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ARTICLE INFO ABSTRACT

Keywords: Marine hydrocarbon seeps are found on all continental margins and release significant amounts of greenhouse

CSEM gases and hydrocarbons into the atmosphere and hydrosphere. Most methods of studying seeps rely on seafloor

Marine hydrocarbon seeps or near-seafloor observations, but seepage rates and seep locations can be variable, leading to uncertainty. We

Seep geology exploit the fact that hydrocarbons are electrically resistive compared with surrounding sediments and use marine
electromagnetic methods to study the deeper sources and accumulation sites, which are controlled by local
geology and should be more stable than the seabed expressions. Our surface towed marine controlled source
electromagnetic system used a horizontal electric dipole transmitter and floating electric dipole receivers spaced
100-400 m from the transmitter, collecting frequency domain amplitude and phase data at ~2 Hz and har-
monics. The survey targeted known and inferred hydrocarbon seeps within the Coal Oil Point seep field offshore
Santa Barbara, California, USA. Two dimensional inversions of the data indicate that the method is sensitive to
the shallowly buried (<400 m) structure of the marine hydrocarbon seeps and is an efficient and effective tool in
their identification and characterization. The results show spatial variability of seafloor hydrocarbons along the
Coal Oil Point seep field and indicate at least two previously unidentified intermediate depth accumulation sites.
The depth and lateral extent of these hydrocarbon accumulation sites may improve seep emission models for the
Coal Oil Point seep field.

1. Introduction

Marine hydrocarbon seeps (MHS) are pervasive across almost all
continental margins and are an important part of the global carbon
budget. Recent estimates indicate that these seeps account for up to a
fifth of all global geological methane emissions (Etiope, 2009; Etiope
et al., 2019). However, estimates of the total emissions from MHS have
significant uncertainties as seeps can be irregularly active and the hy-
drocarbon migration pathways and shallow (<400 m) or near seabed
accumulation of hydrocarbons are under-studied (Leifer, 2019). Many
previously successful methods used to identify and estimate emission
rates of MHS rely on the seep being active at the time of surveying. These
methods have included side scan sonar, multibeam bathymetry, seismic
profiling systems, gas capture systems, airborne spectroscopy, remote
operated vehicles, and many others (e.g., Hornafius et al., 1999; Mitchell
et al., 2018; Razaz et al., 2020; Leifer et al., 2006). Although these
methods are useful for identifying seepage rates at the time of surveying,
it has been noted in numerous studies that seep rates and seep areal

extent can vary on subhourly, semidiurnal, diurnal, seasonal, and even
on decadal scales (Leifer and Boles, 2005b; Fischer, 1975). Therefore,
more information of the migration pathways and surrounding structures
of MHS systems will aid in the understanding of overall seep activity.

A new method was developed to image hydrocarbon accumulation
and migration related to MHS fields within the surrounding geology to a
depth of 400 m below sea level. As hydrocarbons are significantly more
electrically resistive than sediment, MHS systems are well-suited to
detection by marine controlled-source electromagnetic (CSEM) methods
(Constable, 2010; Constable and Srnka, 2007 & Orange et al., 2009). For
the surveys presented here, a newly developed surface-towed CSEM
system was deployed. This system is inexpensive and easy to use in a
coastal setting (Sherman et al., 2017).

2. Study area

The Coal Oil Point (COP) MHS field is located offshore Isla Vista in
Santa Barbara County, California, in water depths from a few meters to
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Fig. 1. Coal Oil Point seep field area offshore Isla Vista located within Santa
Barbara County, California. COP-D1 CSEM Survey tracks (red lines) represent
locations of data collected in January 2019. COP-D2 CSEM Survey tracks (blue
lines) represent locations of data collected in May 2021. Survey track lines were
chosen based on proximity to seep area outlined from 1995 seep gas spatial
distributions by Hornafius et al. (1996) and inferred and located seep locations
identified and defined by the USGS (Lorenson et al., 2009). The seep area
outlined from 1946 gas and oil distributions is by Fischer (1978). La Goleta seep
field is labeled LGS and Patch Seep is labeled PS (all seep names are informal).
Finally, South Ellwood Anticline, South Ellwood Syncline, and fault locations
from Leifer et al,, (2010) and California Geological Survey are plotted: RF -
Rudder Fault, RMF (CGS) - Red Mountain Fault trace by California Geological
Survey (Treiman, 2006), SEF — South Ellwood Fault. Water depth contours are
marked in black. (For interpretation of the references to color in this figure
legend, the reader is referred to the Web version of this article.)
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80 m (Fig. 1) and has two primary trends. The trend closer to the
shoreline is in a few meters water depth and is associated with the folded
and fractured source rock outcropping and seeping at the seabed. The
offshore trend is in water depths of 50-100 m and is generally controlled
by the South Ellwood Anticline. In this paper, the study area and the
term COP are limited to the offshore seep area associated with the South
Ellwood Anticline (see Fig. 1 for extent). Due to the prolific nature of this
field and proximity to dense coastal populations, this area has been
subject to numerous field investigations that have identified many seeps,
geochemical markers, and the geologic structure underlying the region
(e.g., Leifer, 2019; Lorenson et al., 2009; Hornafius et al., 1999;
Kamerling et al., 2003). The stratigraphy of the COP seep field is folded,
creating a series of structural traps for hydrocarbon accumulation within
and above the source rock (Eichhubl et al., 2000). The source rock is
capped by the relatively impermeable Sisquoc Formation and the traps
are fed by fractures, faults, or through updip migration along bedding
planes (Fig. 2) (Finkbeiner et al., 1997; Ogle et al., 1987).

