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a b s t r a c t
Electrical Resistivity Tomography data were acquired along 40 km of the Monterey Bay coast in central
California. These data resulted in electrical resistivity images to depths of approximately 280 m.b.s.l.,
which were used to understand the distribution of freshwater and saltwater in the subsurface, and factors controlling this distribution. The resulting resistivity sections were interpreted in conjunction with
existing data sets, including well logs, seismic reflection data, geologic reports, hydrologic reports, and
land use maps from the region. Interpretation of these data shows a complex pattern of saltwater intrusion resulting from geology, pumping, and recharge. The resistivity profiles were used to identify geological flow conduits and barriers such as palaeo-channels and faults, localized saltwater intrusion from
individual pumping wells, infiltration zones of surface fresh and brackish water, and regions showing
improvements in water quality due to management actions. The use of ERT data for characterizing the
subsurface in this region has led to an understanding of the spatial distribution of freshwater and saltwater at a level of detail unattainable with the previously deployed traditional well based salinity mapping
and monitoring techniques alone. Significant spatial variability in the extent and geometry of intrusion
observed in the acquired data highlights the importance of adopting continuous subsurface characterization methods such as this one.
Ó 2017 The Authors. Published by Elsevier B.V. This is an open access article under the CC BY-NC-ND
license (http://creativecommons.org/licenses/by-nc-nd/4.0/).

1. Introduction
A coastal region represents a dynamic zone where fresh
groundwater in the coastal aquifers interacts with saline ocean
water. The location of the freshwater-saltwater interface is governed by the density and pressure differences on the two sides of
the interface and the subsurface hydrologic properties that control
fluid movement. Saltwater intrusion is the process in which this
interface moves landward, with saltwater then occupying parts
of the aquifer that were once fresh. While this process has been
observed and documented throughout the world for over a century
(Bear et al., 1999), climate change, growing water demands, and
manipulation of natural hydrologic systems have led to saltwater
intrusion being considered a significant threat to future freshwater
resources globally (Kinzelbach et al., 2003; Barlow and Reichard,
2009; Werner et al., 2013).
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Saltwater intrusion can have a number of significant economic
and environmental impacts, including diminished freshwater storage capacity, contamination of freshwater production wells, soil
salinization, and decreased nutrient laden freshwater discharge
to marine ecosystems (Johannes, 1980; Taniguchi et al., 2002;
Werner et al., 2013). A number of steps can be taken to attempt
to slow the rate of saltwater intrusion, including spatial and temporal changes in the extent of groundwater pumping, in landuse, in surface water diversions, and in artificial recharge (Abarca
et al., 2006). What is needed however is a way to prioritize these
actions, or combinations of actions, so as to optimize the impact
on saltwater intrusion. This requires an accurate understanding
of the current distribution of freshwater and saltwater, that can
be used to predict future locations in response to these, and other,
actions (Sanford and Pope, 2009).
Saltwater intrusion is traditionally mapped and monitored
using measurements made in wells and predictive flow models
(Werner et al., 2013). There are a number of limitations with these
methods. Measurements made in wells provide point data, which
may fail to capture the spatial complexity in subsurface conditions.
Improving spatial coverage with additional wells can be cost
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prohibitive (Ogilvy et al., 2009). Additionally, salinity measurements from wells can be flux-averaged concentrations, and head
measurements in wells are affected by the density of the water column so can be misinterpreted in the presence of unknown salt
water, and are susceptible to measurement, instrument, and time
lag errors (Carrera et al., 2009; Post and Von Asmuth, 2013). Models are generally calibrated by matching historic head values in
wells and/or matching salinity values from well samples (Carrera
et al., 2009), thus all the limitations of well data are carried over
into the model calibration. Given these limitations there is significant opportunity for additional methods of mapping and monitoring the distribution of saltwater in the subsurface for improved
management of coastal aquifers.
Geophysical methods are often used to complement well data,
improving the understanding of spatial heterogeneity away from
the wells. Electrical geophysical methods are particularly well suited to characterizing saltwater-intruded regions, as they are sensitive to changes in subsurface conductivity which are often caused
by changes in pore fluid salinity (Knight and Endres, 2005;
Goldman and Kafri, 2006). One such electrical method, Electrical
Resistivity Tomography (ERT) has been demonstrated in a number
of studies in recent years to be useful for this application. Martínez
et al. (2009) found ERT to be useful in identifying zones of intrusion
in a Spanish coastal aquifer, with excellent agreement between
ERT profiles and borehole measurements. This study produced
resistivity profiles up to 555 m long, imaging down to 106 m. De
Franco et al. (2009) demonstrated the effectiveness of time-lapse
ERT to monitor the dynamics of saltwater intrusion in response
to environmental changes in Venice, Italy, imaging to depths of
up to 60 m with profiles 300 m long. Additionally, studies by
Maillet et al. (2005), Batayneh (2006), Rey et al. (2013), Zarroca
et al. (2011) and Pidlisecky et al. (2015), and others have illustrated
the ability of ERT to locate and define the geometries of saltwater
bodies in groundwater aquifers, and show an increasing use of this
method in saltwater intrusion investigations. While these studies
have highlighted the utility of ERT for these environments, their
use of ERT have been limited in spatial extent, thus precluding a
comprehensive study of the controls on the location and extent
of saltwater intrusion at the basin or larger. In larger basins with
complex or variable geology, small-scale imaging makes exploration and interpretation difficult as only a small portion of the relevant area is illuminated.
Few groundwater ERT studies have been conducted at the basin
scale (multiple kilometers), commonly needed to make regional
management decisions. In the past decade, the mineral and petroleum industries have addressed the challenges of acquiring data at
this scale (1–30+ km), with many accompanying developments in
acquisition methods (Bauman, 2005; Loke et al., 2013). These
developments, which include rapid data collection with multichannel systems, large distances between electrodes, and an acquisition approach that increases data coverage, can achieve
unprecedented depths of high resolution imaging with ERT
(Baines et al., 2002; Loke, 1999; Pidlisecky et al., 2015). Longoffset ERT now has the potential to provide insight, with short
turn-around time, into aquifer lithology and fluid distribution for
costs comparable to those of monitoring well programs.
This study took place along the coast of the Monterey Bay in
central California, where multiple over-drafted basins have experienced, or are threatened by, saltwater intrusion. A pilot study
(Pidlisecky et al., 2015) conducted along the southern end of the
Monterey Bay coast tested the long-offset ERT method on a 7 km
stretch, with the goals of: (1) demonstrating the viability of using
long-offset ERT to image the distribution of subsurface freshwater
and saltwater over a large spatial extent, and (2) gaining insight
into the distribution and geologic controls of seawater intrusion
in the Monterey Bay region. This pilot study was able to determine
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electrical resistivity values to a depth of 150 m, and gave significant insight into the spatial distribution of saltwater intrusion,
and role of the local geology in controlling intrusion along the transect. The success of this pilot study motivated us to further pursue
these goals by acquiring long offset ERT data along a 40 km stretch
of coast, imaging to a depth of 280 m; to our knowledge the most
extensive high-resolution image ever obtained for imaging saltwater intrusion at the basin scale. This new study, presented here,
reveals the complex nature of saltwater intrusion in the Monterey
Bay region, and highlights ways in which ERT can provide key
information about the controls on saltwater intrusion and can be
used to identify the necessary scale of management, and support
decision-making. This demonstration of the utility of ERT for
exploratory imaging at this specific site will hopefully be used as
a guide for others to apply this method to similarly impacted
coastal basins around the world.

