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CUESI: A Near Seafloor Controlled-Source
Electromagnetic System for Shallow Seabed

Characterization
Roslynn B. King , Steven Constable, Jillian M. Maloney, and Amy E. Gusick

Abstract—Development of offshore infrastructure, such as wind
farms, requires detailed geotechnical information of the seafloor
and the identification of potential hazards, such as shallow hy-
drocarbons. This information can be supplied by electromagnetic
surveys optimized for high-resolution data collection through the
use of high source frequencies, short source–receiver offsets, and
close proximity to the seafloor. We developed such a system, the
compact undersea electromagnetic source instrument (CUESI),
which transmits a 10–100 Hz, 2–10 amp current on a horizontal
dipole and records three-axis electric field signals at offsets of
10–30 m. Unlike bottom-dragged systems, which cannot be used
in protected areas, the CUESI system is neutrally buoyant and is
flown 1–3 m above the seafloor, maintaining altitude by buoyancy
feedback provided by a short counterweight cable. CUESI is capa-
ble of operating at water depths up to 200 m. Tests offshore Santa
Barbara, California, demonstrate the capability of the system to
detect lateral resistivity changes that are consistent with sediment
characteristics observed in coring. Inversions of data over the Santa
Rosa Fault resolve the fault trace much more sharply than from
a similar system towed on the sea surface. Resistors imaged at
the seafloor coincide with tar-like features captured by a camera
mounted on the CUESI depressor weight. Based on these tests,
CUESI would be a useful tool for offshore development because
of its ability to measure lateral changes in seafloor character and
detect hazards, such as faults and hydrocarbons.

Index Terms—Electromagnetic (EM) sensing, geophysics,
marine controlled source electromagnetic (CSEM), ocean explor-
ation technology, ocean resource exploration systems.
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I. INTRODUCTION

TO MEET increasing global energy demands in a carbon-
neutral manner, there is a pressing need for the large-scale

development of offshore infrastructure, such as wind farms.
The safe and effective development of these offshore projects
requires efficient methods for characterizing suitable regions for
offshore development, as well as collecting geotechnical data for
the engineering of moorings and footings.

While electromagnetic (EM) methods have long been proven
effective on land for hazard identification and geotechnical
evaluations, the current practice in offshore site assessment relies
only on seismic and magnetic methods. While these methods are
useful for identifying some seafloor structures and hazards, they
lack sensitivity to hydrocarbon seeps and trapped gas and fail to
provide critical geotechnical information, such as porosity.

Combining seismic and magnetic methods with EM data
will provide a comprehensive and more efficient approach to
site assessment studies. A holistic methodology, such as this,
is vital for safeguarding the environment and protecting the
well-being of individuals impacted by offshore development.
Here, we will describe a novel controlled source electromagnetic
(CSEM) instrument specifically designed to image the porosity
and geology of the upper tens of meters of the seafloor for use
in offshore infrastructure site assessment studies.

EM surveys have become an established geophysical ap-
proach to study changes in seafloor porosity in a variety of
shallow seafloor settings (e.g., [1], [2], [3], [4], [5], [6], and [7]).
However, these existing EM systems are dragged across the
seafloor and so are limited to seafloor settings that are heavily
sedimented (to avoid snag points and damage to the instruments)
and lack protected status or sensitive habitats (as dragged sys-
tems can adversely affect sensitive habitats and cultural features
and landscapes), eliminating many seafloor areas from study. To
broaden the range of environments suitable for EM applications,
we developed an instrument designed to be towed between 1 and
3 m above the seafloor, thereby minimizing impact on seafloor
environments and avoiding potential damage from seafloor to-
pography. This new neutrally buoyant CSEM system, known
as the compact undersea electromagnetic source instrument
(CUESI), collects both inline and vertical electric field data and
improves resolution in the shallow seafloor by emitting higher
frequency signals and using shorter source–receiver offsets than
previous systems.
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This article will detail a case study investigating the sensitivity
and resolution of the CUESI system in the Southern California
Bight and present preliminary results. The goal of this work is
to develop a new EM tool for imaging resistivity of the shallow
seafloor, which is relevant to offshore infrastructure projects and
hazard identification projects.

