver-Cabrera & Wdowinski, 2016). Vegetation varies with salinity
conditions and includes salt, brackish, intermediate, and freshwater marshes, as well as swamps in
freshwater zones (Nyman et al. 2022; Oliver-Cabrera & Wdowinski, 2016).

Louisiana's coastal wetlands are among the nation's most fragile ecosystems due to sea
level rise, subsidence, seawater intrusion, and infrastructure development. Louisiana coastal
wetlands lost about 25% of their land area from 1932 to 2016 (Couvillion et al., 2017). Increasing
salinity from saltwater intrusion has led to wetland change and loss, with saline marshes expanding
inland and fresh/brackish marshes contracting. Reduced sediment delivery and saltwater exposure

make these wetlands less capable of combating sea level rise.

2.2. Aquifers and Saltwater Presence

Fresh groundwater in the study area mainly exists in the two regional hydrogeologic units:
the Mississippi River Valley alluvial aquifer (MRVA) and the Chicot aquifer. The MRV A extends
from south Illinois down to the Gulf (Ladd & Travers, 2019), overlain by a surficial confining unit.
The MRVA in Louisiana is often referred to as the Mississippi River alluvial aquifer, which
underlies the Atchafalaya Basin and the western part of the deltaic plain. The Chicot aquifer

contains thick sand and gravel deposits of Pleistocene and consists of sands interbedded with clays
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or sands separated by extensive confining units (Lindaman, 2023). The major freshwater aquifer
in the study area is the Chicot aquifer in southwest Louisiana (Pleistocene deposits), which is
designated as a Sole Source Aquifer (USEPA 2024). The Chicot aquifer includes the lower and
upper parts of the Chicot aquifer in the east, the “200-foot”, “500-foot” and “700-foot” sands in
the west, and the thick undifferentiated sand in the center (Lindaman, 2023; Yang et al., 2024).
Chicot aquifer is the most heavily pumped aquifer in Louisiana primarily for rice irrigation and
industrial use. Significant drawdowns lead to saltwater upconing and encroachment toward
pumping wells (Borrok & Broussard, 2016; Lovelace et al., 2004). Rice can become vulnerable to

elevated chloride concentrations of irrigated water.

2.3.  Salt Deposits

Saltwater is present at depth near the Chicot aquifer base (Lovelace, 1999) and is highly
correlated with relatively shallow salt diapirs (Fig. 1 for locations of salt domes). The top depth of
salt domes in the study area ranges from 2 to 5,100 meters. 25% of the domes are located at depths
less than 400 meters. Additionally, 75% of the domes are at depths shallower than 3,000 meters.
Salt deposits began forming during the Jurassic Period (O’Leary & Gottardi, 2020). Evaporation
of saltwater left behind extensive Oxfordian salt deposits. Then, salt domes were formed from the
plastic flow of deeply buried salt deposits due to sediment loading, growing as sediments
accumulated around them (Williamson & Grubb, 2001). The dissolution of these domes
contributes to concentrated brine water in deeper geological formations near the domes

(Williamson & Grubb, 2001) and may become the major source of saltwater in the Chicot aquifer.
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24. Faults

Faults in south Louisiana (Fig. 1) are listric faults (Hanor, 1982). Fault offsets typically
increase with depth and influence salinity distribution. The Tepetate-Baton Rouge fault system is
the most distinct fault system, consisting of a series of faults trending east-west along the northern
margin of the south Louisiana salt dome basin (Hanor, 1982; McCulloh & Heinrich, 2013). The
fault system acts as a leaky barrier to lateral fluid migration and salinization (Elshall et al., 2013;
Pham and Tsai 2017). Moreover, fault movement has been recognized as a significant factor in

coastal plain subsidence and land loss (Roberts et al., 2008).

3. Data Sources

3.1.  Soil Porewater Chloride Concentrations

Soil water chloride data were collected from the Coastwide Reference Monitoring System
(CRMS) of the Louisiana Coastal Protection and Restoration Authority (CPRA). Implemented in
2003 under the Coastal Wetlands Planning, Protection, and Restoration Act (CWPPRA), the
CRMS comprises a network of 392 monitoring sites spreading along Louisiana’s coast (Cretini et
al., 2011). 346 CRMS stations are within the study area shown in Fig. 2. CRMS porewater samples
are extracted within a depth of 30 cm to assess the root zone salinity. Soil water chloride

concentrations vary between 55 mg/L and 16,700 mg/L.