2. Study area
This location of the study is shown in the maps in Fig. 1. Along
Monterey Bay coast, intensively farmed land meets a national marine sanctuary. With limited surface water resources, pumping from
coastal aquifers provides >80% of the freshwater in this region,
with that percentage reaching 99% in Monterey County
(California Water Foundation, 2014). Extensive pumping has lead
to significant saltwater intrusion in the region, which was noted
as early as the 1930’s (Yates et al., 2005), and to date has extended
up to 16 km inland in the Salinas River Valley, as shown in Fig. 1b
(Monterey County Water Resources Agency, 2014). Addressing the
issue of saltwater intrusion in this region requires balancing the
needs of a multi-billion dollar agricultural industry, domestic and
industrial users, and the environment, across many governmental
management agencies (California Water Foundation, 2014;
Monterey County Agricultural Commissioner, 2015).
Fig. 1a shows the location of ERT data acquisition along the
coast of Monterey Bay, drawn in black, as well as the boundaries
of the groundwater basins in the region (Department of Water
Resources, 2003). Fig. 1b shows the location of key information
used in the interpretation of the ERT data. In red are the numerous
faults found throughout this region (U.S. Geological Survey and
California Geological Survey, 2006). Important to note is the regional pattern of northwest/southeast trending faults, which intersect
the ERT transect in the south but not in the north. In blue are significant rivers. Also shown are geologic cross-sections (Brabb et al.,
1997; Feeney, 2007; Hanson et al., 2002; RBF, 2014) that are compared to the ERT resistivity data in the results and discussion section. Shown in orange are coastal wells with induction logs, which
are also compared to the ERT resistivity data in the results and discussion section. Shown in gray is the currently mapped extent of
saltwater intrusion, based on well water sampling (Pajaro Valley
Water Management District, 2016; Monterey County Water
Resources Agency, 2014). Within the Salinas Valley, extent of
intrusion is separately reported for the upper and lower aquifer
units. These two boundaries different are shown, with the more
inland boundary belonging to the upper aquifers. Important to
note however, is that these maps only show the extent of intrusion
as reported by local agencies as interpolated spatial information,
intrusion is known to extend further to the North, but is not
reported in a way that can be included in these maps.
It would have been extremely helpful to have pumping data
from the area to inform our interpretations. Unfortunately, records
of groundwater pumping are not legally required by the state of
California at this time. Therefore, information about pumping is
inconsistent across the study area, and often only anecdotally
available from water managers who enter into confidentiality
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Fig. 1. a) Map of field site along the coast of Monterey Bay showing the locations of the ERT transects (in black) and groundwater basin boundaries taken from Department of
Water Resources (2003). b) Map of the field site with the locations of key information used in the ERT interpretation, including wells with induction logs in orange, geologic
cross-sections from Brabb et al. (1997), Hanson et al. (2002), RBF (2014) and Feeney (2007) (in purple, brown, yellow, and green respectively), faults in red, rivers in blue, and
the current mapped extent of saltwater intrusion in gray. End points of the coastal conceptual cross-section in Fig. 2 are labeled A and A0 .

