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Abstract
We use electrical resistivity tomography to obtain a 6.8-km electrical resistivity image to a depth of approximately 150 m.b.s.l.

along the coast of Monterey Bay. The resulting image is used to determine the subsurface distribution of saltwater- and freshwater-
saturated sediments and the geologic controls on fluid distributions in the region. Data acquisition took place over two field seasons
in 2011 and 2012. To maximize our ability to image both vertical and horizontal variations in the subsurface, a combination of
dipole–dipole, Wenner, Wenner-gamma, and gradient measurements were made, resulting in a large final dataset of approximately
139,000 data points. The resulting resistivity section extends to a depth of 150 m.b.s.l., and is used, in conjunction with the gamma
logs from four coastal monitoring wells to identify four dominant lithologic units. From these data, we are able to infer the existence
of a contiguous clay layer in the southern portion of our transect, which prevents downward migration of the saltwater observed
in the upper 25 m of the subsurface to the underlying freshwater aquifer. The saltwater and brackish water in the northern portion
of the transect introduce the potential for seawater intrusion into the hydraulically connected freshwater aquifer to the south, not
just from the ocean, but also laterally from north to south.

Introduction
Groundwater is a critical component of freshwater

supply systems throughout the globe (Alley et al. 2002),
accounting for more than one-third of the water with-
drawals worldwide (Doll et al. 2012). Heavy reliance on
the resource has resulted in groundwater depletion of
aquifers in many parts of the world and lead to a host
of social, economic and environmental impacts including,
reductions in surface water flows, the loss of groundwater-
dependent ecosystems, and land subsidence (Wada et al.
2010). Coastal aquifers are particularly vulnerable to
groundwater depletion, as overproduction of these systems
can lead to seawater intrusion, which can cause degrada-
tion of water quality, and its subsequent loss as a source
for drinking or irrigation (Bear et al. 1999).

In areas where there are concerns about seawater
intrusion, monitoring wells are commonly installed to
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measure changing groundwater conditions and groundwa-
ter elevations. These monitoring wells, often referred to as
sentinel wells, are intended to serve as an “early warning
system” for seawater intrusion. However, well permit-
ting, construction and monitoring can be time-consuming
and expensive (Ogilvy et al. 2009). Additionally, individ-
ual monitoring wells provide point information, which
may not be representative of groundwater conditions in
the region as a whole. Effective management of coastal
aquifers requires spatially continuous information that
provides information on subsurface hydrogeology at a
larger scale.

Geophysical techniques are commonly used to
complement the spatially disparate information derived
from borehole data and to help inform on the degree of
heterogeneity surrounding the boreholes. Electromagnetic
methods (EM; e.g., Kirkegaard et al. 2011; Jørgensen
et al. 2012) and electrical resistivity tomography (ERT;
Martínez et al. 2009; Nguyen et al. 2009; Henderson et al.
2010; de Franco et al. 2009) are well suited to character-
ization of saltwater intrusion, as they are sensitive to dif-
ferences in subsurface conductivities (Goldman and Kafri
2006) resulting from changing salinity levels. However,
care must be taken in the interpretation of results using
electrical methods, as changing subsurface lithology, in
particular changing clay content, can affect subsurface
conductivities (Daily et al. 2004). To ensure accurate
interpretation, geophysical methods should be combined
with geophysical well logs (Buckley et al. 2001).
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Both marine- and land-based ERT have been proven
to be successful methods of imaging various aspects
of groundwater systems. Marine-based ERT surveys
have been used to image groundwater discharge in
coastal environments (Day-Lewis et al. 2006; Henderson
et al. 2010). Land-based ERT surveys investigating
freshwater/saltwater dynamics have also been widely
used (Maillet et al. 2005; Batayneh 2006; Swarzenski
et al. 2006; Martínez et al. 2009; Nguyen et al. 2009;
de Franco et al. 2009) however few groundwater related
surveys have been done at the scale of several kilometers
(e.g., basin scale). However, large-scale (1–30+ km)
land-based ERT surveys have been conducted recently in
the petroleum and minerals industries, and there has been
much development of field techniques to improve the
acquisition speed of these surveys. Surveys of this length
have much appeal for use in groundwater management
because they have the potential to enable users to gain
rapid insight into the subsurface lithology and fluid
distributions over the full extent of an aquifer. However,
there are particular challenges associated with using large
electrode spacings. Two challenges of note are: (1) the
amplitude of measured signals at long offsets (∼1 km
maximum spacing between outer electrodes) is small, and
(2) the large arrays can be more sensitive to noise sources.