Within the COP seep field, there are two main seep areas located
along the South Ellwood anticline. The La Goleta MHS field is located
near the shallowest crest of the Monterey Formation below the COP seep
field and Patch Seep is located toward the eastern end of the COP seep
field (Fig. 1). Based on the local geology, the accumulation site of the La
Goleta MHS field and the Patch Seep should be located at least 1 km
below sea level and controlled by the South Ellwood Anticline and South
Ellwood Fault System (Leifer et al., 2010). La Goleta MHS field has
displayed variable emission trends and hydraulic conductivity between
different seeps (Bradley et al., 2010; Leifer, 2019) and delays have been
observed between deep reservoir pressure changes and seepage rates
(Leifer, 2019). These observations indicate that individual seeps may be
connected at depth above the source rock. However, the locations of
possible shared migration pathways or accumulation sites are not well
defined.

The seep model for the COP MHS field described by Leifer and Boles
(2005a) assumes a deep hydrocarbon reservoir plus an additional
near-seabed reservoir to account for seepage behavior at La Goleta MHS
field and Patch Seep. According to the model, seepage rates are
pressure-sensitive and related to changes in hydrostatic pressure from
tidal forcing and pressures from deep reservoirs. The balance of over-
pressure and reservoir pressure result in changing emission rates at the
seep sites (Leifer and Boles, 2005a; Leifer and Wilson, 2007). Generally,

North COP-D1-L3

Fig. 2. a) Cartoon demonstrating potential fluid migration pathways (light blue arrows) upward from lower Monterey Formation (source rock) to intermediate near-
seabed accumulation sites below the survey area. Illustration based on geologic models by Leifer et al., (2010). Note: illustration is not to scale. Dashed black lines
indicate the intersection points of 2D resistivity profiles associated with the 2019 EM survey. b) illustrates hydrocarbon accumulation sites imaged in EM line
COP-D1_L3 as well as a deep reservoir from previous studies (Leifer et al., 2010; Tennyson and Kropp, 1998). (For interpretation of the references to color in this

figure legend, the reader is referred to the Web version of this article.)
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Fig. 3. a) Schematic of CSEM array used for survey offshore Isla Vista, Santa Barbara County, California. Horizontal electric dipole is labeled here as ‘HED’. Here, the
emitted electromagnetic field from the HED is labeled ‘Transmitted EM Field’. b) Photo of all four porpoises (receivers) and dorsal (front) staged on deck. Logger is a
grey pressurized case held in place with a white frame. GPS masts are orange vertical instruments affixed to the back of each white frame. The receiver frames have
blue weights at the base to keep the instruments upright during towing operations. (For interpretation of the references to color in this figure legend, the reader is

referred to the Web version of this article.)

the effect of hydrostatic pressure decreases with seabed depth (Boles
et al., 2001). Leifer and Boles (2005b) predicted the lower bounds of
tidal influencing through changing hydrostatic pressure in the COP re-
gion to be in water depths of 100-200 m. The flow of oil and gas from
seep systems also is controlled by reservoir pressure, which increases
with depth (Leifer and Wilson, 2007). The relationship between these
two pressures is significantly impacted by the depth of the reservoir and
the surrounding geology.

