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Natural Offshore Oil Seepage and Related
Tarball Accumulation on the California
Coastline—Santa Barbara Channel and the
Southern Santa Maria Basin; Source
Identification and Inventory

By Thomas D. Lorenson, Frances D. Hostettler, Robert J. Rosenbauer,
Kenneth E. Peters, Jennifer A. Dougherty, Keith A. Kvenvolden,
Christina E. Gutmacher, Florence L. Wong, and William R. Normark

Executive Summary

Oil spillage from natural sources is very common in the waters of southern
California. Active oil extraction and shipping is occurring concurrently within the region
and it is of great interest to resource managers to be able to distinguish between natural
seepage and anthropogenic oil spillage.

The major goal of this study was to establish the geologic setting, sources, and
ultimate dispersal of natural oil seeps in the offshore southern Santa Maria Basin and
Santa Barbara Basins. Our surveys focused on likely areas of hydrocarbon seepage that
are known to occur between Point Arguello and Ventura, California.

Our approach was to 1) document the locations and geochemically fingerprint
natural seep oils or tar; 2) geochemically fingerprint coastal tar residues and potential tar
sources in this region, both onshore and offshore; 3) establish chemical correlations
between offshore active seeps and coastal residues thus linking seep sources to oil
residues; 4) measure the rate of natural seepage of individual seeps and attempt to assess
regional natural oil and gas seepage rates; and 5) interpret the petroleum system history
for the natural seeps.

To document the location of sub-sea oil seeps, we first looked into previous studies
within and near our survey area. We measured the concentration of methane gas in the
water column in areas of reported seepage and found numerous gas plumes and measured
high concentrations of methane in the water column. The result of this work showed that
the seeps were widely distributed between Point Conception east to the vicinity of Coal
Oil Point, and that they by in large occur within the 3-mile limit of California State
waters. Subsequent cruises used sidescan and high resolution seismic to map the seafloor,
from just south of Point Arguello, east to near Gaviota, California. The results of the
methane survey guided the exploration of the area west of Point Conception east to
Gaviota using a combination of seismic instruments. The seafloor was mapped by
sidescan sonar, and numerous lines of high -resolution seismic surveys were conducted
over areas of interest.

Biomarker and stable carbon isotope ratios were used to infer the age, lithology,
organic matter input, and depositional environment of the source rocks for 388 samples



of produced crude oil, seep oil, and tarballs mainly from coastal California. These
samples were used to construct a chemometric fingerprint (multivariate statistics)
decision tree to classify 288 additional samples, including tarballs of unknown origin
collected from Monterey and San Mateo County beaches after a storm in early 2007. A
subset of 9 of 23 active offshore platform oils and one inactive platform oil representing a
few oil reservoirs from the western Santa Barbara Channel were used in this analysis, and
thus this model is not comprehensive and the findings are not conclusive. The platform
oils included in this study are from west to east: Irene, Hildago, Harvest, Hermosa,
Heritage, Harmony, Hondo, Holly, Platform A, and Hilda (now removed).

The results identify three “tribes” of '*C-rich oil samples inferred to originate from
thermally mature equivalents of the clayey-siliceous, carbonaceous marl, and lower
calcareous-siliceous members of the Monterey Formation. Tribe 1 contains four oil
families having geochemical traits of clay-rich marine shale source rock deposited under
suboxic conditions with substantial higher-plant input. Tribe 2 contains four oil families
with intermediate traits, except for abundant 28,30-bisnorhopane, indicating suboxic to
anoxic marine marl source rock with hemipelagic input. Tribe 3 contains five oil families
with traits of distal marine carbonate source rock deposited under anoxic conditions with
pelagic but little or no higher-plant input. Tribes 1 and 2 occur mainly south of Point
Conception in paleogeographic settings where deep burial of the Monterey Formation
source rock favored generation from all three members or their equivalents. In this area,
oil from the clayey-siliceous and carbonaceous marl members (Tribes 1 and 2) may
overwhelm that from the lower calcareous-siliceous member (Tribe 3) because the latter
is thinner and less oil-prone than the overlying members. Tribe 3 occurs mainly north of
Point Conception, where shallow burial caused preferential generation from the
underlying lower calcareous-siliceous member or another unit with similar
characteristics.