3.2. Wells and Streamgages Chloride Concentrations
Well locations and streamgages with chloride measurements are shown in Fig. 2. Chloride
data in aquifers was collected from 2,110 water wells, and chloride data in river water was

collected from 46 streamgages along the Mississippi River and 22 streamgages along the

10



202

203

204

205

206

207

208

209

210

211

212

213

214

215

216

217

218

219

220

221

222

223

224

Atchafalaya River through the USGS National Water Information System (NWIS). Chloride
concentrations in aquifers vary between 1 mg/L and 7,100 mg/L. The chloride concentration from
Mississippi River streamgages ranges from 0.3 to 17,500 mg/L. Chloride concentration from
Atchafalaya River ranges from 0.3 to 860 mg/L. High groundwater chloride values are observed
in the Atchafalaya Basin (more than 800 mg/L). For the Mississippi River, seawater intrusion has
been observed up to the streamgage at 92 km (river mile 57) from the river mouth. On the other

hand, seawater intrusion in the Atchafalaya River is not as extensive as the Mississippi River.

3.3. AEM Resistivity Data

AEM resistivity data were obtained from Hoogenboom et al. (2023) as shown in Fig. 3.
The total flight lines in the model domain are about 14,000 km, including flight lines along the
Mississippi River and Atchafalaya River. USGS conducted an AEM survey using a fixed-wing
time-domain electromagnetic instrument (TEMPEST) from September 2021 to January 2022 as
part of a larger data collection effort that extends earlier surveys of the Lower Mississippi River
Valley (Minsley et al., 2021). The AEM data provides information on electrical resistivity up to a
depth of about 300 m. However, the depth of investigation (DOI) is lower in less resistive areas
where groundwater salinity is elevated. In this study, the model base is set to 240 m below the
North American Vertical Datum of 1988 (NAVD 88) and uses AEM resistivity values up to the
DOI. This depth covers the entire MRV A and most parts of the Chicot aquifer in the vertical
direction.

Collocated chloride data and AEM resistivity data within a 75-meter radius are shown in
the upper-right inset figure in Fig. 3 for CRMS stations, water wells, and streamgages. There are

17, 62, and 69 collocated locations for CRMS stations, water quality wells, and streamgages,

11
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respectively. These data were used to build transformation functions between AEM resistivity and

chloride concentration in the following section.

4. Methodology

We propose an integrated approach based on Attia & Tsai (2024b) to estimate salinity in
south Louisiana using AEM resistivity data, soil porewater salinity, well water quality data, river
water quality data, and a lithologic model. The methods and the workflow are shown in Fig. 4. A
lithologic model for the MRV A and Chicot aquifer in the study area was derived from Yang et al.
(2024). The collocated data established the relationship between chloride concentration and AEM
resistivity in coastal wetlands and aquifers. An ordinary kriging method was used to derive a 3D
resistivity model. Finally, chloride concentrations were estimated through the resistivity-to-
chloride concertation transformation functions. The 3D resistivity model was constructed on the
USGS 1-km National Hydrogeologic Grid (NHG) (Clark et al., 2018). This integrated approach is
able to differentiate saline water and aquitard (clay) as both exhibit low resistivity values. Details

of these methods are presented below.

4.1. Lithologic and Resistivity Modeling

This study adopted the 3D high-resolution lithologic model (Yang et al., 2024) for the
AEM resistivity data analysis. The Louisiana lithologic model was developed using more than
4,500 wireline geophysical logs and over 104,000 drillers logs to construct 15 hydrogeologic units,
including the MRVA and the Chicot aquifer.