This marine CSEM study aimed to test the seep model of Leifer and
Wilson (2007) by mapping the location of the hydrocarbon accumula-
tion beneath La Goleta MHS field and Patch Seep. These fields are
attractive targets to test for the existence of near-seabed hydrocarbon
accumulation as upward hydrocarbon migration is controlled by the
many local faults and the anticlinal structure could provide many po-
tential intermediate traps for accumulation below the field.

3. Methodology
3.1. CSEM survey design

The marine CSEM method uses an electric current transmitter that
emits electromagnetic fields that pass through seawater and propagate
into the seafloor and to receivers, which measure the resulting electric
fields, either on the seafloor or towed through the water. The recorded
fields are proportional to electrical resistivity, making the method
suitable for detecting hydrocarbons which are significantly more resis-
tive in comparison to seawater or the surrounding seafloor sediment (e.
g., Constable, 2010).

Because the water depths of La Goleta MHS field and Patch Seep are
shallow, the custom-built small, low power, surface-towed CSEM system
of Sherman et al. (2017) can be used effectively to map hydrocarbon
occurrences to depths of 400 m below sea level. This system has the
added benefit that it is inexpensive to use, can be hand-deployed, and
requires a non-specialized vessel to efficiently survey the shelf. The
system, illustrated in Fig. 3, consists of an electromagnetic transmitter,
four electric field receivers, and a dorsal device that collects
water-conductivity and water-depth data. The horizontal electric dipole,
four receivers (referred to as porpoises), and dorsal are towed on the
surface of the water on floating high molecular weight polyethylene
rope, behind a vessel traveling between 2 and 4 knots. The frames of the
receivers and dorsal are made from rigid plastic that is designed to
slough off kelp or other ocean debris, to hold a rigid 2 m dipole 0.67 m
beneath the sea surface, and to provide mounting for a vertical GPS mast
that provides position and timing, and doubles as a flashing beacon for
better visibility to other vessels. To maximize sensitivity to the predicted
geology related to La Goleta MHS field, the receivers were separated by
100 m creating a maximum source-receiver spacing of 400 m and a total
towed array length of 430 m. From sensitivity tests, the limits of

sensitivity using this array are estimated to be at a depth between 400
and 500 m below sea level. Horizontal resolution is roughly 5-10% of
the receiver to target distance; for example, if the investigation depth is
100 m below sea level, this array could yield horizontal resolution of
5-10 m at this depth.

The electromagnetic transmitter operates on 110-240 VAC power
and outputs a GPS stabilized binary or ternary waveform. For this sur-
vey, the transmitter output was a 30-amp, current-controlled waveform-
D of Meyer et al. (2011) on a 10-meter antenna. This configuration
resulted in a 300 amp-meter horizontal electric dipole moment, a signal
strength well suited to the source-receiver spacing chosen for this sur-
vey. Waveform-D was chosen as it generates higher amplitude responses
in the 1st, 3rd, 7th, and 13th harmonics than other waveforms, allowing
for collection of data across a broad frequency range (Meyer et al.,
2011). The data presented here were collected during two separate
cruises in January of 2019 and May of 2021. The survey design
remained the same for both surveys except for the fundamental fre-
quency of the waveform. A 2 Hz fundamental waveform was used to
collect the initial 2019 CSEM data; following analysis of the data, the
fundamental frequency was increased to 2.5 Hz for surveying in 2021 to
increase the frequencies of the higher harmonics.

3.2. Survey data quality

A total of 37 km of high-quality inline electric field responses were
collected in 350 min over the course of two survey days, one for each
survey year (see Fig. 1 for survey locations). Following both surveys, the
data were inspected for quality before processing. In January of 2019
(shown in red on Fig. 1), surveying from the FV Amigo, the last receiver
in the array did not function because it reset, probably because of an
impact that occurred during transportation, and the GPS mast of the first
receiver in the array did not transmit data due to problems with a pin
connection. In May of 2021 (shown in blue on Fig. 1), surveying from the
RV Bob and Betty Beyster, the first receiver in the array malfunctioned
due to a faulty battery. The rest of the receiver systems in both surveys
functioned as designed.