II. DEPTH OF SENSITIVITY AND RESOLUTION OF DEEP-TOWED

EM SYSTEMS

The depth of sensitivity and intrinsic resolution of marine
CSEM surveys are dependent upon both parametric (variable
frequency) and geometric (variable source–receiver spacing)
characteristics. The length scale at which electric and magnetic
fields decay in a uniform conductor is governed by the skin
depth (1) [8]. Skin depth (zs) is the depth over which EM field
amplitudes are reduced by 1/e and phase progresses 1 radian
in a uniform conductive medium, σ, and is dependent upon the
period of the transmitted signal, T

zs =

√
T

πσμo
(1)

where μo is the permeability of free space. From this equa-
tion, one sees that higher frequency energy samples shallower
seafloor, whereas lower frequencies are sensitive to deeper
depths. Thus, to enhance sensitivity to the shallow subseafloor,
higher frequencies should be used. Resolution, on the other
hand, is primarily controlled by geometric factors, such as
source–receiver offset. Short offsets enable dense data collection
and result in high signal-to-noise ratios and so are preferable if
the goal is to collect higher resolution profiles of the shallow
section of the subseafloor. In addition, short source–receiver
offsets facilitate the use of fixed offset towed systems, which
significantly simplify surveying logistics.

Higher frequency signals attenuate quickly in conductive
seawater, so close proximity of the source and receivers to the
seafloor is necessary to maximize coupling. Proximity to the
seafloor is also important to maintain resolution achieved from
short source–receiver offsets. Therefore, we initially considered
a fixed offset bottom-dragged CSEM system with a small array
size (<100 m). This not only improves sensitivity in the upper
section of the subseafloor but also improves the accuracy of
estimating the resistivity of shallowly buried targets or struc-
tures [9].

Fixed offset, bottom-dragged systems have been developed
over the past three decades to characterize and map the top
tens of meters of the seafloor to study a range of targets from
groundwater discharge to gas hydrates (e.g., [1], [2], [3], [6],
and [7]). However, as these systems are dragged across the
seafloor, their use is limited to seafloor settings that are heavily
sedimented and without protected status. This limitation can
significantly restrict potential survey areas, as nearly 41% of
U.S. marine waters are classified as protected. Many offshore
infrastructure projects require an assessment study of a planned
development area during which the environment should not be
significantly altered. Thus, an EM system with minimal impact
on the seafloor is essential for surveying in these scenarios

and regions. To investigate the shallow subseafloor in protected
areas (e.g., marine protected regions, national parks, and cultural
heritage sites) or beneath regions with rocky or variable benthic
habitats, an EM system would need to limit contact, while not
losing sensitivity, with the seafloor.

Limiting contact by “flying” the system over the seafloor has
the added benefit of being able to collect vertical electric field
data, which are particularly sensitive to changes in near-seafloor
resistivity variations [10]. While vertical fields could, in theory,
be measured by dragged systems, doing so introduces significant
challenges. Vertical electric field measurements, using a hori-
zontal electric dipole source, are inherently more susceptible to
motion-induced noise than inline horizontal fields [10]. Contact
with the seafloor increases the risk of motion-induced noise
through variable electrode–seawater contact, frame tilting and
rotation, and mechanical vibrations. In addition, maintaining a
stable, upright vertical dipole electrode when dragging across
variable seafloor topography is mechanically challenging, with
such configurations being prone to damage and unable to reliably
maintain vertical orientation, particularly in rough or rocky
terrain [11], [12]. Flying the system mitigates these issues and
reduces the noise introduced to the vertical field component.

The addition of the vertical electric field results in improved
resolution of shallow geologic features by increasing sensitivity
to vertical resistivity contrasts in the upper tens of meters of the
seafloor. Vertical electric field components, in contrast to hori-
zontal field components, which are more responsive to deeper
and lateral variations, improve the ability to resolve near-seafloor
layering, abrupt transitions, and thin conductive or resistive
units. Field tests and modeling studies show that including
vertical data reduces model ambiguity and helps sharpen the
recovery of shallow targets, such as shell middens, hydrocarbon
accumulations, and sedimentary contacts [10], [13].

During preliminary sensitivity tests for this study, much of
the sensitivity to a small conductive target, similar to an anthro-
pogenic pile of shell debris, was from changes in vertical electric
field amplitude. Consequently, we designed and developed a
“flying” fixed offset CSEM system, incorporating three-axis
electric field receivers. The design draws inspiration from an
impact study examining benthic habitat effects through various
towing techniques and designs across diverse seafloor settings
[14], [15].