agreements with private well owners who voluntarily record and
pass on this information. Furthermore, while well drilling reports
are required to be submitted to the state, these are in hard copy
format and not readily available to the public nor are they standardized in terms of interpretation and content.
Our study area spans three groundwater basins: The Santa Cruz
Mid-County, Pajaro Valley (a Subbasin of the Corralitos Basin), and
Salinas Valley, which is further subdivided into the 180-Foot/400Foot and Seaside Subbasin as shown in Fig. 1a. A conceptual crosssection of the formations within these basins along the Monterey
Bay coast is shown in Fig. 2. The endpoints of the cross-section
(A and A0 ) are shown in Fig. 1b. The dashed box outlines the region
spanned by the inverted ERT resistivity profiles. The conceptual
cross-section was developed through compilation of crosssections from Brabb et al. (1997), Hanson et al. (2002), WRIME
(2003), Yates et al. (2005) and Feeney (2007). The primary stratigraphic units in this region, from deepest to shallowest, are the

Granitic Basement (Kgr); an unnamed sandstone (Tus); the Monterey Formation (Tm), a marine shale and mudstone unit, considered the base of the water bearing units; the Santa Margarita
Formation (Tsm), a poorly consolidated marine sandstone and an
important freshwater unit; the Purisima Formation (Tp), a poorly
consolidated marine deposit of sandstone, siltstone, and mudstone,
and a minor water bearing unit; the Paso Robles Formation (QTp,
often combined with the Purisima Formation), consisting of beds
of lenticular sand, gravel, silt, and clay, and an important water
bearing unit; the Aromas Sand Formation (Qar), a unit consisting
of cross-bedded sands and some clays, and an important water
bearing unit; and Surficial deposits (Qal). OSR (‘other sedimentary
regions’) on the conceptual cross section includes the Santa Margarita Formation and Monterey Formation. The thickness and
extent of each of these units varies significantly across the study
area (Department of Water Resources, 2003; Monterey County
Water Resources Agency, 2006).

Fig. 2. Conceptual cross-section of geologic formations along the shoreline of Monterey Bay. Developed through compilation of cross-sections from Brabb et al. (1997),
Hanson et al. (2002), WRIME (2003), Yates et al. (2005) and Feeney (2007). OSR (‘other sedimentary regions’) includes the Santa Margarita Formation and Monterey
Formation. The dashed box outlines the region spanned by the inverted ERT resistivity profiles.
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3. Data Acquisition, Processing, and inversion
In October 2014 long-offset ERT data were collected along
40 km of the Monterey coast. The locations of the ERT transects
are shown in black on Fig. 1a. Data were collected on the beach,
above the high tide line. The data acquisition line was broken in
three locations due to the presence of water bodies or stretches
of beach where land access was denied. Electrodes were spaced
every 22.5 m, with a total of 81 electrodes along the 1.8 km active
cable length. Cable segments were rolled over in 450 m increments
to ensure continuous overlap in data acquisition. An ABEM Terrameter system was used to collect data using both a dipole-dipole
array and a gradient array to maximize sensitivity to both vertical
and horizontal variations in subsurface resistivity (Loke, 2015).
This acquisition strategy resulted in 83,875 data points. The data
were collected over two weeks by the Geophysics Group from
WorleyParsons, based out of Calgary, Canada, along with Stanford
University researchers.
Prior to inversion data were excluded based on two criteria: (1)
an apparent resistivity of <0.01 Ohm-m or >35 Ohm-m, (2) a
recorded standard deviation of >100%, and modeling error >5%.
The filtering resulted in a dataset with 67,295 points.
The ERT data were inverted using 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 in Eq. (1), resulting in an estimated electrical
conductivity model that honors the measured data as well as a
prior assumption regarding model structure (smoothness),

