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The role of paleochannels in groundwater/seawater exchange 1 

Ann E. Mulligan, Rob L. Evans, and Dan Lizarralde 2 

 3 

Abstract 4 

Relict fluvial channels that are infilled with high permeability sediments act as preferred 5 

pathways for groundwater flow and solute transport.  In coastal regions, such paleochannels can 6 

provide a hydraulic connection between freshwater aquifers and the sea, facilitating saltwater 7 

intrusion landward or freshwater discharge offshore.   Simulation modeling of a general multi-8 

layered, coastal-plain-aquifer setting indicates that when a paleochannel breaches a confining 9 

unit offshore, submarine groundwater discharge of intermediate salinity occurs.  This discharge 10 

is largely concentrated along the margins of the channel.  Conversely, seawater inflow occurs 11 

along the channel axis, resulting in higher salinity in the middle of the channel relative to the 12 

flanks.  Chirp seismic and electromagnetic data collected offshore Wrightsville Beach, North 13 

Carolina, USA, confirm these simulation results and indicate fresher porewater along channel 14 

flanks and slightly higher porewater salinity along the channel axis.  Hence, paleochannels 15 

contribute to the spatial variability in submarine groundwater discharge by serving as conduits of 16 

focused fluid exchange.  Simulations also reveal that the freshwater/saltwater transition zone is 17 

closer to land below paleochannels than in locations with a continuous confining unit.  This 18 

indicates that such channels are likely to be significant modes of saltwater intrusion into confined 19 

aquifers when excess freshwater extraction occurs on land. 20 

 21 
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1. Introduction 24 

Groundwater/seawater exchange in coastal areas impacts both onshore and offshore water 25 

resources through saltwater intrusion into water-supply aquifers and via the discharge of 26 

chemically distinct groundwater into the coastal ocean.  Saltwater intrusion presents a threat to 27 

drinking water quality and diminishes freshwater storage capacity.  Meanwhile, submarine 28 

groundwater discharge (SGD) can transport significant chemical loads to the ocean (Church, 29 

1996) that can impact coastal ecological systems (Simmons, 1992; Valiela et al., 1992).  Water 30 

and chemical fluxes across the land/sea margin are thus important from both human and 31 

environmental health perspectives, and an understanding of the physical and geologic controls on 32 

flow dynamics in coastal aquifers is needed.   33 

Despite the importance of groundwater/seawater exchange to nearshore water resources, 34 

limited work has been done in trying to understand the effect of geologic heterogeneity, 35 

particularly offshore, on the exchange of groundwater and seawater through coastal sediments. 36 

Historically, coastal groundwater studies have focused on freshwater supplies and the impact of 37 

seawater intrusion.  These analyses often lack offshore hydrogeologic data and mechanisms of 38 

intrusion have consequently been difficult to identify with certainty.  Investigations into 39 

submarine groundwater discharge have increased recently, but many of these studies are 40 

complicated by the spatial and temporal variability of discharge arising in part from geologic 41 

heterogeneity (Cable et al., 1997; Portnoy et al., 1998). 42 

A variety of methods are available to investigate subsurface freshwater/seawater 43 

interactions, including remote sensing, geophysical techniques, point measurements of fluid 44 

flow, geochemical tracers, and numerical modeling.  As with any field problem, the spatial and 45 

temporal scales of interest dictate which methods are most applicable.  Geochemical tracers are 46 
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used to provide large-scale assessments that integrate SGD over a specified area (e.g., Moore 47 

1996; Cable et al., 1996; Charette et al., 2001, Gramling et al., 2003), but tracers do not provide 48 

information about the spatial variability of SGD.  Electromagnetic methods have been used to 49 

locate the freshwater/saltwater interface in saline aquifers (e.g., Goldman et al., 1996; Yechieli et 50 

al., 2001), but they cannot be used to estimate flow rates.   51 

Numerical modeling can be used to study fluid exchange at a multitude of scales, but 52 

obtaining all the data necessary to properly parameterize and calibrate a site-specific model is 53 

challenging and expensive.  Nonetheless, a number of such studies have illuminated various 54 

aspects of freshwater/seawater interaction and the impact of geologic structures on subsurface 55 

flow fields and salinity distributions.  For example, simulation modeling and field measurements 56 

indicate that fresh groundwater discharge from unconfined coastal aquifers primarily occurs 57 

close to the shoreline (e.g., Robinson and Gallagher, 1999), while saline groundwater discharge 58 

can occur farther offshore (Michael et al., 2003; Taniguchi et al., 2006).  Given constant 59 

freshwater flux through an aquifer, high permeability zones favor saltwater intrusion with the net 60 

result that the mixing zone between fresh and salt water is shifted inland relative to lower 61 

permeability zones (Wicks and Herman, 1995).  As freshwater flux through an aquifer increases, 62 

the freshwater/saltwater mixing zone moves seaward (Sanford and Konikow, 1989).  In deeper 63 

confined aquifers, significant fluid pressures can develop, resulting in freshwater far offshore 64 

(Essaid, 1990).  However, features such as submarine canyons can lead to enhanced saltwater 65 

intrusion into deeper aquifers when onshore water supply withdrawals become excessive 66 

(Nishikawa, 1997).   67 

A number of field studies have implicated relict fluvial channels as potential pathways 68 

for seawater contamination of coastal aquifers (e.g., Philips, 1987; Daniel et al., 1996; Fells et 69 
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al., 2005).  While the presence of such channels has been established at these sites, their role in 70 

saltwater intrusion and/or submarine groundwater discharge has not been confirmed (Barlow, 71 

2003).   The objective of this paper is to explore the potential for enhanced exchange of 72 

groundwater and seawater through relict fluvial channels that breach confining units offshore.  73 

Pleistocene paleochannels, ubiquitous in coastal areas, are commonly infilled with sediments that 74 

are more permeable than the surrounding matrix and so may act as preferred pathways for flow 75 

and transport both on land and offshore.  Where paleochannels have incised a confining unit, the 76 

potential exists for significant exchange of water between the ocean and the confined aquifer, 77 

either as submarine groundwater discharge or as enhanced seawater intrusion.   78 

Here we investigate a typical coastal plain layered-aquifer system.  Such systems are 79 

common around the world and act as major sources of potable water for coastal communities 80 