III. INSTRUMENT DESIGN

The CUESI system (see Fig. 1) consists of a negatively
buoyant control unit (CUESI) followed by three towfish: one
transmitter/receiver and two receivers. CUESI is towed at ap-
proximately 5 m off the seafloor and doubles as a depressor
weight, dampening the effects of variable tow speeds and surface
wave action on the vessel and tow cable. The three towfish
are designed to fly closer to the seafloor, at 1–3 m altitude,
to maximize EM coupling with the geology. CUESI supplies
a controlled current to the transmitter towfish, which transmits
the current into the seawater through two 10 cm long, 1.5-cm
diameter soft copper tubing sections held 2 m horizontally apart
on a rigid frame.
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Fig. 1. Schematic of the CUESI array. CUESI is negatively buoyant to act as
a depressor weight for the array. All three towfish are trimmed to tow within 3 m
of the seafloor. Photos of CUESI and receiver towfish are also pictured.

The two receiver towfish are lightly modified variations of the
Vulcan instruments described in [9]. These two receiver towfish
record three components of the electric field using orthogonal
dipoles: a 2-m dipole for inline (horizontal) fields and 1-m
dipole for both crossline and vertical fields. All towfish internally
record depth (using Paroscientific pressure gauges) and orien-
tation (pitch, roll, and heading) data, which are internally time
stamped, with samples telemetered to the vessel through CUESI
at 15-s intervals. CUESI sends a digital signal corresponding to
polarity transitions of the transmitted waveform to the towfish,
which is recorded on a logger channel at 500 Hz and used in
postprocessing to correct for clock drift (which is ∼1 ms/day).

All towfish frames in the array are designed to be positively
buoyant and are equipped with a small counterweight in the
form of a short cable (i.e., 2 m long, 11.1 mm outside diame-
ter vinyl-jacketed stainless-steel cable) attached to the base of
each frame. This cable weighs approximately 0.57 kg, and that
ensures when it touches the seafloor, the overall buoyancy of
the towfish becomes neutral, allowing the frame to maintain a
distance of 1–3 m above the seafloor. While the counterweight
cable may make brief contact, its footprint is minimal, and the
design is intended to reduce disturbance. This configuration
was selected based on prior studies comparing the impact of
near-seafloor towed survey systems, where neutrally buoyant,
cable-tethered towed platforms were found to be among the
least invasive methods available across varied substrate types
and benthic habitats, particularly in areas with sensitive biota or
cultural features [14], [15].

In developing this configuration, we considered other depth-
control approaches that would avoid any seafloor contact but
ultimately found them impractical for our deployment condi-
tions. For instance, we tested active hydrodynamic depth control
using wings, similar to those used for seismic streamers, but the
slow tow speeds (1–2 kn) required for dense spatial coverage,
for improved signal-to-noise in high-frequency data, and to
maintain a steep cable angle prevent the wings from generating
enough vertical lift to overcome array drag. In addition, safely
towing within 5 m of the seafloor requires real-time feedback
from altimeters rather than pressure gauges used to control

depth. However, altimeter data streams are prone to dropouts and
signal artifacts, making them unreliable for continuous altitude
control. These limitations preclude the use of closed-loop active
control in most near-seafloor environments, reinforcing the need
for a passively stable system design for this application.

The preliminary data described in the following were col-
lected with the transmitter towfish 10 m behind CUESI and the
receiver towfish 10 and 30 m behind the transmitter, using a
25 Hz 2.5–2.8 A square wave transmission.

The development of the CUESI system was initially driven
by a study to locate submerged cultural sites (shell-bearing
deposits) created by maritime-adapted people living on the
now submerged Pleistocene landscapes of the Northern Channel
Islands. The primary research goals aimed to characterize land-
scapes that may contain these submerged sites in a range of water
depths from 5 to 110 m. Consideration for vessel capabilities
in navigating these shallow waters influenced CUESI’s design,
accounting for the expected limited deck space and the use of
standard 110 VAC power supplies compatible with small (∼13 m
long), nonspecialized vessels.

The system’s development occurred at the Scripps Ma-
rine Electromagnetic Laboratory, which also engineered the
“Vulcans”—three-axis electric field receivers [10], [16], [17].
The modified Vulcan receivers that form part of the CUESI
array were adjusted for buoyancy and affixed with counterweight
cables, and the gain on the loggers was reduced to avoid sig-
nal saturation due to reduced source–receiver distances. The
transmitter towfish was further altered to function as a mount
for the horizontal electric dipole and to only record the vertical
electric field with a nominal gain of one on a set of stainless-steel
electrodes.