The horizon-assisted modeling approach (Yang et al., 2024) was adopted to construct a

resistivity model that follows the bedding surfaces of MRVA and Chicot aquifer. For resistivity

12
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modeling, the horizon-assisted modeling method comprises three main steps: (1) transforming
AEM resistivity data into a non-dipping domain through horizon restoration; (2) generating 3D
resistivity models in the non-dipping domain. The domain transformation allows 3D resistivity
modeling by correlating transformed resistivity data in the horizontal direction; and (3) reverting
the 3D models from the non-dipping domain to the original model domain. The horizon-assisted
modeling method is efficient in producing regional-scale subsurface models that condition on dip-
varying bedding surfaces. Readers are referred to Yang et al. (2024) for technical details about the
horizon-assisted modeling method.

In the non-dipping domain, the resistivity model is constructed by the ordinary kriging
method on a stack of 2D layers to produce a 3D model. We applied the ordinary kriging method
for 291 layers with 1-meter vertical intervals. Each layer has 63,457 horizontal NHG cells. The
3D resistivity model was completed using parallel computing on a supercomputer at Louisiana

State University to tackle computational challenges.

4.2. AEM Resistivity-to-Chloride Concentration Transformation
The scatter plot of nearly collocated mean soil water chloride concentration against AEM
resistivity values for the top 2-m soil in wetlands is shown in Fig. 5a. 416 soil water samples from
17 collocated CRMS stations in 2021 are shown in inset Fig. 3. The soil water samples have
chloride concentrations between 50 to 5000 mg/L. The best-fit power law for coastal wetland
salinity is obtained
R =86.72 Clytiana (1)

where Cl is the chloride concentration (mg/L) and R is the AEM resistivity (ohm.m).
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Once coastal wetland salinity is mapped based on equation (1), vegetation type of marshes
can be estimated by different ranges of chloride concentration (Carruthers et al., 2023): for
freshwater marshes, less than 277 mg/L (greater than 4.4 ohm.m); for intermediate marshes, 277
— 2767 mg/L (1.3 — 4.4 ohm.m); for brackish marshes, 2767 — 9963 mg/L (0.7 — 1.3 ohm.m);
and for saline marshes, greater than 9963 mg/L (less than 0.7 ohm.m).

Similarly, the scatter plot of nearly collocated mean groundwater chloride concentration
vs. AEM resistivity values for MRV A and Chicot aquifer is shown in Fig. 5b. The best-fit power
law for salinity in aquifers is

R = 86.49C1; %374 (2)

aquifer

The chloride concentration in MRVA and Chicot aquifer can be estimated from equation
(2). AEM resistivity greater than 10.97 ohm.m corresponds to chloride concentration less than 250
mg/L for freshwater aquifers. The U.S. Environmental Protection Agency has the secondary
maximum contaminant level (MCL) of 250 mg/L for chloride in drinking water. Brackish
groundwater generally has a dissolved-solids content greater than freshwater but less than
seawater. Based on the USGS chloride concentration range between 500 and 5,000 mg/L
(corresponding to dissolved solids at concentrations between 1,000 and 10,000 mg/L) for brackish
groundwater (Stanton et al., 2017), the AEM resistivity value of 8.46 ohm.m is chosen to be the
upper bound for brackish groundwater. AEM resistivity values between those two ranges indicate
a transition from fresh groundwater and brackish groundwater. Delineating sand facies from the
lithofacies model in advance using a large amount of borehole data (Yang et al. 2024) can
significantly decrease the confusion on being clay facies or saltwater sand for low resistivity

values.
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It is noted that correlating chloride samples from water wells collected over decades with
recently collected AEM interval resistivity data can be challenging because of different spatial and
temporal resolutions. However, this approach can at least provide a general picture of 3D
subsurface salinity distribution. The Chicot aquifer and MRVA are heavily pumped mainly for
irrigation purposes, and salinity is likely to increase over the years. If an area showed high chloride
concentration in the past, the area is likely to have high chloride concentration today.

Lastly, this study utilized the chloride concentration and specific conductance data from
USGS streamgages of the Mississippi River and the Atchafalaya River to develop a resistivity-to-
chloride concentration transformation function for river water (Fig. 5¢) as follows.