/ðmÞ ¼

1
b
kW d ðdðmÞ  dobs k2 þ ðkas W s ðm  mref Þk2
2
2
þ kax W x ðmÞk2 þ kaz W z ðmÞk2 Þ
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7.9 to 12.4%, after four iterations of the inversion algorithm for
each of the ERT sections. While better fits can be achieved with a
single array type, the larger error is a worthwhile sacrifice for the
improved image detail and depth of investigation gained from
combining multiple array types.
The success of the acquisition, processing, and inversion of data
at this unique scale for coastal groundwater studies depended on a
number of advances in hardware, software, and operational logistics. Specifically: using the multichannel ABEM Terrameter and
multi electrode cables allowed for rapid data collection; the roll
along method allowed for continuous data profiles far beyond
the length of the active array; collection on the beach allowed
for excellent coupling between electrodes and the ground; GPS
measurements of electrode position allowed for minimization of
position-related error; and long offsets between electrodes
allowed for deeper imaging. Even with these advances, there were
some challenges associated with this type of acquisition: longer
offsets in electrodes results in smaller amplitudes of signal at the
longest offsets, as well as greater sensitivity to noise; and the presence of low resistivity features (saltwater intrusion) in the near
surface impacted the ability to image to depth beneath these features. The challenges associated with the long offsets were address
by varying the injected current during acquisition to obtain a signal
comparable to that used at smaller offsets. For this survey, the
maximum injected current was 0.5 amps. To address the issue of
decreased resolution with depth as a result of low resistivity features near the surface, inverted resistivity profiles were clipped
at 280 m as that was the maximum depth of interest for this study.
A depth of investigation analysis, performed as part of the processing workflow (Oldenburg and Li, 1991), confirmed the repeatability
of large-scale features within this zone of interest.

ð1Þ

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

nal, Ws is a matrix that enforces smallness, Wx and Wz are matrices
that enforce flatness in the x- and z-directions respectively, as, x,
z are parameters that control the weighting of each regularization
term, and b is a parameter that controls the overall weighting
between regularization and data misfit. Wd was formed using the
reported standard deviations for the observations (std(dobs)). The
modeling error (std(d(m))) was estimated 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/projection error of
2.5 m on the electrode positions (e.g., GPS error + projection error).
This positional error is particularly important when using mixedarray types, as different arrays have different sensitivity to positional error. Tidal variations can be a possible noise source in
coastal ERT studies; however, previous numerical modeling suggested this component would be negligible given the spatial scale
of the survey and the relatively small tidal change (1–2 m)
(Pidlisecky et al., 2015). The final term, , in the error matrix serves
to penalize small data values and was taken as 1e5 (Oldenburg
and Li, 2005). We assume as is 1  104, ax is 5, az is 1, and b is calculated based on the size of the dataset. The inversion used a twostage approach where e was reduced from 1e4 to 1e5. This has a
similar effect to decreasing b with the added benefit of increasing
the sensitivity to the low amplitude data as the inversion
progresses.
The starting models for the inversions were homogeneous models with the electrical resistivity of a saltwater-saturated sediment
(0.9 ohm-m). No additional data were used to constrain the inversions. Results gave an absolute mean percent error ranging from

4. Results and discussion
Fig. 3 shows the inverted resistivity profiles from the ERT data,
where color represents log10 resistivity values. The figure is shown
from the perspective of looking inland from Monterey Bay. These
profiles extend down to 280 m.b.s.l., and are hung at sea level with
an 5x exaggerated digital elevation model to illustrate the surface
topography along the coast. The region spanned by the inverted
resistivity section is shown as the dashed box in Fig. 2. The log10
resistivity values range from 0.2 ohm-m, interpreted as saltwater
intruded regions, to 2.2 ohm-m interpreted as freshwater regions.
It is important to note that while variation in pore fluid salinity will
cause variation in subsurface resistivity in regions with saltwater
intrusion, changes in lithology, specifically in clay content, can also
have an impact on subsurface resistivity. Table 1 shows the
expected resistivity values in this region for different lithologies,
with different pore fluid salinity. These values were estimated from
the Seaside Basin Water Master Sentinel well e-logs at depths
where the drilling report identified the fluid type, and where lithologic type (ie sand, clay, or silt) assigned in the driller’s lithology
log could be corroborated with the gamma log. Ten data points
met these criteria and were used to produce the values in Table 1.
This table leads us to interpret the lowest resistivities in the
inverted resistivity section as corresponding to the presence of
saltwater, and the highest resistivities as corresponding to freshwater. Between these two end members, variation in lithology
introduces uncertainty in the determination of fluid salinity.
The complex resistivity distributions shown in Fig. 3 suggest
complicated patterns of saltwater intrusion that could be difficult
to characterize with spatially sparse wells alone. In order to validate the features found in these resistivity sections, and understand what new information could be gained from these
exploratory data that could not be inferred from existing data sets
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Table 1
Resistivity (Ohm-m) of select geologic materials, derived from the Seaside Basin
Water Master Wells 1–4.