3.3. Data processing and model design

Amplitude and phases of the CSEM response functions were extrac-
ted from the raw time-series data using a method detailed by Meyer et al.
(2011). To increase the signal-to-noise ratio, the resulting transfer
function estimates were stacked using an arithmetic mean to obtain the
complex transfer function estimates for every stacking window along
with an error estimate. Due to rough wave conditions (3 plus meter wave
heights and 7 m/s wind gusts) in January 2019, stacking windows of 30
s were used. Sea state was calm in May of 2021 allowing for smaller
stacking windows of 10 s to achieve similar errors to the previous survey
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Fig. 4. Fence plot of 2D resistivity models over La Goleta MHS field (labeled here as ‘LGS’) and Patch Seep (labeled here as ‘PS’); CSEM survey lines and dates of
collection are also shown in Fig. 1. Dark blue lines indicate areal extent of seep gas distributions from Hornafius et al. (1996). Black squares indicate located seeps,
and grey stars indicate the inferred location of seeps identified and defined by the USGS (Lorenson et al., 2009). Brown lines indicate the surface locations of the
Rudder Fault, South Ellwood Fault (Leifer et al., 2010), and Red Mountain Fault (Treiman, 2006). Warm colors indicate high resistivity, inferred to be hydrocarbons.
Coordinates in fence plot are UTM - Zone 11. (For interpretation of the references to color in this figure legend, the reader is referred to the Web version of

this article.)

in 2019.

This method yielded high quality amplitude and phase response data
for two receivers and three receivers as a function of position and fre-
quency for the 2019 and 2020 surveys respectfully, although the first
harmonic was excluded due to low signal to noise of the responses. The
CSEM data associated with the 3rd, 7th, and 13th harmonics were well
above the noise floor, making them suitable for inversion.

The modeling software used in this study is the publicly available,
goal-oriented, adaptive, finite-element two-dimensional (2D) MAR-
E2DEM inversion and modeling code of Key (2016). This code uses
Occam’s Inversion, a method that regularizes the inversion to obtain the
smoothest resistivity model that fits the data (Constable et al., 1987).
CSEM data were scrutinized manually for obvious outliers and subjected
to a two-percent error floor for amplitude data and a one-percent error
floor for phase data before being included in the model as finite-length
dipoles. The 10 m-long horizontal electric dipole (HED) was modeled as
a finite-length electric bipole and assumed to have a dip of 10°,
consistent with direct observations during the survey.

The starting models included seawater as a fixed parameter, using
conductivity data collected by the dorsal and available bathymetric
data. Thus, the free inversion regions were reduced to the area below the
seafloor and set to a uniform starting resistivity of 1 Qm. Inversion
parameter grids were constructed using quadrilateral cells that
increased in height with depth to mimic the loss of resolution of the EM
method with distance. Due to the adaptive nature of the MARE2DEM
code, the computation grid was allowed to refine where necessary to
accurately predict the model’s data response (this is sometimes called
the dual grid approach). The resistivity inversions were run to the

minimum root mean square misfit possible; this value was then
increased by ten percent to avoid overfitting and the final resistivity
inversions converged to a root-mean-square misfit between 1 and 1.1,
and are shown in Fig. 4.

4, Results and discussion

Below La Goleta MHS field and PS, the South Ellwood Anticline
locally creates a trap in the fractured reservoir approximately 1 km
below sea level (Fig. 2) (Leifer et al., 2010; Tennyson and Kropp, 1998).
This reservoir is supplied by updip and near vertical hydrocarbon
migration along thick damage zones (<20 m) associated with the South
Ellwood Fault System (Leifer et al., 2010) from the deeper source rock
(Kamerling et al., 2003). Further upward migration to shallow traps or
to the seafloor is facilitated by the South Ellwood Fault System, Rudder
Fault, other unmapped faults in the Monterey Formation, and open
fractures and joints within the Sisquoc Formation.

The 2D resistivity models presented here contain several resistive
anomalies below La Goleta MHS field, Patch Seep, and several unnamed
seep sites (Fig. 4). The resistive anomalies collocated with known and
inferred seep sites have resistivity values consistent with those expected
from hydrocarbons (Constable, 2010), and so resistors encountered in
this survey are interpreted to be hydrocarbons. Prior studies, based on
water column and seafloor observations, have indicated that the areal
extent of La Goleta MHS field is consistent and controlled by the South
Ellwood Anticline and damage zones associated with the Rudder Fault
(Washburn et al., 2005; Hornafius et al., 1999;Leifer et al., 2005a; Leifer,
2019). Conversely, the spatial extent of the Patch Seep has been
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Fig. 5. Maps of logarithmic resistivity at and below the seafloor. Peak resistivity appears to correspond to the South Ellwood Anticline and is collocated with La
Goleta MHS field, but is not collocated with Patch Seep. Peak resistivity is encountered both at the seafloor and again at approximately 250 m below seafloor (mbsf).
The geometry of the seafloor and 250 mbsf resistor generally trend with the South Ellwood Anticline.

