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1. Abstract

Electrical resistivity tomography profiles 
were collected on January 4, 2014 near the 
Government Dock in Graham’s Harbour on 
San Salvador Island, Bahamas. These data 
include 11 sets of replicate profiles taken 
at approximately 30-minute intervals using 
a 28 electrode AGI Supersting R1/IP (with 
a 2 meter spacing in a Schlumberger array 
configuration). The goal of the study was to 
gauge the magnitude of tidal pumping on the 
nearshore groundwater environment of this 
carbonate island. Measurements spanned one 
half of a tidal cycle from an hour before high 
tide until low tide.

Comparing resistance data for each dataset 
against the initial dataset, we demonstrate 
that bulk resistance decreased sequentially 
to a minimum of 11.5% below the initial 
configuration during the measurement period. 
The timing of the changes suggests that tidal 
pumping of seawater into the nearshore 
groundwater reaches a maximum 3 hours after 
high tide.  Inversion models illustrate the spatial 
arrangement of changes to earth resistivity 
during the tidal cycle. Difference plots between 
each modeled dataset and the initial modeled 
data reveal that changes to resistivity are 
restricted to the upper 5 meters, are expectedly 
more pronounced closer to the shoreline, and 
are spatially arranged to demonstrate the rapid 
propagation of a pressure wave and delayed 
solute transport by advection and dispersion.

2. Introduction

Concerns regarding global climate change 

are broad reaching and include the plight of 
carbonate islands, such as San Salvador, which 
generally span a limited elevation range and 
thus dramatically reduce in size with small 
increases in eustatic sea level (Vacher and 
Quinn 2004, and references therein). The 
spatial extent and thickness of the freshwater 
lens underlying carbonate islands (Vacher 
1988) can also significantly decrease with 
small rises in sea level, particularly in regions 
of negative water budgets (Sealey 1994; 
Mylroie et al. 1995; Crump and Gamble 2006), 
resulting in increased pressure on limited water 
resources (Erdman et al. 1997; Roebuck et al. 
2004). Thus, it is highly relevant as part of our 
global climate outlook to better understand 
the dynamic response of the freshwater lens 
to fluctuations in sea level driven by periodic 
forcing, such as tides and seasonal cycles of 
precipitation, and intermittent storm surges.

The nearshore environment of carbonate 
islands, in addition to serving as the seepage 
face for submarine groundwater discharge, 
undergoes daily variation from tides and the 
dampened penetration of the tidal pulse into the 
nearshore aquifer matrix is a well understood 
phenomena that has been mathematically 
modeled in a homogeneous isotropic media 
(Townley 1995) and measured extensively 
at the diurnal (Li et al. 2009) and seasonal 
timescale (Michael et al. 2005). This tidal pulse 
can cause periodic rise and fall of the water 
table and capillary fringe and be an important 
driver of geochemical mixing between marine 
and meteoric waters. The combined effects 
of mixing and variable saturation states in 
nearshore deposits have a strong influence on 
eogenetic diagenesis, including cementation 
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and the conversion of primary porosity to 
secondary permeability (Vacher et al. 1992; 
Whitaker and Smart 2004; Figure 1).

Electrical resistivity tomography (ERT) 
is one method that may be used to image the 
freshwater lens in coastal landscapes (Kruse et 
al. 1998; Urish and Frohlich 2009), whereby the 
potential difference and current generated by 
permutations of a series of electrodes develop a 
‘picture’ of the subsurface composition through 
an inversion model of apparent resistivity data. 
Interpretation of the composition is guided by 
understanding the field setting and by applying 
Archie’s Law (Archie 1952), which states that 
the modeled resistivity will be proportional to 
the fluid resistivity and inversely related to the 
saturation state and porosity. In other words, 
a coastal setting of generally homogeneous 
carbonate sand (such as an accretionary 
strand plain) will have three primary modes 
of resistivity: dry to moist sand (vadose zone 
– 103-104 Ω·m); the freshwater lens (meteoric 
phreatic zone – 101-103 Ω·m); and the 
underlying marine waters below the freshwater 

lens (marine phreatic zone – 100.1-101 Ω·m).
Geo-electric methods have been used in 