Freshwater Saturated
Saltwater Saturated

Sand and Gravel

Silt

Clay

30–70
0.7–3

No data
1.2–3

7–12
1.5–5

alone, each profile was compared in great detail with available
geologic interpretations and reports, hydrologic reports, land use
maps, well logs, and geophysical reports from the region. These
comparisons, discussed in detail below, have revealed that ERT
data can be useful in identifying where geologic features (such as
faults, horizontal clay layers, and paelochannels) are controlling
the pattern of intrusion, in identifying where surface water is
changing the salinity of underlying sediments, and in identifying
where anthropogenic actions (such as pumping from individual
wells) is causing saltwater intrusion and controlling the spatial distribution. In many of the comparisons below, it is also shown that
ERT data can provide significant new insights that cannot be
obtained from the more traditional data sets that are typically
available. The detailed interpretations given below are specific to
the field site of our study, but serve the important function of
demonstrating and validating, with specific examples, the application of this geophysical method as an exploratory tool at and above
the basin scale. These examples show the spectrum of features that
can be resolved by this method, highlighting the transferability of
this approach to other similarly impacted basins around the world.
This may be especially important in regions with limited data,
where this method could be used to identify specific locations for
further data collection, obtain information about spatial heterogeneity in saltwater intruded zones, or to guide setting model
boundary conditions. Such uses could greatly improve predictions
and management of saltwater intrusion. Furthermore, the detailed
interpretations presented below contribute to the limited literature characterizing saltwater intrusion at and above the basin scale
in this ecologically and economically significant region in
California.
Figs. 4–7 show detailed views of each of the four inverted resistivity sections. Where available, comparable resistivity measurements made in wells have been overlaid on the sections, along
with significant boundaries (geologic formations or aquifers) from
the geologic cross-sections show in Fig. 1b. These boundaries are
shown as solid black lines, except where the original crosssections denoted uncertainty in the identification or location of
the boundaries in which case a dashed black line was used. Where