For brevity, this article primarily focuses on the latest iteration
of the CUESI system, whereas further details on its iterative
development and initial tests are described in separate reports
[18], [19].

A. CUESI Hardware

CUESI, pictured in Fig. 2, is 140 cm long, 23 cm wide, and
60 cm in height (including the tail wing; 31 cm without wing).
The stainless-steel frame weighs approximately 65 kg in air and
is outfitted with handles at the front and aft of the instrument
to simplify recovery and deployments. The frame is attached
to the tow cable slightly aft of center so the instrument will
have minimal pitch when towed through the water. The frame
is open-sided to reduce drag in the water and provide ease of
access to the instrumentation. A camera in a pressure case on a
pivot bar, an LED light, a conductivity/temperature sensor, an
altimeter, a depth sensor, and control electronics housed in a
pressure case are all mounted inside the CUESI frame.

Power and communications from the surface vessel are trans-
mitted to CUESI through an electromechanical cable with a
single coaxial conductor. 110 VAC power is provided by the
topside control electronics, and a frequency shift keyed com-
munication system overlain on the power allows commands
and data to be transmitted up and down the tow cable at
30 characters per second. Within CUESI, a 110 VAC power

This article has been accepted for inclusion in a future issue of this journal. Content is final as presented, with the exception of pagination. 

Authorized licensed use limited to: Univ of  Calif San Diego. Downloaded on January 22,2026 at 00:04:34 UTC from IEEE Xplore.  Restrictions apply. 



4 IEEE JOURNAL OF OCEANIC ENGINEERING

Fig. 2. (a) Photograph of CUESI during pier tests with sensors and frame-mounted instruments labeled. The pressure sensor was not attached during this test,
but the location of the sensor is indicated. (b) Schematic of the side-view of CUESI. (c) Schematic of the side view of CUESI. (d) Schematic of the top view of
CUESI. The white cap on the front of the frame protects internal sensors and instrumentation from impact with debris and the seafloor.

supply provides 12 VDC, which is then current controlled and
switched under computer control to provide arbitrary binary
or ternary waveforms. Waveform switching is in increments of
1/2000 s time units. The timing of the waveform is controlled
by internal CUESI software using specifications provided by
topside commands. An internal oscillator/clock is synchronized
to GPS time before launch and maintained by an internal battery
to avoid timing disruption associated with power interruption.
CUESI outputs a current-controlled waveform of up to 10 amps
on the 2-m horizontal electric dipole mounted on the transmitter
towfish.

B. Real-Time Data and CUESI Performance

The whole CUESI array is designed to operate within 5 m of
the seafloor, necessitating real-time navigation data across the
full instrument array to prevent collisions with the seafloor.

All three towfish transmit data, including depth sensor read-
ings, time, pitch, roll, and heading, to CUESI using the RS422
multidrop protocol described in [10]. Once received by CUESI,
this information is integrated into the data stream sent topside,
including information from sensors affixed to CUESI (altitude
readings, output current and voltage, sea temperature, water
conductivity, and time).

CUESI and all towfish measure depth to a fraction of a
decimeter at 1-s intervals using pressure sensors. While the
vessel measures full water depth, CUESI employs an altimeter
for accurate real-time seafloor distance measurements. Utilizing
altimeter and pressure data, depth profiles and towfish altitudes
can be calculated. These real-time navigation data allow the
operator to adjust CUESI’s elevation via winch controls or via
tow speeds. When available, vessel-mounted fathometer data
(e.g., Minn Kota 50/200 kHz) were also monitored to anticipate
changes in seafloor topography and proactively raise CUESI in
advance of abrupt changes in depth or mounded features. We
found that towing CUESI 2–5 m above the seafloor at speeds

Fig. 3. Plot of the depth of the array while surveying. The towfish generally
maintained a distance between 1 and 3 m off the seafloor occasionally reaching
2–4 m due to irregular seafloor features during the survey.

of 1–2 kn gave us enough time to avoid collisions with seafloor
irregularities and maintain a towfish altitude of 1–3 m above the
seafloor, as shown in Fig. 3.