(Fetter, 1994), and thus understanding the interaction between these aquifers and the ocean is an 81 

important component of water resource management.  Simulation modeling is used to identify 82 

flow patterns, pore fluid salinity distributions, and fluid flux in an idealized hydrogeologic 83 

system.  We conduct extensive sensitivity analyses to identify the effects of hydraulic 84 

conductivity, dispersivity, anisotropy, and channel geometry on simulation results.  Our 85 

numerical results are then compared with geophysical data collected offshore North Carolina.  86 

These data include a combination of high-resolution chirp seismic and electromagnetic profiles 87 

that delineate offshore paleochannels and their relationship to the regional aquifer system.   88 

 89 

2. Conceptual Model of Multi-layered Coastal Plain Aquifer Systems 90 

We develop a numerical model that has the essential features of a layered coastal plain 91 

aquifer system and use this model to examine the influence of incised paleochannels on offshore 92 
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groundwater flow.  The sedimentary units in coastal plains commonly dip and thicken seaward 93 

toward the coast.  At the upgradient end of the system, the surficial aquifer and deeper aquifers 94 

are often in direct hydraulic connection.  As the deeper aquifers dip toward the shoreline, 95 

confining beds emerge to create a multi-layered system commonly manifest as multiple 96 

aquitard/confined-aquifer sequences at depth.  We use this conceptual model as the basis for 97 

simulating an unconfined aquifer separated downdip from an underlying aquifer by an aquitard 98 

(Fig. 1a). 99 

During previous glaciations, sea-level was considerably lower than it is today and fluvial 100 

drainage channels extended far offshore from the modern shoreline.  In some cases, these 101 

drainage networks carved channels through the silts and clays that act as confining units to 102 

deeper aquifers.  In places where the confining unit has been breached, a more permeable 103 

connection between the ocean floor and the confined aquifer can exist if the channel was 104 

subsequently in-filled with coarse sediment.  We therefore also simulate the presence of a 105 

paleochannel that incises the aquitard, hydraulically connecting the confined aquifer to the 106 

seafloor (Fig. 1b).   107 

 108 

3. Numerical Modeling 109 

3.1 Governing Equations 110 

The three-dimensional finite difference code SEAWAT (Guo and Langevin, 2002; 111 

Langevin et al., 2003) is used to simulate density-dependent groundwater flow and solute 112 

transport in a coastal aquifer system.  SEAWAT utilizes both the MODFLOW-2000 (Harbaugh 113 

et al., 2000) groundwater flow model and the MT3DMS (Zheng and Wang, 1999) solute 114 
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transport model.  The SEAWAT code contains several modifications to the flow and transport 115 

models to permit density-dependent simulations.   116 

SEAWAT simulates the distribution of freshwater-equivalent head throughout the model 117 

domain.  The three-dimensional groundwater flow equation, expressed in terms of freshwater 118 

equivalent head, combines Darcy’s Law for density-dependent flow and conservation of fluid 119 

mass (Guo and Langevin, 2002): 120 

 121 
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where ρ is the fluid density (ML-3), ρf is the density of fresh water, Sf is the specific storage in 124 

terms of fresh water (L-1), hf is the freshwater equivalent head (L), t is time (T), θ  is porosity 125 

(dimensionless), C is the solute concentration (ML-3 ), K is the freshwater hydraulic conductivity 126 

tensor (LT-1), and ρs and qs are the fluid mass source/sink density and flow rate (ML-3T-1), 127 

respectively.  The transport equation for a nonreactive solute is (Zheng and Wang, 1999):  128 
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 131 

where u is the fluid velocity (LT-1), which is found by solution of (1) and the application of 132 

Darcy’s Law for variable-density flow, D is the dispersion tensor (L2T-1), and Cs is the solute 133 

concentration in the source fluid. 134 

In coastal aquifers, salt concentrations are typically sufficiently high that density 135 

gradients in the pore fluid affect the flow regime.  Hence, equations (1) and (2) are coupled 136 
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through the fluid density term.  Within the salinity range expected for coastal aquifers, fluid 137 

density is approximated well as a linear function of concentration (Voss, 1984): 138 

 139 

 ρ = ρ0 +
∂ρ
∂C

C −C0( ) (3) 140 

 141 

where ρ0 and C0 are the density and concentration of the base fluid.  For the simulations reported 142 

here, the base fluid is assumed to be freshwater. 143 

 144 

3.2 Simulation Domain and Parameterization 145 

The simulation domain represents a typical coastal plain setting with a layered aquifer 146 

system.  Because we are interested in the flow dynamics and salinity distribution associated with 147 

a paleochannel breaching a confining unit offshore, we include only 3 regional hydrogeologic 148 

units: an unconfined aquifer underlain by an aquitard and a confined aquifer.  The base of the 149 

confined aquifer is assumed to be the vertical extent of flow.   150 

To simulate the conceptual model described above, we use a domain that extends 56 m in 151 

the vertical direction, 15 km in the shore-normal direction, and 1 km along shore (Fig. 1). The 152 

model is discretized into 65 columns, 17 rows, and 28 layers, comprising 30,940 finite difference 153 

cells.  Node spacing along columns in the shore-normal direction ranges from 500 m near the 154 

model boundaries to 50 m near the shoreline.  Shore-perpendicular node spacing ranges from 155 

100 m along model boundaries to 30 m along the paleochannel.  Vertical node spacing ranges 156 

from 1 m at shallow depths to 4 m toward the bottom of the confined aquifer.  157 

Although the conceptual model represents a general coastal plain setting, the lithologic 158 

geometry and model parameters are chosen to be consistent with conditions in southeastern 159 

North Carolina, USA. Offshore of the Wrightsville Beach area of North Carolina, several 160 
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paleochannels have been identified using seismic reflection (Fig. 2; Snyder et al., 1994; Thieler, 161 

1997).  We have augmented existing data with a seismic reflection and electromagnetic (EM) 162 

survey of the area (see Section 5).  Additionally, vibracore samples confirm that these offshore 163 

paleochannels incise a fine- to very-fine sandy silt and are infilled with coarse lag deposits 164 

(Thieler et al., 1998). 165 

The shallowest confined aquifer in the Wrightsville Beach area is the Castle Hayne, a 166 

moldic limestone with measured hydraulic conductivities ranging from 1.1 m d-1 to 33 m d-1 167 