observed to change based on water column sampling studies; for
example, the northern edge of the seep field has been recorded to shift
up to ~600 m depending on the time of surveying (Fig. 1). The seafloor
resistivity values modeled here are in agreement with these observations
(Fig. 5). Previous maps of the La Goleta MHS field are collocated with
high seafloor resistivity and vertical resistors below the seep field
(Figs. 4, Fig. 5, and Fig. 6) (Hornafius et al., 1996; Fischer, 1978; Lor-
enson et al., 2009). These resistive features are collocated with the
Rudder Fault, indicating hydrocarbon migration along related damage
zones. Possibly due to changes in spatial extent of the Patch Seep, the
highest seafloor resistivities near the Patch Seep are north of the area
most recently mapped as an active seep site, although they are within
previously mapped seep extents (Figs. 1 and 4). Additionally, a vertical
resistor is imaged below Patch Seep which may be a hydrocarbon
migration pathway within open fractures related to anticlinal flexure
from the South Ellwood anticline (labeled in Fig. 6). There are several
plausible reasons for the mismatch in seafloor resistivity and the most
recent Patch Seep locations, most notably the presence of oily bubbles
that can lead to oil deposition within the seep vents and bacterial or tar

mats which can obstruct seepage, resulting in vent evolution or move-
ment (Leifer, 2010).

Below the MHS presented here, a resistor approximately 25 m below
the seafloor (mbsf) is pervasive across all survey lines (Fig. 4 and labeled
‘near seabed reservoir’ in Fig. 6). According to geologic models and
seismic reflection profiles, this resistive layer is located within the Sis-
quoc Formation (Leifer et al., 2010; Kamerling et al., 2003; Sliter et al.,
2008) and the feature could be produced from horizontal migration of
hydrocarbons within a coarse layer of this formation (Fig. 2) (Boles
et al., 2001; Boetius and Suess, 2004; Chen et al., 2021). This interpre-
tation is supported by chip analysis from onshore and offshore wells that
indicate local sandstone layers within the Sisquoc Formation (MacK-
innon, 1989) and that the resistive layer appears to be constrained by the
mapped anticline and synclines with several vertical features extending
to known MHS locations. A trapping mechanism such as pore throat
blockage or a change in permeability may lead to this near seafloor
build-up of hydrocarbons. As this accumulation site is shallowly buried
(~150 m total depth), changes in hydrostatic pressure through tidal
forces may have a more pronounced effect on the associated MHS fields
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when compared to MHS fields supplied by deeper reservoirs.

Finally, a deeper resistor is encountered at approximately 200-250
mbsf within the Sisquoc Formation (Fig. 5 and labeled ‘intermediate
reservoir’ in Fig. 6). This resistor appears to be constrained by the South
Ellwood Anticline and has multiple vertical resistors connecting it to the
seafloor seep locations (Fig. 6). Due to these observations, this resistor is
interpreted as a hydrocarbon accumulation site that supplies the MHS
fields above and the vertical features are interpreted to be migration
pathways facilitated by open fractures related to the Rudder Fault or
anticlinal flexure from the South Ellwood Anticline (Ogle et al., 1987).
This accumulation zone is shallower than the previously identified hy-
drocarbon reservoirs located approximately 1000 m below La Goleta
MHS Field. Therefore, the resistor located 200 to 250 mbsf could be an
intermediate reservoir; a feature most recently proposed by Leifer
(2019) to accurately model the temporal variability of seepage observed
within COP. Before this CSEM survey, the existence of intermediate
reservoirs beneath COP were inferred, but the depth and extent were not
known.

5. Conclusion

The surface towed CSEM method used in this survey has been shown
to be both efficient and effective at detecting marine hydrocarbon seep
systems to total depths of 400 m. Our system detected two previously
unidentified near seabed hydrocarbon accumulation sites which may
supply the overlying MHS fields. The existence of one accumulation site
is assumed in the model of Leifer (2019); however, the depth and lateral
extent has not been characterized until now. The addition of this new
knowledge in seep models could better constrain overall seep emission

rates. Additionally, the 2D resistivity models indicate significant
changes in extent and movement of the Patch Seep at the seafloor while
the underlying MHS sources remain controlled by the South Ellwood
Anticline. These results highlight the variability in the seafloor location
of seeps and importance of studying the buried hydrocarbon accumu-
lation sites and migration pathways to gain further insights into MHS
character. More information is needed to characterize and predict the
seep behavior in this region; however, CSEM methods could be useful in
the identification of other hydrocarbon seep systems, as they can survey
large regions relatively quickly and are sensitive to these targets.
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