IV. CASE STUDY

During its development, we tested the CUESI system in
several areas offshore Southern California. The location of the
case study presented is shown in Fig. 4.

A. Survey Area and Background

The Channel Islands were chosen as a test site for the CUESI
system, as sediment core, acoustic reflection, and prior CSEM
data are all available in this region. Using the sediment core
data, the CUESI system could be tested for its ability to resolve
porosity changes within the shallow seafloor. The acoustical
reflection profiles were used to provide context for the core
locations and lateral constraints on the local geology. In addition,
the resolution and sensitivity of the CUESI system could be
compared to an existing CSEM system, the Porpoise system
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Fig. 4. Case study survey area offshore Southern California. Sediment cores
(yellow dots) with CUESI surveys (overlain red lines) are plotted. The porpoise
survey (orange) and CUESI survey (red) used in the inversions shown in Fig. 5
are plotted.

[20], in this region. Results comparing the ability of the CUESI
system to detect the porosity of the sediment core data are not
discussed here, as it was an early test of the system with poor
navigational and phase control. A discussion of these first tests
can be found in publicly available reports [13], [18]. The case
study discussed here uses data from the most current version of
the CUESI system, which has improved navigation and produces
data with higher signal-to-noise ratios than from prior surveys.
These data could be inverted for direct comparison of resistivity
models resulting from an existing CSEM system and the CUESI
system.

The CUESI system was used to resurvey a profile collected
using Porpoise, a surface-towed CSEM system [20]. This survey,
as shown in Fig. 4, aimed to image the Santa Rosa Island Fault in
water depths of 9–35 m, and identified several resistive features.
The CUESI system was towed within 1–4 m of the seafloor at
1–2 kn for 45 min, resulting in data collected over ∼2350 m of
seafloor. Concurrently, the camera mounted to the CUESI frame
captured seafloor images every 3 s, some of which are shown in
Fig. 5.

B. Data Processing and Inversion Methodology

Amplitude and phase data of the CSEM response functions
from the second and third towfish were extracted from the elec-
tric time-series data using a method detailed by Myer et al. [21].
The resulting transfer function estimates were stacked using a
block arithmetic mean over nonoverlapping 10-s intervals to

enhance signal-to-noise ratio, providing amplitude and phase
response data as a function of position and frequency for the last
two towfish. Due to the impact of navigational error on amplitude
data at short source–receiver offsets, only phase data from the
second towfish (a 10-m source–receiver offset) were included
in the inversion. Utilizing the first and third harmonics (25 and
75 Hz), the resulting CUESI survey profile shown in Fig. 5 used
a total of 1446 CSEM data. These data were degraded by a 5%
error floor to account for navigational uncertainties and then
included in the inversion as finite-length dipoles.

The modeling software used in this study is the publicly avail-
able, goal-oriented, adaptive, finite-element 2-DMARE2DEM
inversion and modeling code [22]. This code uses Occam’s
Inversion, a method that regularizes the inversion to obtain
the smoothest resistivity model that fits the data to a specified
misfit [23]. The starting model included the seawater as a fixed
parameter, using conductivity data collected by CUESI. The
bathymetry profile used in the starting model was generated
by combining the depth and altimeter data, also collected by
CUESI. Using this model structure, the free parameter region
was reduced to the area below the seafloor and set to a uniform
starting resistivity of 1 Ωm. An inversion parameter grid was
constructed using 10-m-wide quadrilateral cells that increased
in height with depth to mimic the loss of resolution of the EM
method. Intrinsic to the adaptive nature of the MARE2DEM
code, the computation mesh was allowed to refine where nec-
essary to produce accurate responses. The resistivity inversion
was run until the final inversion model response converged to
a root-mean-square misfit of 1, resulting in the final resistivity
profile, labeled “CUESI Profile,” depicted in Fig. 5.