(Lautier, 1998).  A value of 8.8 m d-1 (the value used by Lautier, 1998) is used in the base-case 168 

model for comparison with simulation results using hydraulic conductivity values that span the 169 

range of observed values.  The Castle Hayne is unconfined to the north and northwest, where it is 170 

present at approximately sea level (Bain, 1970), and dips to the southeast. The aquifer becomes 171 

confined downdip, where it is overlain by a unit of clay, sandy clay, and silt (Winner and Coble, 172 

1996; Lautier, 1998).  The top of the Castle Hayne offshore is visible in the seismic reflection 173 

data described in Section 5.2 and was correlated with onshore data in developing the simulation 174 

model.  The bottom of the Castle Hayne offshore was estimated by extrapolating onshore data. 175 

The hydraulic conductivity of the confining unit has not been measured in the field, but 176 

previous modeling efforts for this area have used a value of 0.0027 m d-1 (Lautier, 1998).  Fine to 177 

medium grained sands lie at the surface and host the water table aquifer.  Pumping tests in the 178 

surficial aquifer indicate hydraulic conductivity ranges from 6 to 185 m d-1.  An hydraulic 179 

conductivity of 20 m d-1 was used in this study, consistent with the value used by Lautier (1998).  180 

Additional model parameters are listed in Table 1. 181 

The paleochannel incising the surficial aquifer and the confining unit is represented as a 182 

120 m wide geologic layer that begins in the unconfined aquifer and dips offshore.  The 183 
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paleochannel fully breaches the confining unit sediments 715 m offshore and continues to the 184 

seaward model boundary (Fig. 1b).  The authors are unaware of any hydraulic conductivity data 185 

for paleochannel sediments and so a value of 42 m d-1 was chosen as an initial value.  This value 186 

is similar to the conductivity of the unconfined aquifer and is consistent with the presence of 187 

coarse infilling sediments.  188 

Boundary conditions for the flow model consist of no-flow conditions at the base of the 189 

confined aquifer, seawater hydrostatic conditions along the top and vertical seaward boundaries, 190 

and a constant head of 7.6 m at the upgradient freshwater boundary.   The constant freshwater 191 

head value is consistent with measured data northwest of Wrightsville Beach (Bain, 1970; 192 

Lautier, 1998).  Boundary conditions for the solute transport simulation depend on the flow 193 

conditions.  Freshwater inflow along the upgradient boundary has zero salinity whereas inflow 194 

along the seaward boundary has the same salinity as seawater.  If groundwater flow at a 195 

boundary is out of the domain, then the salinity of the discharging fluid is that of the simulated 196 

aquifer fluid.  Freshwater conditions throughout the domain were used as the initial condition for 197 

the base model and the simulation was run until the freshwater-saltwater transition zone reached 198 

steady state.  199 

No field data are available on the fluid pressure or salinity concentrations in the 200 

Wrightsville Beach area and, therefore, no attempt was made to calibrate the model.  Instead, a 201 

sensitivity analysis is performed in which the permeability in the confined aquifer, permeability 202 

in the paleochannel, dispersivity, anisotropy, and channel geometry are varied (see Table 1).  203 

These different models provide an opportunity to determine the sensitivity of model predictions 204 

to input parameters and to compare model results with offshore geophysical data to identify 205 

likely flow processes occurring in the field area. 206 
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4. Modeling Results 207 

4.1 Regional Salinity Profiles 208 

The steady-state regional flow system for the base-case simulation, which uses a confined 209 

aquifer hydraulic conductivity of 8.8 m d-1, no dispersion, and a paleochannel hydraulic 210 

conductivity of 42 m d-1 is shown in Fig. 3.  For regional conditions, we focus on simulation 211 

results far from the paleochannel (Fig. 3a).  Freshwater from the surficial aquifer discharges 212 

nearshore and the freshwater/saltwater transition zone is fairly abrupt.  Flow through the 213 

confining unit is vertical, primarily from the confined aquifer upward.  The largest vertical 214 

gradients across the confining unit occur within ~1.2 km either side of the shoreline.  In the 215 

confined aquifer, the transition zone from freshwater to saltwater is also quite sharp.  The top of 216 

the transition zone extends 1.3 km offshore whereas the toe of the interface is below the 217 

shoreline.     218 

When the hydraulic conductivity in the confined aquifer is decreased, the freshwater/ 219 

saltwater transition zone moves landward and the nearshore groundwater salinity increases. 220 

Conversely, there is a seaward shift of the transition zone and freshening of the groundwater in 221 

the confined aquifer in the nearshore region with increasing hydraulic conductivity.  Changes in 222 

the transition zone location are a result of simulated changes in the fresh-water flux through the 223 

landward boundary, which are required to accommodate the constant head boundary conditions 224 

when the hydraulic conductivity changes.   225 

The effect of dispersion was tested using the base-case confined aquifer hydraulic 226 

conductivity (8.8 m d-1).  As expected, the freshwater/saltwater transition zone becomes wider 227 

with increasing dispersion.  Within the confined aquifer, the top of the transition zone moves 228 
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landward while the toe moves slightly seaward.  In addition, the transition zone is wider toward 229 

the top of the confined aquifer where groundwater velocities are largest. 230 

 231 

4.2 Effect of Paleochannels 232 

A rectangular paleochannel infilled with coarse permeable sediments was simulated 233 

along the center of the model domain (Fig. 1).  This channel originates within the surficial 234 

aquifer and dips offshore.  The base of the channel dips more steeply than the confining unit 235 

resulting in the channel fully breaching the fine-grained sediments 715 m offshore.   236 

Simulation results show that the paleochannel clearly acts as a preferred pathway for 237 

fluid exchange offshore (Fig. 3, 4) and accommodates both inflow from and outflow to the sea.  238 

In all simulations the freshwater/saltwater transition zone is farther landward below the channel 239 

compared to the transition zone location off the channel axis (Fig. 3).  This effect is minor and 240 

limited to the very top of the confined aquifer in the simulation with the lowest hydraulic 241 

conductivity (1.1 m d-1) but is significant in all other simulations. The transition zone below the 242 

channel moves farther seaward with increasing hydraulic conductivity (K) in the confined 243 

aquifer, similar to the pattern observed in the regional flow field.  244 

Simulation results indicate that fluid outflow from the aquifer to the sea occurs primarily 245 

along the channel flanks whereas inflow from the sea occurs along the channel axis (Fig. 4).  246 