there was no cross-section less than 2.5 km inland, dashed black
lines denote interpolation between cross-sections. Formations
and/or aquifers are named according to names used in the sources
for the cross-section, and are intended for comparison purposes
only (rather than implying any interpretation of unit age or depositional environment from the ERT data). This is due to differences
in the inferred boundaries in the source materials for the crosssections. No attempt has been made to force consistency between
profiles, as the goal of this interpretation is to compare each individual profile with the local understanding of the subsurface at
that location. At present, there does not exist a unified, wellconstrained, stratigraphic interpretation that spans the length of
our study area. Boundaries unique to the ERT inverted sections
have been marked with gray dashed lines. Markers along the bottom of each resistivity section denote key locations referred to in
the discussion of the sections.
Fig. 4 shows the southernmost resistivity profile, along the
coast of the Seaside Subbasin. The profile is overlain with resistivity measurements taken from coastal monitoring wells, named
SBWM 1-4, which were specifically designed for coastal induction
resistivity measurements. There is excellent agreement between
resistivity measurements made in these coastal monitoring wells,
and the inverted ERT resistivity. This was also seen in the pilot
study (Pidlisecky et al., 2015). The inverted resistivity profile is
fairly consistent with the existing hydrogeologic understanding,
but yields new information.
Let us now move from south to north (right to left), looking in
detail at the features within this profile. Within this profile low
resistivity suggests saltwater intrusion in the upper region (Qal,
Qar formations). This is consistent with the current understanding
of water quality along this particular stretch of coast, where in
wells SBWM1-4 high salinities are inferred, and the water table sits
at  20 ft below MSL (Feeney, 2007). In the Feeney (2007) report, a
shift from aquifer to clay material is identified at the boundary
between the units labeled as Qar and Qtp at wells SBWM3 and
SBWM4. Between markers 1 and 2 along the line, we can see the
influence of this clay as the saltwater (red in the image) is constrained to the top unit. As we move to the north, there is evidence
of the saltwater moving downward into Qtp, suggesting that the
clay layer is no longer present. This same observation was made
in the pilot study (Pidlisecky et al., 2015). The ERT data do however
suggest that there is a flow boundary, such as an aquitard, deeper
in the section, preventing the dense higher salinity water in the
intruded upper unit from migrating further downward. This
boundary is noted with a gray dashed line between markers 2
and 4 and labeled as ‘‘vertical flow boundary”. The location of
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the boundary coincides with a shift to higher gamma counts (not
shown) in SBWM1 and SBWM2, which indicates higher clay
content.
Looking deeper, within units Tp and Tsm between markers 1
and 5, the high resistivity values (blue) indicate that these units
contain freshwater at the coast. These units are the primary source
of groundwater for the city of Seaside, located 2.5 km inland from
marker 1.
At marker 3 a high resistivity feature near the surface falls
directly beneath diverted storm water ponds, suggesting that the
feature is a freshwater lens resulting from storm water infiltration.
This feature is significant both because it highlights direct
interaction between surface water and the subsurface, and because
it shows the ability of ERT to image hydrologic features
smaller than would likely be resolved with a monitoring well
network.
Between markers 5 and 6, a strong vertical feature in the resistivity profile maps onto the known vertical Reliz Fault. This fault is
shown as a single fault in many geologic cross-sections and reports
(Feeney, 2007; Hydrometrics, 2009; WRIME, 2003), but is shown to
have two splays at the coast in a USGS database showing the surface traces of California faults (USGS and California Geological
Survey, 2006). The locations of the faults from this database are
shown in red in Fig. 1b. The inverted resistivity section is in agreement with the USGS dataset, the width and sharp boundaries of the
vertical low resistivity (orange/red) feature suggesting that there
are two splays of a fault at the coast. Furthermore, the boundaries
of the low resistivity feature, noted with dashed gray lines at markers 5 and 6, are directly in line with the USGS fault locations at the
surface. Here, the ERT clearly reveals that the fault is impacting
fluid distribution because of the sharp discontinuity in resistivity
at the boundaries of this feature, and the lower resistivity within
the fault zone. This resistivity pattern suggests that the fault zone
is promoting vertical flow of saltwater from the upper units into
the lower ones. Alternately, the fault may be functioning as a barrier to horizontal flow within units below the Qar formation, while
increased hydraulic conductivity within the fault zone is enhancing horizontal intrusion from the ocean. Additional data would
be needed to determine the exact mechanism(s) through which
the fault is impacting flow, as a fault can have a wide variety of
influences (Bense and Person, 2006; Jolley et al., 2007).
Fig. 5 shows the resistivity profile along the coast of the 180Foot/400-Foot Salinas Subbasin. In this profile, while we see strong
agreement with the overlain formation boundaries, the inverted
resistivity profile also shows significant complexity within the formations. Saltwater intrusion is seen in the Upper Alluvium, across
the whole profile, consistent with water sample TDS measurements from wells (RBF, 2014). Between markers 1 and 3 the distribution of the resistivity values suggests that saltwater extends
down into the underlying 180-Foot aquifer, while between markers 3 and 6 it remains confined in the Upper Alluvium. This can
be explained by the presence of the Salinas Valley Aquitard, a clay
layer which emerges at the base of the Upper Alluvium at marker
3, thickens to the north, and reaches a thickness of 22 m at marker 6 (RBF, 2014). It is the thickness of this clay layer that leads us
to conclude that the saltwater in the Upper Alluvium is not
hydraulically connected to the low resistivity zone interpreted as
salt water within the 180-Foot aquifer at marker 6.
Looking deeper, within the Qar/400-Foot aquifer unit, there is
considerable variation in resistivity across the profile. The resistivity values suggest a transition between a region with fresher water
to the south and more saline water to the north. This transition,
noted with a gray dashed line at marker 2, correlates well with
the location of a feature in offshore seismic reflection data collected by the USGS (Dartnell et al., 2016). Dartnell et al. interpreted
this feature as a vertical erosional unconformity. The ERT data sug-