The surface-towed CSEM data, obtained using the Porpoise
CSEM system [20], were collected nearly two years before the
CUESI survey in January 2019 [24], using a 2 Hz, 30-amp
waveform-D [21] transmission current on a 10-m antenna, with
receivers at 200- and 300-m source–receiver offsets. These data
were processed using the same method used for the CUESI data;
however, stacking windows were 30 s to account for conditions
characteristic of a surface-towed survey. Waveform-D results
in a broader range of high-amplitude harmonics than a square
wave, and amplitude and phase data for 6, 14, and 26 Hz were
included in the inversion for both surface-towed receivers. The
amplitude data were subjected to a 2% error floor, and the phase
data were subjected to a 1% error floor before being included
in the model as finite-length dipoles. The surface-towed CSEM
array was towed at a rate of 3–4 kn, which when combined
with 30-s stacking windows results in samples every 45–60 m
along the survey line. As with the CUESI profile, MARE2DEM
was used to generate inversion models. Here, the starting model
included seawater as a fixed parameter, using conductivity data
collected by a separate towed instrument in the Porpoise ar-
ray and available bathymetric data. The free inversion region
below the seafloor was set to a uniform starting resistivity of
1 Ωm and parameterized using 20-m-wide quadrilateral cells
that increased in height with depth. The resistivity inversion was
allowed to run until the final resistivity inversion converged to a
root-mean-square misfit of 1. The final resistivity inversion, la-
beled “Porpoise Profile” in Fig. 5, uses 753 CSEM data. Finally,
the central profile in Fig. 5, labeled “Profile from Combined
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Fig. 5. Resistivity models from the CUESI survey and surface-towed CSEM (Porpoise) survey offshore Santa Rosa Island. The top panel, labeled “CUESI
Profile,” is a resistivity model from the red survey line shown in Fig. 4. The location of the CUESI profile is marked by a black box on the middle panel. The
middle panel, labeled “Porpoise Profile,” is a resistivity model from the surface-towed CSEM survey mapped as an orange line in Fig. 4. Warm colors indicate
high resistivity and cool colors indicate conductors in both resistivity profiles. The black and white circles and triangles in both profiles mark the locations of the
transmitters and receivers used in the modeling code. The black squares on both the top and middle panels are the locations of the photos captured by the CUESI
system and shown in the bottom panel.

Datasets,” is the result of a joint inversion of both data sets using
the same parameters described above. The CUESI profile extent
is delineated with a black box, overlaid on the Porpoise profile.

The MARE2DEM code used to generate these profiles com-
putes a sensitivity from the Jacobian derivative matrix by nor-
malizing the Jacobian by data errors and summing the absolute
values over all data. This sensitivity vector is then normalized
by each parameter area, resulting in a final sensitivity unit
of log10(S/m)/m2. The −3.5 log10(S/m)/m2 sensitivity contour

has been observed to correspond to the depth of diminishing
sensitivity [9]. The extent of the profiles presented here is limited
to the average depth of this contour.

C. Comparison With Existing Surface-Towed CSEM System

There is good agreement between the Porpoise and CUESI
resistivity models shown in Fig. 5, particularly to the right of
the Santa Rosa Island Fault, where resistivity features align
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well. However, the CUESI model more sharply delineates the
Santa Rosa Island Fault trace than the smoother representation
from the Porpoise data. In the CUESI model, the fault clearly
laterally separates a more conductive layer over a resistor to the
south of the fault from a resistor over a conductor to the north.
This general resistive structure is resolved but smoothed in the
Porpoise profile. At depth, the fault appears to be collocated with
a vertical resistor in the Porpoise profile, possibly indicating
resistive fluid migration, such as freshwater or hydrocarbons,
up the fault.

The joint inversion shown in Fig. 5 resolves the discrepancies
observed in the individual data set inversions, particularly the
difference in resistivity at 1.5–2 km inline distance. In this
region, the joint inversion reveals a resistor underlain by a
conductor—a feature not distinctly present in either the CUESI
or Porpoise profiles. One possible explanation is that the CUESI
system, due to its limited depth sensitivity, is unable to fully
resolve the base of the shallow resistive lens identified in the
joint inversion. However, the top of this resistor is within the
depth of sensitivity and is resolved in both the CUESI and
joint inversion resistivity profile. Conversely, while the Porpoise
system provides greater depth sensitivity, the spacing of its
receivers and the frequencies used in the survey may have caused
this feature to be averaged into an indistinct moderate conductor.

The use of both CUESI and Porpoise data sets in a single inver-
sion reduces ambiguity and produces a geologically plausible re-
sistivity model, particularly where individual surveys may have
been limited by resolution and depth of sensitivity tradeoffs.
Overall, the CUESI system demonstrates enhanced resolution of
subseafloor resistivity due to its shorter source–receiver offsets,
proximity to the seafloor, and use of higher source frequencies.
This design improves sensitivity to shallow seafloor resistivity
variations but significantly reduces the depth of sensitivity com-
pared to the Porpoise system. The joint inversion mitigates these
tradeoffs, leveraging the depth sensitivity of the Porpoise system
while maintaining the near seafloor (<100 m) lateral resolution
of CUESI system.