This study site overlies two groundwater basins on
California’s central coast, the Salinas groundwater basin
and the Seaside groundwater basin (Figure 1). These
groundwater basins are located in California’s Mon-
terey County, an agriculturally intensive region with
an estimated annual production value of $4.4 billion
(2013 values) (Monterey County Agricultural Commis-
sioner [MCAC] 2013). Limited surface water resources
in the area have placed tremendous pressure on the
region’s groundwater aquifers (approximately 86% of the
region’s water supply comes from groundwater; Depart-
ment of Water Resources [DWR] 2013) and has resulted
in seawater intrusion in many coastal aquifers surrounding
Monterey Bay (Taraszki and Craig 2001; Hanson 2003;
Hydrometrics 2009). We acquired data along a 6.8-km
of data stretch of beach along the southern portion of
Monterey Bay to: (1) demonstrate the viability of using
large-offset ERT to image the distribution of subsurface
freshwater and saltwater over a large spatial extent, and
(2) gain insight in the distribution and geologic controls
of seawater intrusion in the Monterey Bay region.

Study Area
Figure 1 shows the location of the 6.8 km of ERT

data collected along the coast of Monterey Bay in 2011
and 2012. These data fall within two groundwater basins,
the Salinas groundwater basin at the northern end of
the transect and the Seaside groundwater basin to the
south. The Salinas and Seaside groundwater basins are
commonly delineated by a groundwater pumping-induced
flow divide (Yates et al. 2005). The red line in Figure 1
represents this flow divide between the two basins. The

Figure 1. Map of field site location showing the ERT transect
(heavy black line), Seaside basin water monitoring (SBWM)
well locations (stars), the pumping-induced groundwater
basin boundary (red line), and the location of a cross section
of the region (dashed green line).

transect was performed in, and limited to, a permitted
region within the California State park lands.

Seawater intrusion was first reported in the 1940’s in
the Salinas groundwater basin (Monterey County Water
Resource Agency [MCWRA] 2006). Since that time,
seawater intrusion of the shallower and deeper confined
aquifers in the basin has advanced more than 11 and 6 km
inland, respectively (MCWRA 2006). This has forced
local water purveyors to drill groundwater wells into an
alternate even deeper aquifer to meet local water demands.

Seawater intrusion has not yet been observed in
the Seaside groundwater basin (Hydrometrics 2012).
However, continued groundwater extractions in excess
of freshwater inflows and recharge, pumping depressions
near the coast and sustained seawater intrusion in the
hydraulically connected Salinas River Basin suggest that
seawater intrusion into the Seaside basin could occur
(Hydrometrics 2012).

In 2007, four sentinel monitoring wells were installed
along the coast of the Seaside and Salinas groundwater
basins to provide for detection of seawater intrusion
(Feeney 2007). We refer to these wells as Seaside Basin
Water Monitoring (SBWM) wells.

Figure 2 is a conceptual model of the geology in the
region developed by Feeney (2007). The cross section
spans an approximately 20 km transect parallel to the
coastline (green dashed line in Figure 1) and shows all
strata dipping northward. Based on well logs from seven
boreholes in the region, including the four SBWM wells,
Feeney (2007) divides the strata in the region into two six
main stratigraphic units, based on well logs from seven
boreholes in the region, including the four SBWM wells.
From oldest to youngest these units are (1) the Monterey
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Figure 2. Cross section of geologic data along the southern coast of Monterey Bay (modified from Feeney 2007). The dashed
box shows the length and approximate depth of the ERT data acquired for this study. The cross section is based on data
from the four Seaside basin water monitoring (SBWM) wells shown in the cross section, as well as three additional wells that
do not fall within our ERT transect and are not shown above. Total depth (TD) for each SBWM well is provided next to the
well label.

Formation (Tm), (2) the Santa Margarita Formation (Tsm),
(3) the Purisma Formation (Tpu and Tpl), (4) the Paso
Robles Formation (QTp), (5) the Aromas Sand Formation
(Qar), and (6) the Surficial deposits (Qal) (Durbin 2007).

Within these geologic formations are the three
primary aquifers in the area. We refer to each by the geo-
logic unit that houses them; they are the Aromas aquifer,
the Paso Robles aquifer, and Purisma/Santa Margarita
(PSM) aquifer. Because the Aromas aquifer is unconfined
and in direct hydraulic communication with the ocean
it is susceptible to contamination, and is, therefore, not
considered a viable groundwater supply for the region
(Yates et al. 2005). As a result, the Paso Robles and the
PSM are the primary aquifers in the Seaside region.