This flow pattern is reflected in the cross-channel salinity profiles (Fig. 5a), which show lower 247 

salinities along the channel margins compared with the channel axis.  This type of pattern in the 248 

salinity distribution is seen for all hydraulic conductivities except the lowest, which has fully 249 

saline conditions across the channel, and for all three dispersivity values simulated.   This 250 

freshening along the channel margins is limited to the region near the channel breach and arises 251 
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because of lateral freshwater flow within the confined aquifer.  In regions of the domain that 252 

have an intact confining unit, freshwater extends far offshore.  The paleochannel acts as a sink 253 

for much of this water, resulting in lateral flow at depth that converges to and discharges through 254 

the channel flanks.   255 

Although dispersion had considerable effect on the salinity profile within the confined 256 

aquifer, its effect on pore water salinity in the paleochannel is smaller.  The lower dispersivity 257 

(2.5 m) in particular had very little effect on the salinity profile across the channel (Fig. 5a).  258 

Although the larger dispersivity value (25 m) resulted in higher porewater salinity in the channel, 259 

the general pattern of freshening along the flanks with higher salinity along the channel axis was 260 

maintained. 261 

Lowering the hydraulic conductivity in the paleochannel results in seaward movement of 262 

the freshwater/saltwater transition zone.  Along with that movement comes freshening of 263 

porewater salinity within (Fig. 5b) and below the channel.  In the simulations without dispersion, 264 

there is an abrupt transition from high salinities adjacent to the channel to low salinities along the 265 

channel flanks, as expected.  This transition is broader and smoother in the presence of 266 

dispersion (Fig. 5). 267 

 268 

4.3 Fluid Flux Through the Domain 269 

Fluid flow across the constant head boundaries of the simulation model was tabulated 270 

using the ZONEBUDGET code distributed by the U.S. Geological Survey (Harbaugh, 1990).  271 

Constant-head boundaries are grouped into one of four zones:  (1) the landward boundary, where 272 

freshwater flows into the domain (flow area = 0.0185 km2); (2) the region between the shoreline 273 

and the channel breach of the confining unit at 715 m offshore (flow area = 0.712 km2); (3) the 274 
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seawater boundary from the channel breach seaward, not including the paleochannel (flow area = 275 

6.4 km2); and (4) the paleochannel boundary from the channel breach 715 m offshore to the 276 

seaward model boundary (flow area = 0.873 km2).  The flow budgets for these zones (Fig. 6a) 277 

show decreasing freshwater inflow with decreasing hydraulic conductivity, as expected.  278 

Furthermore, as the hydraulic conductivity (K) in the confined aquifer increases, the channel 279 

becomes the primary fluid sink, with the nearshore discharge zone becoming more significant as 280 

K decreases.  An insignificant amount of net fluid flows across the sediment-ocean boundary 281 

offshore where the channel is absent.  Although saltwater inflow to the aquifer declines with 282 

increasing dispersion (Fig. 6b), dispersion has little effect on net fluxes through the boundaries 283 

(data not shown). 284 

Lowering K in the paleochannel results in a small reduction in the freshwater inflow at 285 

the landward boundary and a significant reduction in saltwater inflow between the shoreline and 286 

the channel breach and through the channel (Fig. 6b). In response, overall outflow rates are also 287 

reduced. 288 

Along the paleochannel, fluid inflow and outflow occurs primarily within the first 1 km 289 

of the channel breaching the confining unit (Fig. 4).  The magnitude and spatial extent of this 290 

enhanced fluid exchange increases with increasing permeability in the confined aquifer.  In 291 

general, the highest flow rates through the channel are seen at the breach and decrease 292 

approximately exponentially with distance. 293 

 294 

4.4 Vertical Anisotropy 295 

The three-dimensional flow system being simulated has significant horizontal and 296 

vertical flow components and vertical anisotropy is therefore likely to play an important role in 297 
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the flow pattern and salinity distribution.  We therefore conducted simulations in which the 298 

horizontal hydraulic conductivity was held constant but the horizontal to vertical anisotropy was 299 

varied from 1:0.1 to 1:0.02 (the two horizontal components of hydraulic conductivity are 300 

assumed to be the same) and applied to different geologic units. 301 

With a system-wide increase in anisotropy, freshwater occurs much farther offshore and 302 

salinity across the channel decreases dramatically (Fig. 7a).  Freshwater discharge at the channel 303 

breach is focused along the channel axis rather than the channel margins, resulting in a V-shaped 304 

concentration profile across the channel.  Similarly, the salinity profile 21 m below sea level 305 

within the confined aquifer indicates fresher conditions below the channel than within the 306 

regional flow field (Fig. 7b).  This reflects increased lateral freshwater flow within the confined 307 

aquifer and toward the channel and reduced saltwater inflow through the channel.   308 

Concentration profiles with salinities intermediate to those seen when anisotropy ratios of 1:0.1 309 

and 1:0.02 are applied everywhere are observed when combinations of these values are simulated 310 

in different geologic units (Fig. 7). 311 

Farther offshore from the channel breach, salinity profiles show freshening along the 312 

channel flanks relative to the channel axis, similar to the patterns shown in Fig. 5a.  This occurs 313 

when the saltwater/freshwater transition zone is encountered and the deeper saline water in the 314 

toe of the saltwater wedge flows vertically upward through the channel axis.  Seaward of this 315 

location, seawater flows into the domain through the channel axis, resulting in more saline 316 

conditions in the middle of the channel.   317 

 318 
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4.5 Channel Geometry 319 

The area through which enhanced fluid exchange between the confined aquifer and the 320 

ocean occurs is controlled by the geometry of the channel.  To investigate the importance of 321 

channel geometry, three channel profiles were simulated in which the flow area through the 322 

channel bottom is made progressively smaller.  Results presented so far are for a rectangular 323 

channel; here we also investigate conditions for trapezoidal and triangular channels.   324 

As the area of the channel bottom becomes progressively smaller, upward flow from the 325 

confined aquifer becomes focused through the channel axis.  This increased upward flow through 326 

the axis prevents the downward seawater inflow that was seen for the rectangular channel.  The 327 

resulting flow pattern changes the salinity profiles across the channel such that the lowest salinity 328 

is now along the channel axis and the channel flanks have intermediate salinity (Fig. 8a).  Along 329 

the same cross-section, but within the confined aquifer at 21 m below sea level, the salinity 330 

profile becomes more uniform, indicating that the freshwater/saltwater transition zone below the 331 

channel is pushed farther offshore.  This movement arises because the smaller flow area through 332 

the channel bottom forces the zone of upward flow through the channel to increase in length, 333 

thereby forcing more freshwater offshore.  Approximately 200 m seaward of the channel breach 334 

by the trapezoidal channel, however, seawater flows into the channel axis while fresher 335 

groundwater from the regional flow system continues to discharge along the channel flanks.  336 