R = 2929(Clyjyer + 112.8) 71 for R < 20 ohm. m 3)
R =673Cl;t,, forR=200ohm.m 4)

This study applied equations (1)-(4) to transform airborne water resistivity to chloride
concentration for the wetlands, aquifers, and rivers. The uncertainty of using equation (1)-(2) to
estimate logarithm of R (log(R)) is represented by their corresponding standard deviation of the
log(R) residuals, which is 0.58 and 0.98, respectively. For rivers, the uncertainty of using equations
(3)-(4) is represented by the standard deviation of the log(R) residuals, which is 0.06 for R < 20
ohm.m and is 0.08 for R > 20 ohm.m. The relatively high uncertainty for aquifers is expected
because of large study areas and local lithological heterogeneity. The relatively low uncertainty

for rivers is due to only the presence of water with minimal influence from suspended sediment.
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5. Results and Discussions

5.1. Salinity Distribution in Coastal Wetlands

The surficial AEM resistivity distribution for the top 2 meters shown in Fig. 6a indicates
the presence of extensive saline water (low resistivity) in the Chenier plain and the Mississippi
River deltaic plain. The AEM data also shows distinct freshwater (high resistivity) in the
Mississippi River and the Atchafalaya River discharging to the Gulf of Mexico. The resistivity-to-
chloride concentration formula in equation (1) enables the estimation of chloride concentration
(mg/L) distribution for the coastal wetlands shown in Fig. 6b. Using the salinity ranges in
Carruthers et al. (2023), Fig. 6¢ shows the estimated vegetation type distribution, which is similar
to that in Nyman et al. (2022).

The strong correlation between the AEM resistivity-chloride concentration and the
vegetation type data (Nyman et al., 2022) in the coastal wetland is shown in Fig. 7. Nyman et al.
(2022) mapped Louisiana's coastal marsh vegetation using a helicopter survey in 2021 to identify
plant species and marsh types at sample points and use the USGS national land cover dataset
(NLCD) and the NOAA regional land cover dataset to create a detailed composite dataset of
vegetation distribution. The chloride concentration range for each vegetation type is consistent
with those ranges in Carruthers et al. (2023). The surficial AEM resistivity data prove very useful
in mapping salinity for wetlands and estimating vegetation types, which have the potential to
identify wetland areas at risk of salinity stress and support sustainable land use and conservation

strategies for ecosystem management.
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5.2. AEM Resistivity Implications for Saltwater Deposition and Intrusion in Chicot Aquifer
and MRVA

The lithologic model reveals that south Louisiana is extensively covered by fine grains

(Fig. 8a). Nevertheless, high resistivity in the hilly area of southwest Louisiana indicates recharge

zones for the Chicot aquifer. The high resistivity with great sand thickness in the upper portion of

the Chicot aquifer (Fig. 8b) indicates a large amount of fresh groundwater. The low resistivity in

the sand facies near the coast and in the deeper depth indicates the presence of saline water.

5.2.1. Chicot Aquifer

The Chicot aquifer ranges from a thin veneer to more than 160 m (520 ft) thick with an
average thickness of about 40 m (135 ft) (Sargent et al., 2004). Groundwater modeling by Yang et
al. (2023) reveals that extensive pumping for rice irrigation and industrial use in southwest
Louisiana has created two large cones of depression (Fig. 9a). Using the resistivity-to-chloride
concentration formula in equation (2), the estimated 3D chloride concentration distribution (Fig.
9b) indicates saltwater intrusion in the Chicot aquifer. Jasechko et al. (2020) show that seawater
encroachment in southwest Louisiana can be connected to groundwater level decline in inland
areas. The 3D salinity mapping for the Chicot aquifer is unprecedented in scale and spatial detail,
aligning with water quality measurements and published maps (Van Biersel et al., 2008; Borrok et
al., 2018).