The Salinas groundwater basin, north of SBWM 3, is
a complex mix of hydraulically connected sand and gravel
units inter-bedded among semi-continuous clay or silt
units, resulting, fluvial and estuarine deposition from the
Salinas River over time (Taraszki and Craig 2001). Fur-
thermore, the interpretations by Taraszki and Craig (2001)
suggest that the uppermost aquifers (surface 100 m) in the
Salinas basin (north of north of SBWM 3) are hydrauli-
cally connected. Faulting and uplift in the southern portion
of Monterey Bay have brought underlying deposits closer
to the ground surface in the Seaside Basin, where the
depth to the Monterey Formation (Tm in Figure 2), a
marine shale and mudstone generally considered to be the
base of water-bearing sediments in the region, is observed
at a depth of approximately 280 m at the SBWM 4 (Yates
et al. 2005). By contrast, the Monterey Formation is
estimated at a depth of 500 m at SBWM 1 in the Salinas
Basin. Interpretation of hydrogeologic data in this area
is difficult and has resulted in conflicting interpretations
of local lithology even when using data from the same
boreholes (Yates et al. 2005). This is likely a result of
several factors including, the complex depositional nature
of the subsurface geology; the highly heterogeneous
nature of the subsurface, making interpretation of the
continuity of layers based on well data difficult and prone
to error; and the vertical and horizontal displacement of
layers resulting from faults (Merey et al. 1992).

Acquisition, Processing and Inversion
of ERT Data

The ERT data were acquired along the beach, above
the high tide line. Data were collected using two different
acquisition systems. The dataset acquired in 2011 used
a 200 W IRIS Syscal 72 electrode measurement system
with an overall array length of 710 m. The 2012 data
were collected using a 250-W IRIS Syscal 96 electrode
system with an overall array length of 860 m. System
segments were rolled over in 180 m segments during
both field surveys to ensure continuous overlap in data
acquisition. To maximize our ability to image both
vertical and horizontal variations in the subsurface, a
combination of dipole–dipole, Wenner, Wenner-gamma,
and gradient measurements were made, resulting in a
large final dataset of approximately 139,000 data points.
The measurement quadruples had a range in geometric
factors from approximately 18 m to 3.1 × 105m. The
geometric factor is inversely proportional to the magnitude
of the measured signal. This indicates that some of the
measurements will be small (on the order of microvolts)
and more susceptible to noise. Data acquisition took a
total of 10 field days.

We adopted updated versions of the 2.5D forward
modeling and inversion codes described by Pidlisecky
and Knight (2008) and Pidlisecky et al. (2007). This code
minimizes the objective function denoted in Equation 1,
which results in an estimated electrical conductivity (EC)
model that honors the measured data, while adhering to
an a priori assumption regarding model structure (e.g.,
smoothness).

φ (m) = 1

2
‖Wd (d (m)− dobs)‖2

+ β

2

(‖αsWs (m − mref)‖2

+‖αxWx (m)‖2 + ‖αzWz (m)‖2) (1)

where m is the natural log of the EC model, dobs is
the observed data (the measured voltages normalized by
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the injected current), d(m) is the data calculated for
a given conductivity model, Wd is a data weighting
matrix that contains 1

std(dobs)+std(d(m))+Poserr+ε
along the

diagonal, Ws is a matrix that enforces smallness, Wx

and Wz are matrices that enforce flatness in the x -
and z -directions respectively, αs,x,z are parameters that
control the weighting of each regularization term, and
β is a parameter that controls the overall weighting
between regularization and data misfit. To form Wd we
assume a random noise model of 3% for our observations
(std(dobs)). We estimate the modeling error (std(d(m)))
by comparing numerical results to analytical solutions
for a homogeneous conductivity structure. Positional
error (Poserr) is calculated using the expected data error
associated with a random positional error of 30 cm on
the electrode positions (e.g., GPS error). We note that
this positional error is particularly important when using
mixed-array types, as different arrays have different
sensitivity to positional error. Tidal variations were
considered as a possible noise source; however, numerical
modeling suggested this component would be negligible
given the spatial scale of the survey and the relatively
small tidal change (1 to 2 m). The final term, ε, in the
error matrix serves to penalize small data values and was
taken as 1e−5 (Oldenburg and Li 2005). We assume
αs is 1 × 10−4, αx is 10, αz is 1, and β is 0.1. The
starting model, or initial guess, for the inversion was
a homogeneous model with an EC of 1.1 S/m (i.e., a
saltwater-saturated sediment). The regularization term (β)
was arrived at using the L-curve method (Hansen 1992).
We note, for a comprehensive review regarding inversion,
and the implications of these parameter choices, we refer
the reader to the tutorial of Oldenburg and Li (2005).
Resistivity data from the four SBWM wells (locations
shown in Figure 1), while shown in the results, were
not used to constrain the inversion. We chose not to
constrain our inversion for two reasons: (1) integration of
borehole logs as hard constraints (i.e., fixed model cells)
in inversions can result in artifacts near the constrained
region, and (2) using borehole data as soft constraints
(e.g., using them to construct a starting model), can
heavily influence the inversion result in regions where
there is limited information content in the data (e.g., the
inversion will not change the reference model).