There is no such change in the flow regime for the triangular channel, quite possibly because 337 

only one model cell was used to represent the channel bottom. 338 

 339 
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5. Conditions offshore North Carolina 340 

5.1 Seismic Reflection and Electromagnetic Survey 341 

In 2000, we conducted a geophysical survey offshore Wrightsville Beach, North 342 

Carolina, in order to map the physical properties of the sequence of paleochannels there and to 343 

study their role in submarine groundwater discharge.  We completed seismic reflection profiling 344 

and a seafloor electromagnetic (EM) survey, running five shore-parallel transects ranging from 345 

~1 km offshore to ~3 km offshore (Fig. 2).  The seismic data map stratigraphic contacts and 346 

sedimentary layering in the subsurface while the EM data measure the porosity structure and 347 

identify pore-fluid salinity anomalies. Seismic reflection profiles were collected with an 348 

EdgeTech chirp sonar (SB-512), which was towed ~5 m above the seafloor.  The system was run 349 

transmitting a 1-7 kHz, swept frequency pulse with match filtering of the returns which we 350 

display as instantaneous amplitude in Fig. 9.    351 

The EM system consists of a depressor unit, a transmitter unit, and three receivers, all of 352 

which are towed along the seafloor.  The transmitter generates harmonic magnetic fields at 7 353 

frequencies ranging from 200 Hz to 200 kHz. These fields are measured by the three receivers 354 

which are spaced 4 m, 13 m, and 40 m behind the transmitter. Each receiver constrains the 355 

average seafloor resistivity to a depth of about ½ the transmitter-receiver offset, hence the system 356 

is able to probe to depths of about 20 m below the seafloor.  The entire system is towed at speeds 357 

of 1-2 knots, providing a near continuous horizontal profile of seafloor resistivity (Cheesman et 358 

al., 1993; Evans et al., 1999; 2000; Evans, 2001; Evans and Lizarralde, 2003).   359 

Seafloor resistivity is a function of sediment porosity and the resistivity of the pore fluid, 360 

and is expressed using Archie’s Law (Archie, 1942): 361 

 362 

 m
pfm

−= θρρ  (4) 363 
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 364 

where ρm is the measured resistivity (Ωm), ρpf is the pore fluid resistivity (Ωm), a strong function 365 

of salinity, θ is the sediment porosity, and m is a free parameter that typically varies between 1.4 366 

and 1.8 for marine sediments (Jackson et al., 1978).   367 

In most marine settings, the pore fluid can be safely assumed to have seawater salinity 368 

and thus a resistivity equivalent to that of seawater.  When this is the case, an apparent sediment 369 

porosity can be calculated directly from the measured seafloor resistivity using (4).  370 

Consequently, the EM data are presented as apparent porosities, which is more readily 371 

understood than resistivity.  However, in coastal settings, pore fluids can be a mixture of fresh 372 

groundwater and seawater and thus can have intermediate salinities and resistivities higher than 373 

that of seawater.  When the pore fluid resistivity is higher (i.e., fresher) than the assumed value 374 

of seawater, calculated apparent porosities will be lower than the true sediment porosity.  In 375 

cases where the sediment porosity is either known or is constant, differences in calculated 376 

apparent porosities can be attributed to differences in porewater salinity.  This ability to detect 377 

apparent porosity anomalies is the basis for using the EM system to identify areas of submarine 378 

groundwater discharge of intermediate to fresh salinities (Hoefel and Evans, 2001). 379 

 380 

5.2 Geophysical survey results  381 

Both EM and seismic data show evidence of paleochannels as well as the underlying 382 

Eocene Castle Hayne limestone (Figure 9), although the electrical response differs between the 383 

nearshore and offshore transects.  In both transects, the channel visibly incises down to the top of 384 

the limestone, thereby creating a permeable connection between the confined aquifer and the 385 

seafloor.  386 
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The major stratigraphic units are identified on the seismic sections so that the EM data 387 

can be interpreted in light of the structural data provided by the seismic survey.  The data 388 

collected 2.8 km offshore (Fig. 9a) indicate that apparent sediment porosity increases in the 389 

channel relative to the surrounding sediment.  Conversely, the EM data along the transect ~1 km 390 

offshore (Fig. 9b) indicate a reduction in apparent porosity in the channel relative to the 391 

surrounding sediment. The differences in the apparent porosity profiles between the two 392 

transects indicate that either: (1) the pore fluid within the channel 1 km offshore is considerably 393 

fresher than the pore fluid 3 km offshore; (2) the channel sediment 1 km offshore consists of a 394 

fine grained, high resistivity matrix; or (3) there exists some combination of sediment and pore 395 

fluid differences between the two locations.  In the absence of sediment samples, we use the 396 

numerical modeling results to determine if the hydrogeologic setting in the Wrightsville Beach 397 

area is consistent with porewater of intermediate salinity in the paleochannel sediments. 398 

  399 

5.3 Simulated Salinity Profiles and EM responses 400 

The output of the hydrologic modeling can be compared to the field EM data by a series 401 

of modeling steps. In making this comparison we should point out that there are potentially many 402 

variables that could be adjusted to perfect the fit. We have not attempted to do this, rather we 403 

have constructed the simplest models consistent with the structural information we have from the 404 

seismic profiling in an attempt to understand the first order signals in the EM data. Thus, while 405 

there will be discrepancies between the hydrologic model output and the EM responses, we 406 

highlight the salient features that we believe constrain important groundwater processes.  407 

We first convert the salinities predicted by the flow model to seafloor resistivity values. 408 