North Andros Island, Bahamas to delineate 
the extent of freshwater resources (Wolfe et al. 
2001) and identify the presence of karst features 
(Culpepper 2001). Previously on San Salvador, 
geo-electric methods have been used in the 
Cockburn Town well field (Kunze et al. 1994; 
Kunze et al. 1991; Gross and Kunze 1991), 
near Sandy Point (Kunze et al. 1989), and near 
Sandy Hook (Kunze and Weir 1986). These 
early studies utilized a simple four-electrode 
Schlumberger configuration to conduct depth 
profiles of resistivity and thus demarcate the top 
of the water table and the base of the freshwater 
lens at specific locations in Late Pleistocene 
(Cockburn Town) and Holocene (Sandy Point 
and Sandy Hook) strata.

More recently, ERT was utilized at the Line 
Hole well field by Russell et al. (2010). In this 
study, an early model Advanced Geosciences 
Inc. (AGI) R1 Earth Resistivity Meter 
with 28 electrodes was utilized in a dipole-
dipole configuration to produce a modeled 
resistivity transect. Dipole-dipole electrode 
configurations differ from Schlumberger arrays 
in the arrangement and spacing of the current 
and potential difference electrode; whereas 
Schlumberger arrays are better at resolving 
depth profiles of resistivity, dipole-dipole 
arrays better resolve lateral variations in earth 
resistivity. RMS errors in the modeled profiles 
were higher than desired in the Line Hole study 
(>20%) due to difficulties with the equipment 
and the software resolving the strong contrast 
of apparent resistivity in the transect. However, 
this study did clearly identify a freshwater 
lens in the Holocene strand plain shoreward 
of the well field. The modeled freshwater lens 
appeared to thicken at the inland margin of the 
profile.

This study reports on recent attempts 
to image the freshwater lens using ERT 
on San Salvador Island near the Gerace 
Research Centre on Holocene sediments of 
an accretionary strand plain. In particular, we 
employ a time-lapse methodology (Meyerhoff 

Vadose 

Phreatic 

Meteoric 

Marine 

Figure 1. Diagenetic zones in eogenetic carbonates. 
Intersections between these zones (e.g., between 
meteoric and marine or between vadose and 
phreatic) are the locus of enhanced geochemical 
activity. The margin of the freshwater lens at the 
shoreline is at the intersection of all four diagenetic 
zones and is represented by the central square.
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et al. 2015; Yulia 2011; Tucker 2013) to assess 
changes in modeled profiles of earth resistivity 
during the course of a tidal cycle. The time-
lapse method, in addition to identifying the bulk 
change in apparent resistivity between time 
steps, can pinpoint the coordinates in the ERT 
transect where such changes occur. These data 
can be one method to measure the attenuation 
of the tidal pulse, identify the spatial range of 
geochemical mixing, and compute the lag time 
between the tidal pulse and changes in the 
nearshore aquifer matrix.

3. Methods

ERT profiles were collected on January 4, 2014 
near the Government Dock in Graham’s Harbour 
on San Salvador Island, Bahamas (24.123°N, 
74.458°W; Figure 2). These data include 11 
sets of replicate profiles taken at approximately 
30-minute intervals using an AGI SuperSting R1/
IP with 28 passive electrodes. The gap between 

runs 4 and 5 aligns with the lunch period at the 
Gerace Research Centre. The electrodes were 
oriented perpendicular to the shoreline on a 2-m 
spacing with electrode 28 located just below the 
high-tide mark. The command sequence of the 
electrodes was organized in a Schlumberger array 
configuration to maximize the vertical resolution 
of changes to resistivity. Measurements spanned 
one half of a tidal cycle from an hour before high 
tide until low tide.

The data files from each profile (in AGI 
format) were converted in MatLab to a text 
format delimited in such a way to be read by the 
finite-element inversion modeling software R2 
(version 2.7a; Binley and Kemma 2005). From 
these text files, the sum of the resistance data 
for each electrode configuration was computed. 
In R2, the profile for modeled resistivity was 
generated through iterative inverse modeling of 
the apparent resistivity data (the model grid had 
a horizontal resolution of 0.25 m and a vertical 
resolution of 0.5 m with a scaling factor of 1.1).  