Prior to inversion, data were removed based on
several criteria: (1) an apparent resistivity of <0 Ohm-
m or >300 Ohm-m, (2) positional error of >10%, and (3)
modeling error >5%. The filtering resulted in a dataset
with 120,848 points. Our results give an absolute mean
percent error of 17.8%, after five iterations of the inversion
algorithm. We note that this error value suggests our error
assumption of 3% was low and that inversion error is
higher than would typically be seen in surveys consisting
of a single array type (e.g., Wenner). We attribute the
higher error value to differences in sensitivity resulting
from electrode position errors between the different arrays
types, and the large spread in geometric factors. Studies
often achieve better data fits by using data from a single
array type. A complete Wenner survey along our transect

would result in a total of approximately 30,000 data
points, with geometric factors ranging from approximately
63 to 1800 m. This range in geometric factors results in
data with a much lower noise floor, which could be fit
to a tolerance of few percent; however, there would also
be, limited information associated with this small dataset
(larger geometric factors tend to provide information at
greater depths). Working with multiple array types, while
more challenging, results in a more detailed image with a
greater depth of investigation.

Results and Discussion
Figure 3a through 3c shows data from the ERT

survey as resistivity sections where the color displays the
resistivity values. Resistivity sections in Figure 3a through
3c are hung at sea level along a digital elevation model
for the region and show the locations of the four SBWM
wells. These figures are shown from the perspective of
looking inland from Monterey Bay; the digital elevation
model provides insight into the topography of the area.
We were able to obtain reliable results to a depth of
approximately 150 m.b.s.l. along most of the resistivity
section.

Figure 3a shows the inverted ERT data section
overlain by the resistivity logs measured in each of
the four SBWM wells. Logging data were not used to
constrain the inversion of the ERT data, rather these data
were used as an independent validation of the inversion.
There is excellent agreement between the resistivity data
derived from our inversion and the well log resistivity
records. Minor variations in resistivity values between the
records are attributed to differences in measurement scale.

As noted previously, interpretation of hydrogeologic
data in this area is difficult and has resulted in conflicting
interpretations of local lithology even when using data
from the same boreholes (Yates et al. 2005). Geophysical
methods may be particularly helpful in such environments,
as they do not necessitate a complete understanding of the
subsurface geology or mechanisms for their formation,
rather they can be used to understand fluid distribution
and potential flow paths within the existing geology. For
example, in the absence of any other data, it is clear in
Figure 3a that the geology is more laterally continuous
in the southern portion, and that the seawater intrusion is
vertically constrained. Using this information, we are able
to infer the presence of a laterally continuous aquitard in
the southern portion (3500 to 7000 m on the x -axis of
Figure 3) of our transect.

Gamma logs are commonly used to identify differ-
ences in lithologic units, where high gamma counts are
associated with zones of clay or high silt content and low
gamma counts are associated with sands and gravels (e.g.,
Keys 1997). In Figure 3b, we use the resistivity data pre-
sented in Figure 3a in conjunction with the gamma logs
from the SBWM wells to identify four dominant lithologic
units within our depth section. These units are labeled A,
B, C, and D and are consistent with the cross section
shown in Figure 2. However, we do not go so far as to
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Figure 3. (a) Inverted electrical resistivity sections measured along the coast of Monterey Bay where color displays resistivity
values. All sections are hung at sea level along a digital elevation model (DEM vertical exaggeration is 5×, data from
the USGS national elevation dataset) for the region and are shown from Monterey Bay looking inland. All figures show
the resistivity values measured in the SBWM wells (Feeney 2007). (b) Plots of gamma ray from the SBWM wells are shown.
These data, along with the ERT and SBWM resistivity data, are used to identify four dominant lithologic units within our
resistivity section, labeled A, B, C, and D. (c) We interpret the final image to show groundwater salinity and possible flow
paths.

interpret the units labeled in Figure 3 using the names by
Feeney (2007), rather we focus on interpreting them in
terms of the data presented in Figure 3 (which gives no
direct indication of age, or depositional environment).