The distributions of AEM resistivity for the Chicot aquifer top, middle, and near the base
are shown in Fig. 10a-c. The large area of high resistivity in southwest Louisiana indicates
abundant fresh groundwater resources. However, resistivity reduces toward the Chicot aquifer

base. High resistivity is also observed in the Chicot aquifer top in the Bird’s Foot of the Mississippi
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River due to the freshwater discharge to the Gulf. The distributions of estimated chloride
concentration at the Chicot aquifer top, middle, and near the base are shown in Fig. 10d-f. Fig.
10g-1 show the elevation of the Chicot aquifer top, middle, and near the base. The deposition of
salt water near the Chicot aquifer base (Fig. 10f) exhibits a high chloride concentration (greater
than 3000 mg/L) as the result of brine produced from the dissolution of salt domes. However, the
salinity near the coast in the shallow depth of the Chicot (Fig. 10e) is likely from the Gulf seawater
and limits the southern extent of freshwater in the Chicot aquifer (Lovelace, 1999; Lovelace et al.,
2004).

The chloride plumes mapped by AEM match the historically high chloride concentration
described by Lovelace (1999) and Lovelace et al., (2004). The groundwater budget analysis by
Vahdat-Aboueshagh et al. (2021) supports large upward flow and saltwater upconing from the
lower part to the upper part of the Chicot aquifer in the east, from the “700-foot” sand to the “500-
foot” sand in the west, and in the thick undifferentiated sand in the center. Moreover, lateral
seawater intrusion from the Gulf of Mexico toward the centers of the cone of depression is also
expected.

It is interesting to observe a distinct tongue of saltwater in the Atchafalaya Basin at the
Chicot aquifer top, intruding more than 200 km from the Gulf of Mexico further inland as shown
in Fig. 10e. This tongue of saltwater continues upward and has been reported in the MRVA
(Smoot, 1986). The forming of this saltwater tongue is likely due to ancient sea level rise with the
highest rates of encroachment in the most permeable zone underlying the Atchafalaya Basin
(Nyman, 1984). This unique saltwater deposition explains the reason why there are not many

pumping wells in the Atchafalaya Basin.
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5.2.2. MRVA

Depth to the MRV A varies between 3 m and over 70 m below the land surface. The AEM
resistivity distribution and the corresponding estimated chloride concentration using equation (2)
for the MRVA top, middle, and base are shown in Fig. 11. Fig. 11g-1 show the elevation of the
MRVA top, middle, and near the base. The result of the unprecedented 3D salinity mapping for
the MRVA matches the water quality data (Van Biersel et al., 2008) and the published water
quality maps (Van Biersel et al., 2008; Borrok et al., 2018). The base of the MRV A shows high
chloride concentration (greater than 3000 mg/L) in the coastal zone (Fig. 11f). The aforementioned
tongue of saltwater (Smoot, 1986) is all the way to the top of MRVA (Fig. 11d), although there
are shallow water wells in the fresh and less saline groundwater zones that are predominately for

the irrigation purpose (Yang et al., 2023).

5.2.3. Saltwater Stratification in a Complex Aquifer System
The AEM method captures the saltwater stratification in different cross sections shown in
Fig. 12. The potentiometric surface of August 2020 shows that the MRV A is a confined aquifer.

The Chicot aquifer is also confined except for the northern area (AA’) including the recharge zone

and small parts of the heavily pumped areas (DD’). The continuous vertical sampling of the AEM
data offers a more complete picture of the vertical distribution of saltwater than can be obtained
by water quality sampling from wells as it passes from the point data to the regional scale
(Gottschalk et al., 2020). The estimated AEM-derived chloride concentrations have good
agreement with the measurements from sampled waters. Several wells screened at the MRV A and

the Chicot aquifer have exhibited high levels of saline groundwater. It appears that the majority of

saltwater in the Chicot aquifer and MRVA originates from deeper depths. Cross sections AA” and
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DD’ (Fig. 12a, d) indicate the Chicot aquifer to be prolific in southwest Louisiana. Groundwater in
the Chicot aquifer appears to be more saline toward the coastal zone. The MRVA and Chicot
aquifer are connected as shown in the cross sections, ﬁ, CC’ and DD’ (Fig. 12b-d). As such,
saltwater moves upward from the Chicot aquifer to the MRVA driven by either concentration
gradients or anthropogenetic pumping. Extraction of fresh water from shallower depths creates
saltwater upconing in both Chicot aquifer and MRVA as shown in these cross sections. Saltwater
upconing is a response to the pressure depression around a pumping well, leading to the upward
transport of saltwater towards the well and the creation of a transition zone between freshwater

and saltwater water.