It is very desirable to be able to clearly distinguish the naturally occurring seep oils
from the anthropogenically derived platform oils. Within the “training set” of oils and
tars (388 samples), the biomarker parameters are sometimes sufficient to allow unique
discrimination of individual platform oils. More often however, platform samples and
seep samples with sources geographically close to each other are too similar to each
other, with respect to the biomarker parameters, to definitively differentiate them on that
basis alone. In some cases other parameters can be helpful. These other parameters are
related to the degree of biogeochemical degradation or weathering that the oils or tars
have experienced. These components include the typical oil distribution of n-alkane
hydrocarbons and isoprenoids pristane and phytane. All of the platform oils in our sample
set contain these components. On the other hand, the seep oils or tars have been exposed
to significant biodegradation while in the near subsurface. The majority, but not all of
seep oils or tars have been biodegraded up to or beyond the loss of n-alkanes and
isoprenoids. Seep oils found in the vicinity of Coal Oil Point or Arroyo Burro are
apparently the least weathered and are particularly likely to retain significant n-alkanes
and isoprenoids. Therefore the combination of chemometric fingerprinting and the
presence or absence of n-alkanes and isoprenoids help to differentiate anthropogenic
production oils versus natural seeps oils and tars. The differentiation is not always
definitive because of the close chemical similarity of some samples and the variability in
the biodegradation progression. This is the case near Coal Oil Point, and near Platform A



(Dos Cuadros Field) where seep oils and Platform Holly and Platform A oils are
genetically very similar and cannot be definitively distinguished after a period of a few
days of weathering. In contrast, oils from the Point Conception platforms can be
distinguished on the basis of chemometric fingerprinting alone. In the middle of this
spectrum are oils from Platforms Harmony, Heritage, and Hondo, where it is expected
that oil weathering would take on the order of two weeks to a month to produce tarballs
similar to those seen near Point Conception. In this case there is a much greater degree of
weathering needed to proceed from produced oil to the biodegraded tar characteristic of
tarball stranded on the beach.

Tar deposition on beaches was monitored as part of cooperative with the County of
Santa Barbara Energy Division and the U.S. Geological Survey during 2001-2003. We
found tar deposition varies on a seasonal basis. In general, tarballs accumulate at a faster
rate or remain longer on all beaches during the summer and fall months. The reasons for
this are unclear based on our limited observations, however we speculate that factors such
as prevailing winds and currents combined with more quiescent wave conditions favors
the accumulation and preservation of tarballs on the beach during the summer and fall
months. In contrast, winter storms, with much greater wave action remove beach sand
and other materials, and stormy seas tend to break up oil that might weather into tarballs.
Natural seepage is affected by the spring/neap tidal cycle; however, the link to tar
deposition is unclear. Longer periods of monitoring are needed to address the variability
in the data and provide a more robust statistical analysis.



Introduction

This study has developed a living geochemical chemometric (fingerprint) model
tuned for oils and tars sourced from the California Monterey Formation. The model
allows for inquiry of new unknown tars or oils to build upon our library of coastal tar
fingerprints as a database for future investigations. Our study area includes the entire
coastline of California (Fig. I-1) however we are currently concentrating our efforts in
southern California. We have also examined the possible origins of tars and provides
qualitative rates of deposition measured during a three-year period on Santa Barbara
county beaches from 2001-2003.

The California coastline contains long stretches of sandy beaches, rocky inlets,
high cliffs hanging precipitously over crashing waves, and many other scenic wonders.
This beautiful natural resource is, however, continually exposed to contamination from
both natural and anthropogenic sources. In particular, the coastline is impacted by
petroleum hydrocarbons that occur as tarballs washed up all along the shorelines and as
onshore seepages from rocky outcrops and cliff faces. Natural sources for these
petroleum hydrocarbons include prolific, frequently chronic, onshore and offshore
shallow oil seeps, especially prominent along the southern California coast (State Lands
Commission Staff Report, 1977). Anthropogenic sources include possible accidental oil
spills from commercial vessel traffic, from offshore drilling rigs, and from ships
involved in the processing and transport of oil along the coastal shipping lanes.

Differentiating between natural and anthropogenic petroleum sources and
determining specific sources of coastal contamination is essential to evaluate threats to
the ecosystems and to limit contaminant impact. Although crude oils and source rocks
in the California borderland oil fields have been extensively characterized (Curiale and
others, 1985), published geochemical work on the substantial (approximately 20,000
tonnes/year discharged into the ocean, as estimated by a U.S. Academy of Sciences
report, NAS, 2002) hydrocarbon beach tar accumulations along the California coast is
limited. Reed and Kaplan (1977) used stable isotopic ratios of sulfur, nitrogen, and
carbon to distinguish seep oils, beach tars, and crude oils from the southern California
Borderland. Another early study utilized stable isotopic ratios of carbon and sulfur and
total sulfur content of asphaltene fractions to correlate beach tars deposited near Los
Angeles with their probable sources, to distinguish natural seep oils from imported
tanker crude oils and local production wells, and to evaluate seasonal distribution
patterns and transport (Hartman and Hammond, 1981). Hartman and Hammond (1981)
determined that more than 50 percent of asphalt found in Santa Monica Bay is from the
Coal Oil Point (COP) seeps, which are ~150 km to the west. They proposed that asphalt
transport from COP to Santa Monica is dependent on seasonal ocean currents and gyres.
A significant decrease in asphalt deposition along Santa Monica Bay beaches was
observed during winter months. Hartman and Hammond (1981) proposed that during
the winter, COP asphalt is transported westward in the Santa Barbara Channel (SBC)
and subsequently northward by the Davidson Current that emerges near the Channel
Islands. A more recent study used various molecular parameters of tar residues on
beaches within the Monterey Bay National Marine Sanctuary to try to ascertain sources
(Kvenvolden and others, 2000). Reports on coastal tar and oil seeps considers the



geologic framework and some potential tarball correlations related to this study
(Kvenvolden and Hostettler, 2003; Hostettler and others, 2004).