Units A and B have similar and relatively consistent,
low gamma count values, indicating a clean sand.
However, based on the constrained nature of the saltwater
layer observed in the southern portion (3500 to 7000 m
on the x -axis of Figure 3) of the transect, along with the
EC logs and spikes (>85 counts) in SBWM 1–4 gamma
log records at depths of approximately 45, 34, 14, and
17 m, respectively, we interpret these as two different units
separated by a thin clay aquitard (shown as a white line in
Figure 3b). Unit C differs from units A and B by way of
an increased gamma count within the unit, suggesting a
higher average fines content. Unit D represents a transition
back to a lower average gamma count, which we interpret
as a higher sand fraction.

In the northern portion of our section, high salinity
water dominates the upper third of the subsurface,
suggesting the absence of a continuous aquitard in this
portion of the section. We interpret this to mean the

inferred clay layer in Figure 3b dips and becomes
permeable (possibly due to faulting, thinning and/or
erosion) in the northern portion (0 to 3500 m on the x -
axis of Figure 3). These results are largely consistent
with hydrogeologic interpretations by Taraszki and Craig
(2001) who suggest that the uppermost aquifers (surface
100 m) in the Salinas basin are hydraulically connected, as
well as with the ongoing problems of seawater intrusion
that have been observed in the uppermost groundwater
aquifers in the Salinas groundwater basin.

We note units B, C, and D are not yet intruded
with saltwater, and that there is a freshwater zone in
the southern portion of unit C (6000 m on the x -axis of
Figure 3). This freshwater zone is consistent with depths
reported for the Paso Robles aquifer (SBWM 3 40 to
130 m and SBWM 4 30 to 100 m) (Feeney 2007). This
aquifer is a groundwater source for the overlying city of
Seaside and is most likely recharged from precipitation
falling on the uplands to the east. The interpretation is
supported by the geologic interpretation of Yates et al.
(2005), which suggests that inland exposure could be
connected to Unit C. We also note that as the aquitard

NGWA.org A. Pidlisecky et al. Groundwater 54, no. 2: 255–261 259



between units A and B appears to be a less effective
flow boundary (as evidenced by the decrease in resistivity
due to increased salinity) toward the north and may
indicate discontinuity in aquitards between the Salinas
groundwater basin and the Seaside groundwater basin.
Saline and brackish waters in the Salinas basin also
introduce the possibility of seawater intrusion into units B,
C, and D not just from the ocean, but also laterally from
north to south. This is shown schematically in Figure 3c,
with the flow arrow denoting the direction of possible
saltwater migration.

There are two high resistivity anomaly (∼50 to
100 Ohm-m) zones near the surface of our data section.
These occur at 0 to 2500 m and 5500 to 7000 m on the
x -axis of Figure 3. We interpret these as freshwater, likely
due to infiltration from a series of drainage features that
can be seen in the surficial topography of this region.

Conclusions
We use large-offset ERT to obtain 6.8 km of continu-

ous electrical resistivity data to a depth of approximately
150 m.b.s.l. along the coast of Monterey Bay. Resistiv-
ity depth sections are combined with gamma logs records
from coastal groundwater monitoring wells to infer the
location of subsurface freshwater and saltwater zones.
From these data, we are able to infer the existence of
a contiguous clay layer in the southern portion of our
transect. This layer prevents downward migration of the
saltwater observed in the upper 25 m of the subsurface
to the underlying freshwater aquifer. The clay layer dips
northward in the northern portion of the line and becomes
permeable, resulting in a downward migration of seawa-
ter to a depth of approximately 100 m. The saltwater and
brackish water in the northern portion of the transect intro-
duce the potential for seawater intrusion into the hydrauli-
cally connected freshwater aquifer to the south, not just
from the ocean, but also laterally from north to south.

Finally, the resistivity data are used to identify a
substantial infiltration zone near the surface (top 25 m)
of the northern portion of our transect. We attribute this
freshwater zone to be a result of series of drainage features
along the coast. A similar, but smaller freshwater feature
is observed in the southern portion of our transect and
also coincides with a coastal drainages.

Understanding the impacts of subsurface lithology
on fluid distribution and its potential flow paths is
particularly important in coastal aquifers that are vul-
nerable to seawater intrusion. This study demonstrates
the value of continuous data from large-offset ERT to
delineate zones of subsurface freshwater and saltwater
in a coastal environment. Resistivity data are used, in
conjunction with gamma logs, to infer geologic controls
on and potential contaminant pathways for seawater
intrusion. Furthermore, the results from this study have
demonstrated the value of ERT data to image subsurface
freshwater and saltwater zones in this region and served
as a proof-of-concept for a 48-km ERT from Seaside,
California to Santa Cruz, California at the end of 2014.
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