5.3. AEM Data Implications on Fault Traces

This study reveals abrupt chloride changes across some fault traces shown in Fig. 10 and
11. This observation indirectly confirms known fault locations and indicates faults as leaky barriers
to lateral fluid migration and salinization. However, surficial fault traces in the Atchafalaya Basin
and the coastal zone are often missing because of coastal erosion or buried by recent alluvium.
Missing fault traces are often estimated from clear offsets of underlying stratigraphy (McCulloh
& Heinrich, 2013), bay bottom characteristics in southernmost lakes (Roberts et al., 2008), or
vegetation edges. In addition, the AEM resistivity data is able to infer missing fault traces where
abrupt chloride changes are observed. For example, the Baton Rouge fault trace, which isn’t
apparent at the surface in the Atchafalaya Basin (McCulloh & Heinrich, 2013) can be confirmed
by the abrupt chloride change in the Chicot aquifer shown in the inset figures in Fig. 10e-f. Such
an abrupt chloride change is not obvious in the MRVA because of less fault displacement and

lower salinity, compared to the Chicot aquifer.
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5.4. Salinity Analysis along the Mississippi River and Atchafalaya River

The AEM survey along the Mississippi River, a flight line of nearly 500 km, yielded a
high-resolution resistivity profile for both the river and the subsurface shown in Fig. 13a. The
timing of the survey coincides with a high likelihood of seawater intrusion into the Mississippi
River during the low flow season (November-December). Seawater intrusion occurs when the
river’s flow falls below a certain level and seawater is able to move upriver from the Gulf. The
study utilized the chloride concentration and AEM resistivity data to develop a resistivity-to-
chloride concentration transformation function for river water in equations (3)-(4). The result
clearly shows seawater intrusion from the Head of Passes (River Mile, RM 0) up to 70 km (RM
43) in Fig. 13b. The chloride concentration of the seawater wedge can be higher than 3,000 mg/L.
The result aligns with previous significant episodes of seawater intrusion in the Mississippi River,
which occurred in 1988, 1999, 2012, 2022, and 2023. Prolonged seawater intrusion can stop water
intake systems and deplete freshwater resources. The AEM data is proven to be an effective tool
to map the Mississippi River’s seawater wedge. Moreover, high resistivity close to the riverbed
typically suggests fresh surface water-groundwater interactions through coarse sediments as
shown in MRVA 1n Fig. 13c. Limited surface water-groundwater interaction occurs from 240 km
(RM 149) to the Gulf because of thick riverbed clay deposits.

The resistivity profile along the Atchafalaya River (230-km flight line) (Fig. 14a) shows
similar seawater intrusion from the Gulf up to 17 km (Fig. 14b). Riverbed clay deposits are thin or
missing such that seawater can infiltrate into the MRV A and the Chicot aquifer. Additionally, the
estimated chloride concentration of the seawater wedge is higher than 3000 mg/L. The Atchafalaya

River has good hydraulic connections to the MRVA between 80 km to 220 km from the river
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mouth and likely recharges the MRVA and restricts the migration of saltwater from the Chicot

aquifer (Fig. 14c).

5.5. Implications

It is noted that the AEM data is representative of the salinity condition at the time of data
collection. However, given the slow nature of groundwater movement, it will take decades for
significant salinity changes to occur in aquifers. Therefore, the AEM-derived salinity distribution
can be regarded as representing the aquifer conditions of past decades. On the other hand, the
dynamics of the river-estuary interaction is rapid. The AEM-derived salinity wadge is a snapshot
of seawater intrusion in the rivers. It will require frequent AEM surveys to capture temporal
salinity variations in rivers and wetlands. Moreover, the distribution of saline water derived from
AEM surveys provides a valuable dataset for numerical model development of flow and solute

transport.