D. Geologic Interpretation and Refinement With CUESI
System

Hydrocarbon accumulations have been documented on
nearby beaches [25], suggesting that the resistors along the
fault might be tar. This interpretation is supported by the photos
captured by the CUESI system during the survey, shown in the
bottom panel of Fig. 5 and with locations marked with black
squares on both the CUESI and Porpoise profiles. In photos A
and B, the seafloor appears to be made up of sand with several
sparse accumulations of fractured shells. Here, the seafloor
resistivity in the CUESI profile is approximately 1Ωm, typical of
marine sediment with saline pore fluids. The location of photo C
marks the southern edge of a 10 Ωm seafloor resistor in the
CUESI profile and corresponds to the first occurrence of dark
material in the photo series. Photo C is similar to photos taken
offshore Point Conception in California and offshore Angola
of known tar/asphalt accumulations [25], [26], and combined
with the resistivity strongly suggests the presence of seafloor tar

accumulations here. The profile from the surface-towed Porpoise
data also includes a resistive feature at the seafloor in this
approximate location.

Further north along the towlines, photo D is located above a
stronger resistor (>30 Ωm) in the CUESI profile and captures a
dark patchy seafloor. This photo is consistent with other photos
taken between 3.5 and 3.7 km along the towline, the approximate
span of the seafloor resistor, and suggests that the seafloor sedi-
ment is saturated with hydrocarbons. This type of hydrocarbon
accumulation is associated with hydrocarbon seeps that may
become temporarily sealed or slowed due to changes in sea
state or reservoir pressure [27]. The resistor and darkly colored
seafloor extend from the photo C location until approximately
3.85 km along the towline, at which point the seafloor resumes
a ∼1 Ωm resistivity in the Porpoise profile and resembles the
seafloor captured in Photos A and B.

While hydrocarbons in sediment and active seeps provide
a likely explanation for some of these resistive anomalies, an
alternative interpretation is that these resistors may also be
associated with bedrock, such as the nearby Beechers Bay
Formation or Monterey Shale. Generally, these formations are
pale in color [28]; however, discoloration from seaweed or other
biomass could account for the darker coloration observed in
the seafloor images. Alternatively, the Beechers Bay Formation
also contains a dark gray, crudely bedded volcanic conglomerate
breccia, which is the closest onshore outcropping bedrock to the
survey and is consistent with the seafloor photos captured during
the survey. The conductive sediments surrounding these resistors
likely represent modern seafloor deposits and possibly Quater-
nary dune and drift sands, as observed at nearby Skunk Point
[28], [29]. However, given that outcropping volcanic formations
or shales would generally produce a thicker, resistive signa-
ture, and considering that the joint inversion notably thins the
near-seafloor resistor north of the fault—a characteristic more
consistent with tar accumulations—this refinement supports the
tar interpretation.

If, on the other hand, these seafloor resistors are indeed
bedrock outcrops, the source of the vertical resistor coincident
with the Santa Rosa Island Fault remains an open question.
Permeability studies onshore suggest that where the Santa Rosa
Island Fault is juxtaposed with volcanic rocks, surface water
expression is common [30]. Based on these findings, the vertical
resistors could represent freshened groundwater traveling up the
fault line, consistent with freshwater springs observed along the
shoreline at Skunk Point in 2015 [31].

Although the geology of the region remains inconclusive,
the CUESI system’s improved resolution and ground-truthing
capabilities have allowed for a more informed interpretation of
the features resolved in the profiles. By providing higher resolu-
tion data, CUESI has helped reduce some of the nonuniqueness
inherent to EM methods, enabling a more refined geological
discussion.