gests that this feature impacts groundwater flow, but further information would be needed to confirm this hypothesis.
Between markers 1 and 2, within the Qar/400-Foot aquifer unit,
beneath the Salinas River, the large high resistivity (blue) features
suggest fresher water within this unit at the coast. This conflicts
with high TDS measurements from water samples within this unit
just south of the extent of this profile. The most likely explanation
for this inconsistency is the presence of channelized saltwater
intrusion and freshwater discharge resulting in spatial heterogeneity in salinity that is not captured by water samples in wells. This
interpretation is supported by USGS offshore seismic reflection
data, which found palaeo-channels in sediments at these depths
just offshore of this profile (Dartnell et al., 2016). Other possibilities include the local impacts of pumping near the sampling well,
and hydraulic discontinuity between these regions. Given the size
of the area with the high resistivity values, we are confident in our
interpretation of fresher water in the Qar/400-Foot aquifer unit at
this location.
Between markers 2 and 4, the resistivity values within the
Qar/400-Foot aquifer suggest saltwater intrusion all along the
coast in this area in this aquifer. The shape of the low resistivity
features (red in the profile) suggest either saltwater intrusion into
channelized sediments or localized regions of intrusion due to
nearby pumping wells. Given that saltwater intrusion in this aquifer has been mapped up to 4.8 km inland from these features using
salinity measurements made in wells (Monterey County Water
Resources Agency, 2014), and the evidence for palaeo-channels
from offshore seismic reflection data (Dartnell et al., 2016), we
favor the former interpretation. Inland of marker 5, there is less
reported saltwater intrusion, so we are unsure whether the feature
at marker 5 is a channel carrying saltwater or caused by an unidentified nearby pumping well.
The deepest parts of the resistivity profile, within the QTp / 900Foot aquifer unit show little evidence of significant saltwater intrusion in the resistivity profile. This is in agreement with the limited
investigations into this deep aquifer (WRIME, 2003).
Fig. 6 shows the resistivity profile along the coast of the Pajaro
Basin. Note that this profile is significantly longer than any of the
other profiles, and thus while there appears to be many more vertical features, much of this is due to the enhanced vertical exaggeration. This profile shows significant evidence of the impact of
localized groundwater extraction and surface recharge on the variation in salinity.
At the southern end of the profile, between markers 1 and 2, the
low resistivity values indicate saltwater intrusion in the upper and
lower Qar. This saltwater could be the result of horizontal or vertical saltwater intrusion, as inland from this feature is both the
brackish Elkhorn Slough at the surface, and many agricultural wells
with a long history of pumping. Chloride monitoring in wells in
this area noted saltwater intrusion beginning in the 1990s.
Moving further north, at marker 3 a vertical low resistivity feature in seen in the profile. The most likely explanation for this feature is the presence of the Watsonville Wastewater ocean outfall
pipe, which crosses the ERT profile near the surface where the feature is observed, and then continues offshore. This pipe is larger,
shallower, and closer to an electrode than any other known noise
source along the profile. Furthermore, there are no known public
or private pumping wells at this location that could cause this feature. It has been noted in other studies that near surface conductors, such as this one, can result in noise in ERT inversions
(Vickery and Hobbs, 2002).
At marker 5 a low resistivity feature is seen at the surface
directly below the Watsonville Slough, suggesting infiltration of
brackish surface water down into the subsurface. Again, this highlights the ability of ERT data to identify small-scale features that
may be missed by dispersed monitoring well networks.