6. Conclusions

The study integrates airborne electromagnetic (AEM) resistivity data, borehole data, and
water quality data to map saltwater in Louisiana’s coastal aquifers and wetlands. The salinity maps
created from AEM resistivity data align with previously identified saltwater encroachment areas.
By converting AEM resistivity to chloride concentration in the coastal wetlands, the study predicts
the distribution of salinity-dependent marshes with reasonable accuracy. The good agreement
between AEM data and well water quality measurements validates this approach, underscoring the
utility of AEM in filling spatial gaps in monitoring wells and tracking freshwater/saltwater

interfaces.
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AEM resistivity data analysis reveals detailed insights into saltwater intrusion in the Chicot
aquifer and MRVA in southern Louisiana. The AEM data confirms the distinct tongue of saltwater
that appears in the Chicot aquifer and extends to the MRVA within the Atchafalaya Basin. The
AEM data also confirms the fresh groundwater recharge zones of the Chicot aquifer in the hilly
areas of southwest Louisiana and shows extensive saltwater presence in deeper depths and near
the coast, originating from salt domes and the Gulf of Mexico, respectively. The saltwater
stratification and upconing patterns indicate that excessive agricultural and industrial groundwater
withdrawals exacerbate saltwater migration from the Chicot aquifer base.

The abrupt chloride changes across previously mapped surficial fault traces confirm known
fault locations and suggest their role as leaky barriers to fluid migration and salinization. In areas
where surface fault traces are often obscured, such as the Atchafalaya Basin, AEM resistivity data
helps to infer these missing traces, such as the Baton Rouge fault. Furthermore, the high-resolution
AEM resistivity profiles along the Mississippi River and Atchafalaya River indicate seawater
intrusion from the Gulf of Mexico. The seawater wedge encroaches in the Mississippi River and
Atchafalaya River. Seawater intrusion into the Mississippi River poses a potential threat to
freshwater intakes for public water supply.

The study presents an integrated approach using AEM technology to decipher wetland and
aquifer salinization, fault traces, and river seawater intrusion. The findings highlight the
complexity of salinization processes within Louisiana’s coastal zone. The challenges for sustaining
coastal communities persist, as climate change, rising sea levels, and land subsidence are expected

to exacerbate saltwater intrusion.
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Figure Caption:

Figure 1. The study area is in southern Louisiana. The cross-sections M, W, CC’ and DD’ are
shown in Fig. 12. The upper-right inset figure represents the groundwater model domain (Yang et.
al., 2023). The geographic landforms, Pleistocene deposits, Chenier plain, Atchafalaya Basin, and
Mississippi River deltaic plain, are based on Saucier and Snead (1989) and Saucier (1994). Fault
traces are from McCulloh and Heinrich (2013). Salt dome locations are from USGS (2004). Sole
Source Aquifers are from the U.S. Environmental Protection Agency (USEPA 2024). The
Mississippi River Valley alluvial aquifer (MRVA) extent is determined by Ladd & Travers (2019).
The Chicot aquifer extent is from Casarez (2020). The horizontal coordinates (meters) are the USA
Albers Equal Area Conic USGS version.

Figure 2. Location of the chloride samples from CRMS stations, USGS streamgages, and chloride
wells. CRMS: Coastwide Reference Monitoring System. The horizontal coordinates (meters) are
the USA Albers Equal Area Conic USGS version.

Figure 3. The airborne electromagnetic (AEM) resistivity data from Hoogenboom et al. (2023).
The inset figures show AEM resistivity profiles for the Mississippi and Atchafalaya Rivers (upper
left), the flight lines (lower left), and the nearly collocated CRMS stations, streamgages, and
chloride wells with the AEM data (upper right).

Figure 4. The proposed airborne geophysical analysis framework for salinity delineation.

Figure 5. Scatter plots and regression models of the AEM resistivity values vs. measured chloride
concentrations at (a) nearly collocated CRMS stations for soil porewater and (b) nearly collocated
USGS groundwater quality wells for MRVA and Chicot aquifer. (¢) nearly collocated USGS
streamgages for the Mississippi River and the Atchafalaya River. The centerline represents the
best-fitted power functions as transformation functions. The bandwidth represents one standard
deviation of natural log chloride concentration.