Figure 2. The Bahamas Archipelago, the island of San Salvador, and the location of the geophysical 
investigation at the Government Dock in Graham’s Harbour. Inset image data: Google and DigitalGlobe.
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Also in R2, a difference inversion of modeled 
resistivity was created between the initial 
condition and each subsequent time step.

4. Results and Discussion

A time series of bulk resistance data are 
presented in Figure 3. Comparing each time 
step against the data from the initial dataset, 
the bulk resistance seemingly decreased 
sequentially to a minimum of 11.5% below 
the initial configuration at approximately three 
hours after high tide. The timing of the changes 
suggests one of two possibilities: 1) tidal forcing 
of seawater into nearshore groundwater, or 2) 
tidal oscillation of the water table; in both cases 
delayed by the attenuation of the aquifer matrix.
	 Inversion models of sequential profiles 
(Figure 4) all have RMS errors less than 
5% and illustrate the spatial arrangement 
of earth resistivity during the time series of 
measurements. The highest values of modeled 
resistivity (>103 Ω·m) are restricted to the upper 
1.5 m of the profiles and inland of the electrodes 
in the swash zone; they are likely representative 
of the vadose zone of the strand plain. Middle 
range values of modeled resistivity (101-103 

Ω·m) occur as a shoreward thickening wedge 
at depths between 1.5 and 5 m below the 
surface and are most likely the freshwater lens, 
the capillary fringe, and overlying sand that 
experiences variable saturation due to tidal 
oscillation and meteoric recharge. The lowest 
values of modeled resistivity (<101 Ω·m) occur 
below depth of 5 m and along the shore face and 
represent the marine phreatic zone of the coastal 
aquifer.

Difference plots between the modeled 
resistivity of each dataset and the initial data 
reveal significant changes to resistivity (Figure 
5). The most significant increases in modeled 
resistivity (>30%) occur within the top meter of 
the profile and along the shore face, and are more 
pronounced in later time steps. These increases 
are most likely a lowering of the water table in 
response to, and in phase with, lower sea levels 
during low tide. In essence, they represent the 
rapid transmission of, and response to, a pressure 
wave through the nearshore aquifer.

Significant decreases in modeled resistivity 
(>5%) are restricted to the upper 5 m of the 
aquifer, are widespread, and therefore overwhelm 
the more restricted increases of resistivity within 
the model space (Figure 5). They are also out of 
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Figure 3. Time series of the sum of raw resistance values in the array file from each time step. Vertical 
axis is in Ohms and horizontal axis is in time. Dashed line is an overlay of the published tide chart for 
San Salvador with high and low tide times and range labeled (source: http://tides.mobilegeographics.com/
locations/5570.html).
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Figure 4. Modeled resistivity panels for each time step in the study produced using R2 and Surfer. Both the 
x and y axis are in units of meters. Values of resistivity are in Ω·m and are presented in logarithmic scale. 
Electrode 28 is located at 56 m, which is just below the high tide mark.
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phase with the tidal signal, and spatially variable 
in each time step. Generally speaking, they 
reveal a ‘pulse’ of lower resistivity fluid (i.e., 
marine water) moving landward followed by a 
dissipation of that marine water toward the end 
of the data collection. The distance of penetration 
of the salinity changes during this study appears 
to be approximately 40-45 m at this location and 
may be a limit imposed by the tidal range, the 
tide duration, and the rates of solute transport 
governed by the advection-dispersion equation 
in this aquifer matrix.

5. Conclusion

This preliminary study of time-lapse ERT 
methods along the coastline of San Salvador 
Island, Bahamas offers an interesting first 
glimpse into the nearshore behavior of a 
Holocene carbonate aquifer to tidal forcing. 
Results suggest that the water table oscillates 
in sync with the tides followed by a delayed 
advection/dispersion of marine waters. The 
attenuated tidal pulse penetrates approximately 
40-45 m landward of the swash zone. The lag 
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Figure 5. Modeled time-lapse resistivity panels for time step in the study compared to the initial conditions. 
Panels were produced using R2 and Surfer. Both the x and y axis are in units of meters. Values are presented 
as percent difference from the initial value. Electrode 28 is located at 56 m, which is just below the high 
tide mark.
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time between peak tide and minimum resistance 
is approximately three hours.
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