M. Goebel et al. / Journal of Hydrology 551 (2017) 746–755

Between markers 3 and 6, the high resistivity (blue) in Qar
Lower suggests fresher water at the coast; this coincides with the
location of the Pajaro River (shown in Figs. 1b and 3). Along this
stretch of coast, salinity measurements in coastal wells have historically indicated saltwater intrusion. In 2002, in an effort to
reduce groundwater extraction, water managers began delivery
of recycled water to farms inland of the stretch between markers
2 and 6, covering a total area of 13 km2 (Hanson et al., 2014).
Since this delivery has begun, coastal monitoring wells have consistently shown decreases in salinity, but with wells (point location
information) alone it was unclear the extent of this recovery
(Lockwood, 2016). The resistivity data at the coast near these monitoring wells suggest that this recovery in salinity spans the region
between markers 2 and 6. In 2009 the program was expanded to
include farms inland of the stretch between markers 1 and 2, covering an additional 19.5 km2 (Hanson et al., 2014). The ERT resistivity data do not indicate significant recovery in this area, likely
because the program has been operating for a shorter time. This
interpretation is consistent with well-based monitoring in this
region (Lockwood, 2016).
Between markers 6 and 10 are a series of low resistivity features. The features at markers 8, 9, (appearing as vertical red lines)
fall in line with active and historically active coastal production
wells, all located less than one kilometer inland, and screened in
the same geologic unit in which the feature is observed. This suggests that these production wells have caused localized saltwater
intrusion. There are many additional low resistivity features
between markers 6 and 10 that do not correlate directly with
known production wells. We interpret these as strong indications
of saltwater intrusion caused by pumping from private wells, many
of which are known to be actively pumping along this stretch of
coast, but whose locations, screened depths, and pumping rates
are not publically available at this time (Lockwood, 2016).
While pumping appears to be the dominant control on the
observed resistivity structure along this portion of the profile, geology is likely playing a role in saltwater intrusion north of marker 6.
Offshore of this marker, the Qar formation becomes exposed on the
seafloor, which could enhance the level of interaction between
ocean water and groundwater here. Geology is also likely playing
a role in blocking the vertical migration of saltwater in some locations. For example, noted with gray dashed lines between markers
7 and 8 are two locations where there is a sharp transition from
low resistivity above to very high resistivity below. Because the
dense saltwater (low resistivity) would naturally want to migrate
downwards, we conclude that a low permeability layer may be acting as a barrier to flow at these two location. The gap in between
these suggests that these may be isolated low permeability layers,
or part of a single unit that has been breached (perhaps by a poorly
completed well). Additional alternate data would be needed to better understand what is controlling the observed resistivity pattern.
The low resistivity features seen in the lower portion of the Tp
formation north of marker 10 match well with decreased resistivity observed in monitoring well SC A8. The agreement is not as
good between the resistivity profile and the resistivity log from
monitoring SC A2.
Fig. 7 shows the resistivity profile along the coast of the Pajaro
Basin in the Soquel Creek region. Note that while this profile
appears to have less complexity that the others, this profile, with
a length of 2.9 km, is considerably shorter.
At the surface, at marker 1, there is a small area with the high
resistivity values indicative of freshwater. The base of this area
roughly coincides with the short black line indicating a formation
boundary.
Beneath this area, between markers 1 and 3, there is a dipping
layer of low resistivity. A number of municipal pumping wells are
known to extract from the F unit as close as 2 km inland from the
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coast (ESA, 2010). We have shown as a dashed gray line the boundary between this layer and the underlying region with resistivity
values indicative of the presence of freshwater. However, no
reports have been found that describe this boundary. The resistivity values in monitoring well SC 8 show high resistivity, indicative
of freshwater, above and below this boundary, in contrast to the
low resistivity values seen at the top of the resistivity profile. There
are a number of possible explanations for this inconsistency. The
most likely explanation is that the induction log collected in SC 8
is not representative of the subsurface. This well is older than all
others that were logged, and is part of a nested set of wells in a
borehole nearly twice the size of the others. Furthermore, the
upper 75 m of the log, where we see disagreement with the ERT
resistivity, was sealed with sand cement grout. Invasion of this
grout into the permeable Tp F formation could result in anomalously high resistivity values within the well log.
The black solid and dashed formation boundary, taken from the
cross-section, runs across the entire profile and in many places
appears to be the lower boundary of a dipping layer of fresher
water. The presence of freshwater in this area is supported by
the high resistivity values observed in monitoring well SC 9. In
the lower right corner of the cross-section this lower boundary
runs through a large high resistivity feature. This suggests that
the dashed portion of the lower cross-section boundary (which is
not constrained with any well data at this depth) should be shifted
downwards.
Below the black solid and dashed formation boundary, between
markers 2 and 4, are resistivity values that suggest a region of
moderate salinity, hydraulically separated from the overlying
units. This conclusion is supported by the observed decrease in
resistivity in monitoring well SC 9 as the well crosses the boundary, as well as existing understandings of this region that identified
these two units as separate aquifers based on geologic and hydraulic head data (Hydrometrics, 2014).

5. Conclusions
In this study, we demonstrated the value of spatially continuous
information derived from long-offset ERT data, when used in conjunction with traditional data sets, for understanding the distribution of freshwater and saltwater at and above the basin scale, and
the geologic and anthropogenic controls on this distribution, along
the coast of the Monterey Bay. We used long-offset ERT to obtain
electrical resistivity data over an unprecedented distance and
depth range for sampling in a region of coastal saltwater intrusion.
This was accomplished by utilizing recent advances in acquisition,
which allow for more rapid and dense data collection. Within the
resistivity profiles we interpreted geological flow conduits and barriers such as palaeo-channels, faults, and impermeable layers;
localized saltwater intrusion from nearby pumping wells; infiltration zones of surface fresh and brackish water; and regions where
there is significant recovery in water quality, all of which were
consistent with existing data and understandings from the region.
Complementing traditional data sources (e.g. well logs and head
measurements) with ERT data revealed complex spatial patterns
of freshwater and saltwater in the subsurface at a level of detail
unattainable with the regions traditional mapping and monitoring
techniques. While only one case study is presented here, the conclusions regarding the value of this ERT method for continuous
exploratory imaging, and the types of features effectively captured
in the data, are likely transferable to hydrogeologically similar
basins impacted by saltwater intrusion around the world.
A review of the subsurface resistivity images observed in this
study also raises the important point, that needs emphasizing as
California takes on statewide comprehensive groundwater man-
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agement. The influence of geology on the observed distribution of
fresh and saltwater strongly supports the management of saltwater intrusion at the scale of relevant geologic boundaries, rather
than along political boundaries. This is particularly important in
this study area, where there exists a complicated spatial and hierarchical distribution of water management jurisdictions, which
tend to follow political, not hydrogeologic, boundaries.
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