Figure 6. (a) Surficial (top 2-meter) AEM resistivity distribution, (b) estimated chloride
concentration by the transformation function (Fig. 5a), and (c¢) vegetation types based on the
chloride concentration ranges in Carruthers et al. (2023). The horizontal coordinates (meters) are
the USA Albers Equal Area Conic USGS version.

Figure 7. AEM resistivity (ohm.m) and estimated chloride concentration (mg/L) ranges for
different vegetation types. Vegetation type data is from Nyman et al. (2022).

Figure 8. The lithologic model (Yang et al. 2024) and resistivity model from 2 mbsl (m below the
mean sea level) to 240 mbsl: (a) 3D aquitards and resistivity distribution in the aquifers, and (b)
east-west resistivity cross sections. MRVA: The Mississippi River Valley alluvial aquifer. The
horizontal coordinates (meters) are the USA Albers Equal Area Conic USGS version. The vertical
datum (meters) is NAVD 88.

Figure 9. (a) Groundwater level distribution in August 2020 across the study domain (up to 240
m below land surface), and (b) 3D chloride concentration distribution estimated by the
transformation function (Fig. Sb). Major pumping wells refer to pumping rate greater than 3785
m?/day (1 million gallon/day). The horizontal coordinates (meters) are the USA Albers Equal Area
Conic USGS version.

Figure 10. The AEM resistivity distributions and the corresponding chloride concentration
distributions are estimated by the transformation function (Fig. Sb) for the Chicot aquifer top,
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middle, and near the base. Fault traces are from McCulloh and Heinrich (2013). Salt dome
locations are from USGS (2004). The horizontal coordinates (meters) are the USA Albers Equal
Area Conic USGS version. The vertical datum (meters) is NAVD 88.

Figure 11. The AEM resistivity distributions and the corresponding chloride concentration
distributions are estimated by the transformation function (Fig. Sb) for the Mississippi River
Valley alluvial aquifer (MRVA) top, middle, and base. Fault traces are from McCulloh and
Heinrich (2013). Salt dome locations are from USGS (2004). The horizontal coordinates (meters)
are the USA Albers Equal Area Conic USGS version.

Figure 12. The chloride concentration distributions estimated by the transformation function (Fig.
5b) and the nearby USGS chloride wells with concentration (mg/L) in parentheses for (a) a north-
south cross-section AA’, (b) a north-south cross-section BB/, (¢) an east-west cross-section cc,
and (d) an east-west cross-section DD’. The potentiometric surface of August 2020 was derived
from Yang et al. (2023). MRVA is the Mississippi River Valley alluvial aquifer. Fig. 1 shows the
location of the cross sections. The horizontal coordinates (meters) are the USA Albers Equal Area
Conic USGS version. The vertical datum (meters) is the North American Vertical Datum of 1988
(NAVD 88).

Figure 13. (a) The AEM resistivity profile along the Mississippi River starting at the Head of
Passes, (b) the estimated river water chloride concentration for the Mississippi River, and (c) the
estimated chloride concentration in the aquifers. The riverbed elevation was obtained from
bathymetric data in Danielson et. al. (2022). The hydrogeologic units were delineated by
interpolating the horizon picks in Teeple et al. (2020). MRVA is the Mississippi River Valley
alluvial aquifer. The vertical datum for the elevation (meters) is NAVD 88. The cross sections (a)
and (c) have a vertical-to-horizontal (V/H) ratio of 1:600 and (b) has a V/H ratio of 1:1200.

Figure 14. (a) The AEM resistivity profile along the Atchafalaya River starting at the river mouth
of the Lower Atchafalaya River, (b) the estimated river water chloride concentration for the
Atchafalaya River, and (¢) the estimated chloride concentration in the aquifers. The riverbed
elevation was obtained from bathymetric data in Danielson et. al. (2022). The hydrogeologic units
were delineated by interpolating the horizon picks in Teeple et al. (2020). MRV A is the Mississippi
River Valley alluvial aquifer. The vertical datum for the elevation (meters) is NAVD 88. The cross
sections (a) and (c) have a vertical-to-horizontal (V/H) ratio of 1:300 and (b) has a V/H ratio of
1:600.
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