E. Shallow Porosity Imaging

To test the ability of the CUESI system to detect changes in
seafloor porosity, the apparent resistivity values from the CUESI
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Fig. 6. Porosity profile generated from CUESI resistivity profile using the Humble formula. Porosity values are plotted on a linear scale and spatial dimensions
of Fig. 6 match those of the CUESI profile shown in Fig. 5. For the porosity calculations, the pore fluid resistivity is assumed to be 0.245 Ω·m (based on seawater
conductivity measured by the CUESI drop weight at time of surveying), a is set to 0.62, and m is set to 2.

profile shown in Fig. 5 were converted into porosity values using
a variation of Archie’s law, known as the Humble formula (2)
[32]. The Humble formula is commonly used for unconsolidated
sediments or loose formations, such as marine sands [32], [33],
[34], and is given by the equation

ρo = aρfφ
−m (2)

where ρo is the bulk resistivity of the water-saturated material,
ρf is the resistivity of the pore fluids, φ is the porosity of the
material, and m is the cementation factor, a measure of how
the resistivity of a rock changes with permeability assuming
that the pore fluids are more conductive than the grains. The
Humble formula uses a constant cementation exponent, m, of
2.15 and a tortuosity factor, a, of 0.62.

The resulting porosity profile, as shown in Fig. 6, is not
directly ground-truthed but is broadly consistent with known de-
positional sequences in the region and published porosity trends
in continental shelf sediments (e.g., [3], [35], [36], and [37]),
particularly south of the Santa Rosa Fault, which intersects the
profile at the 3.35 km inline distance.

Porosity values range from 10% to 18% at depth, increasing
to 50%–70% at intermediate depths, and then tapering to 30%–
50% nearer the seafloor. These trends are consistent with a basal
compacted or lithified unit overlain by fine to very fine marine
sediments, interpreted here as a Holocene high stand package
or prograding marine deposits [37], [38]. A sharp transition in
porosity at 30–40 m depth is interpreted as the transgressive sur-
face, consistent with the location of the transgressive boundary
identified by Laws et al. [37]. Although others have mapped a
∼0.5–2 m-thick transgressive unit above this boundary [37], it
cannot be resolved in this profile due to the resolution possible
with the EM method at this depth.

While uncertainties remain in the absolute porosity values
due to assumptions in pore fluid resistivity (0.245Ω·m value was
used in these calculations consistent with conductivity measure-
ments recorded with the CTD sensor on the CUESI depressor
during the survey) and parameter choice for Archie’s law, the
exercise demonstrates the utility of CUESI for high-resolution
mapping of lateral and vertical porosity trends.

CSEM methods are prone to overfitting conductive features,
and this may be the reason for the unnaturally high porosity
values north of the fault, located at 3.35 km inline distance.
As the same feature is also observed, but to a lesser degree, in

Porpoise resistivity profiles, this suggests that the feature is not
an artifact, but that the conductivity is a result of overfitting or
edge effects. In addition, above this high porosity feature, rocks
and/or potential hydrocarbons were observed in the photos,
which would make the Humble formula assumption inappropri-
ate. However, if known lithologies (e.g., clays or hydrocarbons)
are present, models, such as the Glover–Hole–Pous formulation,
could be used in future work to better account for multiphase
conduction [34].

V. CONCLUSION

Although the initial tests of the CUESI system are promising,
the system remains in the early stages of development. Our
results indicate that the CUESI system is effective at detecting
relative changes in seafloor porosity, providing valuable insights
into sediment heterogeneity. However, further testing is needed
to enable statistical analysis of the system’s accuracy at resolving
near seafloor porosity values, particularly in its updated form and
with improvements to the navigational components to reduce the
error floor and further calibration. In addition, tests of CUESI
over a variety of seafloor types will better characterize the
sensitivity and resolution of the system. Further development
to ruggedize the system will streamline data collection, and the
incorporation of additional sensors, such as a magnetometer,
would transform the system into a multiphysics platform and
reduce ambiguity in seafloor characterization.

Despite its current limitations, the CUESI system exhibits
improved resolution in characterizing the upper tens of meters
of the seafloor when compared to an existing surface-towed
CSEM system. This heightened resolution, particularly in as-
sessing pore fluids, holds significant potential for applications
in offshore infrastructure projects, such as wind farms, where
geotechnical evaluations, including sediment stratigraphy and
porosity, are crucial for the design and secure installation of
structures. Moreover, the CUESI system is nondestructive, min-
imizing impact on the seafloor, which makes it an attractive
new tool to survey paleolandscapes that were subaerial during
times relevant to human occupation or in regions with unmapped
or sensitive benthic communities. Traditional site assessment
methods, such as subbottom acoustical profilers, can be used
concurrently with the CUESI system, creating a more efficient
and holistic approach to site assessment.
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