The EM profile measured 2.8 km offshore (Fig. 9a) shows that apparent porosities increase 409 
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within the channel relative to surrounding sediments.  Consequently, we can assume that little, if 410 

any, fresh water is located within the sediments at this location and that measured resistivity 411 

differences across the channel reflect real changes in the porosity structure. We note that this 412 

channel response is typical of fluvial channels seen elsewhere (Evans et al., 2000).  If we further 413 

assume that the porosity in the channels is the same at both transect locations, then we can 414 

combine the simulated salinity profiles across the channel (Fig. 5) with the porosity 415 

measurements collected 2.8 km offshore (Fig. 9a) to calculate the seafloor resistivity 1 km from 416 

shore. 417 

The next step is to calculate the response of the electrical model to excitation by the 418 

source used in the survey. The 4-m and 13-m receivers are fairly straightforward to model as we 419 

can safely assume a 1-D structure (i.e. resistivity varies with depth only) at each measurement 420 

point (although the regional structure is clearly not 1D, it can be approximated as 1D on the 421 

small lateral scale over which these receivers are sensitive at each measurement point). At source 422 

receiver separations of 40 m, we need to be more concerned about lateral changes in structure.  423 

We have run a series of tests with a 3D modeling code (Weiss and Constable, submitted) which 424 

demonstrate that piece-wise 1D solutions across the model provide an acceptable representation 425 

of the EM response (Evans et al., 2000).  426 

Data obtained by the 4-m and 13-m EM receivers provide strong controls on the 427 

shallowest structure and we therefore first examine simulation results within the channel.  428 

Modeling results using the lowest value of permeability indicate that pore fluid in the nearshore 429 

transect has 100% seawater salinity. In this case, the electrical structure is controlled by the 430 

higher porosity of the channel fill material, and has an EM response similar to that seen in the 431 

offshore profile (Figure 9a) rather than the profile seen closer to shore (Figure 9b).  However, at 432 
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higher confined aquifer permeabilities, the percentage of freshwater in the channel increases and 433 

the simulated apparent porosity across the channel decreases.  The simulated EM profiles for 434 

these models are consistent with the field data for the 4-m and 13-m receivers (Figure 9b) in that 435 

they show lower apparent porosity along the channel flanks (due to freshwater discharge) and 436 

higher apparent porosity in the middle of the channel (due to seawater inflow). 437 

While the simulated apparent-porosity profiles across the channel compare reasonably 438 

well with the shallow EM data, the deeper EM data and the simulated profile show opposite 439 

responses.  The 40-m receiver shows a steady decrease in apparent porosity as the system passes 440 

across the channel. Taken at face value, this suggests that fresh water is concentrated within the 441 

Castle Hayne limestone beneath the channel, although it might also reflect changes in the 442 

physical properties of the limestone aquifer. In fact, porosities on both the 40-m and 13-m 443 

receivers start to decrease about 100 m away from the channel on either side, suggesting that the 444 

drop is not caused by the channel itself.  In contrast, the hydrologic simulations indicate more 445 

saline conditions at depth beneath the channel relative to off-channel (e.g., Fig. 7b, 8b).   446 

Flow and transport modeling results indicate that if the hydraulic conductivity in the 447 

paleochannel is lowered, then seaward movement of the saltwater transition zone and freshening 448 

of the groundwater below the channel occur.  Simulation results also show that dispersion serves 449 

to smooth the salinity transition across the channel and eliminates the abrupt transitions seen 450 

with purely advective transport.  Using the concentration profile across the channel from a model 451 

with a lower K in the paleochannel and a dispersivity of 25 m, the predicted response from the 452 

40-m receiver is flat across the model, rather than peaking under the channel, but it still does not 453 

display the steady decrease seen in the data.  In order to make the 40-m receiver response 454 

decrease beneath the channel the electrical resistivity needs to be higher within the limestone 455 
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below the channel.  This type of salinity profile at depth was only seen in one simulation model, 456 

the case with large vertical anisotropy throughout the domain (Fig. 7b).  However, the shallow 457 

salinity profile resulting from this model does not show lower salinity along the channel flanks 458 

(Fig. 7a), as implied by the EM data. 459 

Throughout the region, the response on the 40-m receiver is quite variable. For example, 460 

along the nearshore profile, the receiver has an average apparent porosity value of 25.5% with a 461 

standard deviation of 3.7%.  The average on the offshore profile is 30.7% with a standard 462 

deviation of 4%.  Most of the change in average apparent porosity with distance offshore is 463 

caused by an increase in the depth to the limestone further offshore, which almost doubles from 464 

about 5 m to 10 m between the two lines.  The drop in apparent porosity across the channel is 465 

seen across other channel sequences along the profile, suggesting that the example shown is not 466 

unique.  However, there are areas where the porosity drop is not related to a channel structure at 467 

all, suggesting lateral heterogeneity in the limestone.  468 

The massive nature of the limestone suggests that its resistivity is controlled mainly by 469 

porosity, with pore water salinity a 2nd order effect, and so the EM data are probably less 470 

sensitive to pore-water salinity within the limestone than to the porosity of the limestone itself. 471 

The increase in 40-m apparent porosity between the onshore and offshore lines can be explained 472 

by the deepening of the limestone, keeping a constant porosity of 15% in the limestone. If the 473 

salinity in the limestone were reduced to about 45% of that of seawater, then the impact on the 474 

40-m receiver apparent porosity would be to reduce it from 25% to about 21.5%. However, along 475 

the inshore line, the changes in 40-m apparent porosity are of this order, and in some cases, such 476 

as below the channel shown in Figure 9b, the drop is greater than this.  477 

 478 
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6. Discussion 479 

Extensive numerical modeling of groundwater flow and salt transport was conducted to 480 

determine the role of paleochannels in groundwater/seawater exchange.  A conceptual model 481 

was developed for a typical coastal plain layered-aquifer system.  A paleochannel was 482 

represented as a high permeability geologic unit that breaches a confining unit offshore.  The 483 

effects of confined-aquifer hydraulic conductivity, dispersion, vertical anisotropy, and channel 484 

geometry were simulated by varying parameter values.   485 

The paleochannel clearly enhances fluid exchange across the land-sea boundary (i.e. the 486 

seafloor). Both fluid outflow from the confined aquifer to the ocean and fluid inflow from the 487 

ocean to the sediments are larger through the paleochannel than through adjacent sediments.  In 488 

all of the simulations, fluid outflow through the paleochannel occurred at least in part through the 489 

channel flanks, resulting in fresher porewater salinity along the flanks than within the channel 490 

axis.  Electromagnetic data collected offshore North Carolina imply similar conditions exist 491 

across paleochannels there, suggesting that channel flanks are important locations of submarine 492 

groundwater discharge. 493 

The across channel patterns of seafloor discharge and inflow, the salinities of these flows, 494 

and their variation with distance offshore are all sensitive to hydrogeologic parameters.  A large 495 

horizontal to vertical hydraulic conductivity ratio promotes lateral flow through the confined 496 

aquifer with strong upward flow concentrated immediately below the channel.  This results in 497 

fresher porewater conditions along the channel axis relative to the flanks.  These conditions are 498 

restricted to near the channel breach, however.  Farther offshore, groundwater discharge occurs 499 

along the flanks, while seawater inflow occurs through the channel axis.  Similarly, reducing the 500 

bottom area of the channel by changing its geometry results in freshening conditions along the 501 



 

23 

channel axis.  These effects are modulated by bulk changes in confined-aquifer hydraulic 502 

conductivity.  Increasing bulk conductivity results in increasing freshwater flow through the 503 

landward boundary, seaward movement of the freshwater/saltwater interface, and freshening of 504 

porewater within and below the channel near the breach. 505 

Our results indicate that, from a field sampling standpoint, across-channel data are critical 506 

in properly assessing fluid exchange across paleochannels.  From a water supply perspective, 507 

paleochannels should be considered sites of increased vulnerability to saltwater intrusion.  In our 508 

models, the freshwater/saltwater transition zone within the confined aquifer was closer to land 509 

below the channel than in the regional flow system for all simulations but the one with a large 510 

vertical anisotropy throughout the model.  Hence, under most conditions, we can expect the 511 

transition zone to be closer to land below permeable paleochannels. 512 

Field data were collected offshore North Carolina to determine the physical properties of 513 

known paleochannels and to investigate their role in groundwater discharge.  Seismic reflection 514 

data show that relict fluvial channels extend offshore and incise down to the top of the shallowest 515 

confined aquifer, the Eocene Castle Hayne limestone.  EM data and numerical modeling both 516 

indicate that groundwater with an intermediate salinity is likely discharging from the Castle 517 

Hayne aquifer into the coastal ocean through these paleochannels.  The EM data show changes in 518 

the apparent porosity of material within the channels with increasing distance from shore.  We 519 

interpret these changes as evidence for the leakage of fresh groundwater through the channels, 520 

with the changes caused by fresher, more electrically resistive pore water in the channels at 521 

distances of about 1 km from the shore.  Farther from shore (~3 km), the pore water in the 522 

channel is fully mixed with seawater and no longer has a salinity contrast with the surrounding 523 

seawater-saturated sediments.   524 
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The hydrologic modeling predicts pore-water salinity distributions with the paleochannel, 525 

in both the across and along-channel directions, that are in good agreement with shallow 526 

nearshore EM responses.  This agreement suggests that the breaching of confining units is a 527 

plausible and potentially important process in offshore groundwater discharge.  Model 528 

predictions of salinities within the deeper confined aquifer are not consistent with the field data, 529 

however.  The field data indicate higher resistivity, likely due to fresher pore water, within the 530 

confined aquifer below the channel relative to off-channel.  All but one simulation model 531 

predicts the opposite result.  This difference may reflect  variability at the field site that was not 532 

adequately represented in the model, or it may reflect a process, such as porosity evolution 533 

within the confined aquifer, that is not modeled in the simulation.  The field data are too limited 534 

to provide constraints on additional model complexity, however, and so we have restricted our 535 

model parameterization to reflect fairly simple hydrogeologic conditions and have not attempted 536 

to fit the EM data completely. 537 

   538 

7. Conclusions 539 

The presence of paleochannels in offshore sediments is widely known, yet their impact 540 

on groundwater/seawater exchange has not been well studied.  Simulation modeling indicates 541 

that when these channels breach confining units, the channels enhance fluid exchange, resulting 542 

in an increase in both inflow from and outflow to the sea. This enhanced fluid exchange occurred 543 

for all hydrogeologic conditions simulated except for the lowest confined aquifer hydraulic 544 

conductivity.  With a low hydraulic conductivity, simulated freshwater flux through the system 545 

was insufficient to force fresh groundwater far offshore. 546 
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In all simulations seawater inflow to the aquifer occurs largely along the channel axis 547 

whereas discharge from the aquifer to the sea occurs along the channel margins.  For all but the 548 

lowest permeability simulated, fluid discharge through the channel had a lower salinity than 549 

seawater.  This occurs because the regional freshwater/saltwater interface is farther seaward than 550 

the interface immediately below the channel and much of this fresher water discharges through 551 

the higher permeability channel.  Changes in channel geometry and increases in vertical 552 

anisotropy resulted in groundwater discharge through the channel axis near where it breaches the 553 

confining unit.  Farther offshore, however, discharge occurred primarily through channel flanks. 554 

Although the simulations reported here focused on fluid exchange through paleochannels 555 

under natural conditions, the fact that these channels increase exchange and that the 556 

freshwater/saltwater interface is closer to land below the paleochannels suggests that these 557 

channels will also enhance saltwater intrusion during times of excess water supply extraction on 558 

land.  Therefore, coastal water resource managers should consider offshore geologic conditions 559 

when considering modes of intrusion and water-resource vulnerability to intrusion.  Along 560 

similar lines, studies of submarine groundwater discharge in the presence of paleochannels 561 

should be aware of varying flow conditions across the channel, particularly when sampling.  In 562 

most cases, inflow is expected near the channel axis whereas the most significant outflow occurs 563 

along channel margins.  However, in some cases simulation results indicate that flow conditions 564 

near the channel breach may favor outflow through the channel axis.  Furthermore, enhanced 565 

fluid exchange was limited to within ~1 km of the channel breach, with the extent of this 566 

influence being controlled by the hydrogeologic conditions. 567 

Marine geophysical data that extends onshore geologic information offshore can play a 568 

key role in understanding the effects of paleochannels on groundwater-seawater exchange.  569 
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Offshore geology cannot be ignored in studying modes of saltwater intrusion any more than 570 

heterogeneities on land should be ignored.  Offshore geophysical data provide constraints on 571 

pore fluid salinity and offshore stratigraphic conditions, which can be crucial in guiding 572 

parameter selection for simulation models. 573 

Simulation modeling and offshore geophysical data both indicate that pore water of 574 

intermediate salinity is likely present in paleochannel sediments offshore North Carolina.  Hence, 575 

paleochannels that breach confining units and are filled with permeable sediments can act as 576 

conduits for groundwater-seawater exchange.  These localized geologic features therefore 577 

contribute to the spatial variability in submarine groundwater discharge by serving as locations 578 

of focused flow. 579 
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Figure Captions: 

Figure 1: Conceptual model of a layered aquifer system in a coastal plain setting showing the 

unconfined aquifer and shallowest confined aquifer.   The figure also shows the 

lithologic geometry and domain used in the simulation modeling. 

 

Figure 2:   Wrightsville Beach, North Carolina.  Cruise tracklines (in red) for collecting seismic 

and EM data are superimposed on the paleochannels delineated by Thieler (1997). 

 

Figure 3:  Simulated salinity profiles for the base-case simulation model.  The paleochannel axis 

is located at y = 500 m.  The contours in all three sections represent seawater fraction 

of 0.25, 0.50. 0.75, and 0.90 from left to right in all sections. 

 

Figure 4: Fluid flow (m3 d-1) through (a) the paleochannel axis and (b) along the channel flanks 

from the shoreline to the seaward extent of the model domain.  Values greater than 

zero represent fluid inflow to the subsurface (i.e., seawater inflow) and values less 

than zero represent groundwater discharge.  The x-axis represents distance from the 

upland model boundary; the channel breach occurs at x = 7725m.  Note different 

scales in (a) and (b). 

 

Figure 5:  (a) Simulated concentration profiles across the channel at 715 m offshore for 

simulations with a high K in the paleochannel. 

 (b)  Simulated concentration profiles across the channel at 715 m offshore for 

simulations with a low K in the paleochannel. 

  

Figure 6: (a) Net fluid flow across different constant-head boundary zones for different 

confined aquifer hydraulic conductivity values.  Paleochannel hydraulic conductivity 

= 42 m d-1 and advective transport only. 

 (b) Inflow across different constant-head boundary zones for confined aquifer 

hydraulic conductivity = 8.8 m d-1.  Paleochannel hydraulic conductivity = 42 m d-1 

unless stated otherwise. 

 



 

 

Figure 7:  Salinity profiles for different anisotropy conditions.  Profiles are shore-parallel at x = 

715 m offshore (location of channel breach) and (a) elevation = 1 m below sea level; 

(b) within the confined aquifer at 21 m below sea level.  See Table 1 for other model 

parameters. 

 

Figure 8:  Salinity profiles from different channel geometries.  Profiles are shore-parallel at x = 

715 m offshore (location of channel breach) and (a) elevation = 1 m below sea level; 

(b) within the confined aquifer at 21 m below sea level. 

 

Figure 9:  Geophysical data from offshore Wrightsville Beach, North Carolina. The top panels 

show EM data as apparent porosities, with the data from each of the three receivers as 

labeled. Lower panels show co-incident chirp seismic profiles. (a) data collected 

along a transect 2.8 km offshore. Here, the EM response of the channel is to show an 

increase in porosity reflecting coarser grained material within the confines of the 

channel, particularly at the channel floor. (b) data collected 1km from shore. Here, the 

EM channel response is more complex, with an initial drop in porosity at the channel 

flanks, followed by an increase in mid-channel. The 40-m receiver shows a smooth 

decrease in porosity starting about 100 m either side of the channel. . 

 

 

 



confined aquifer

Paleochannel

Paleochannel

confining unit

surficial aquifer

surficial aquifer

channel breach
of confining unit

shoreline

confined aquifer

freshwater boundary

seawater boundary

56 m

15 km 1 km

Exaggeration (x:y:z) = 1:10:100

Figure 1

All Figures in order



Howe Cr.

Bradley Cr.

Hewlett’s Cr.

W
rig

ht
sv

ill
e 

B
ea

ch

Kilometers

0 52.5
N

?

?

?

?

?

Incised
Fluvial-Channel

Plio-Pleistocene
Limestone

Geological Interpretation by 
Thieler, 1997

78˚W 77˚W

34˚N

35˚N

78˚W 77˚W

34˚N

35˚N

North Carolina



y = 500 m (channel axis)

y = 420 m (channel flank)

y = 0 m

Figure 3

(a)

(b)

(c)

0.90

0.25

0.90

0.90

0.25

shoreline
channel breach

shoreline
channel breach

shoreline

0.25



(a) Flow through mid-channel
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(b) Flow through channel flank
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(a) Net flow from each zone
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(b) Inflow across constant head boundaries
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Elevation = -1 m
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Elevation = -1 m
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Table 1  Parameter sets used in the simulations.  ‘x’ indicates the parameters used for a given 

combination of hydraulic conductivity (K) in the confining unit and paleochannel.   

Simulations 

Confined 

aquifer K 
α l channel K channel 

geometry 
anisotropy in various 

geologic layers 

 

1 2 3* 4 5 6 7 8 9 10 11 12 13 14 15 16 

K(confined 

aquifer) 

33 m d-1 

15 m d-1  

8.8 m d-1 

1.1 m d-1 

x  

x 

 

 

x 

 

 

 

x 

 

 

x 

 

 

x 

x  

x 

 

 

x 

 

 

x 

 

 

 

x 

 

 

x 

 

 

x 

 

 

x 

 

 

x 

 

 

x 

K(channel) 42 m d-1 

4.2 m d-1 

x x x x x x  

x 

 

x 

 

x 

 

x 

 

x 

 

x 

 

x 

 

x 

 

x 

 

x 

longitudinal 

dispersivity 

(α l) 

0 m 

2.5 m 

25 m 

x x x x  

x 

 

 

x 

x x x  

 

x 

 

 

x 

 

 

x 

 

 

x 

 

 

x 

 

 

x 

 

 

x 

anisotropy 

(Kx: Ky: 

Kz) 

1:1:0.1 

1:1:0.02 

x x x x x x x x x x x x  

x 

 

x 

 

x 

 

x 

channel 

geometry 

rectangular 

trapezoidal 

triangular 

x x x x x x x x x x  

x 

 

 

x 

x x x x 

The following parameters are held constant for all simulations: 

longitudinal: transverse dispersivity 50:1 

K (surficial aquifer) 20.4 m d-1 

K (confining unit) 0.0027 m d-1 

porosity 0.30 

Molecular diffusion  6.6 x 10-10 m2 s-1  

 
*: indicates the base-case simulation parameter set 

Table 1
Click here to download Table: Tables_Mulligan et al.doc

http://ees.elsevier.com/hydrol/download.aspx?id=29329&guid=7250e279-422b-46d6-97c3-956ed307f5cb&scheme=1