The Santa Barbara County Energy Division, in conjunction with the United States
Geological Survey (USGS), conducted a two year long “fingerprinting” and monitoring
study of stranded asphalt on Santa Barbara County beaches, oil samples from natural oil
seeps and offshore oil platforms (examples given in figs. [-2, 3, 4, and 5) (Lorenson and
others, 2004). The samples were analyzed for biomarkers (persistent hydrocarbons) and
various isotopic compositions, and then incorporated into an asphalt “fingerprint”
database. The fingerprints of COP beach asphalt, COP natural seep oil, and Platform
Holly crude oil are very similar and require sophisticated chemical analysis to
discriminate between the samples. All beach asphalt analyzed was determined to be
natural oil from the Monterey Formation, the main petroleum source and reservoir rock
in the area (Lorenson and others, 2004).

Although the county study was inconclusive in identifying sources, information
was gathered on the distribution of beach asphalt (tarballs), its variation, and possible
sources. Lorenson and others, 2004 observed higher asphalt accumulations during the
summer and fall months and proposed variations in tides, currents, winds, and surf zone
energy to be the cause. Of the southern beaches, COP accumulated the most asphalt
mass. Of all the beaches surveyed, the largest number of tarballs was observed at COP,
but not the most asphalt in terms of mass. COP tarballs on average were smaller than
those collected at beaches in the northern part of the county. The northern beaches
generally had much larger tarballs than the southern beaches, resulting in more asphalt
mass. Differences in observed tar balls sizes between northern and southern beaches
were attributed to different sources and confirmed by geochemical analyses. Tarballs on
northern and southern beaches were chemically determined to have different sources
(Lorenson and others, 2004). Lorenson and others, 2004 proposed that the difference in
sizes was due to the different sources.

These works all conclude that much of the tar accumulation originates from the
Miocene Monterey Formation. Source rock in the Monterey Formation shares several
chemical characteristics with local tars, including 1) unusually “heavy” 8"°C (around —
23%o0); 2) aliphatic biomarker parameters 28,30-bisnorhopane indicating an anoxic
marine depositional environment (Curiale and others, 1985), high Css o3-hopane 22S
and 22R epimers compared to Cs4, and the presence of gammacerane (Peters and
Moldowan, 1993); 3) a characteristic value (>3) for the biomarker parameter called “the
triplet” (Kvenvolden and others, 1995), defined in appendix 1; 4) a small but consistent
presence of oleanane; 5) sterane parameters indicating low maturity as opposed to fully
mature hopane parameters; 6) very low diasteranes relative to regular steranes,
indicating a clastic-poor marine source rock; 7) abundant aromatized steranes,
especially monoaromatics relative to triaromatics, indicating low thermal maturity
(Curiale and others, 1985); and 8) sulfur-rich PAH, such as dibenzothiophenes.

Although the above chemical components are common to all the tarballs, their
relative proportions vary. A fingerprinting technique utilizing ratios of these
constituents, and other biomarker parameters from both the aliphatic and aromatic
hydrocarbon suites, allows discrimination among different tar samples. Tars can be
correlated with each other and with distant sources.



The chemical composition of the tarballs is linked to its geochemical history.
Despite the large number of offshore shallow hydrocarbon seeps, and the constant
impingement of tar onto the shoreline, little is known about the mechanics of
hydrocarbon formation in shallow seeps, specific sources of tarballs, or their transport
from the marine environment onto the shore. At present there is no irrefutable data
linking tar on beaches to specific offshore natural seeps (Leifer and others, 2002, Del
Sontro, and others, 2007).

Because many of the tarballs from offshore seeps are transported significant
distances from their sources by ocean currents, geochemical assignment of their origin
provides insight into the circulation patterns of the coastal currents. The circulation
patterns within the Santa Barbara Channel are well studied (Hickey, 1998; Harms and
Winant, 1998; Winant and others, 1999, 2003). Persistent cyclonic circulation,
upwelling conditions, and wind-relaxing drive the currents in a seasonally dependent
pattern. The net result of drifter studies is a combination of in-channel deposition, both
on the mainland coast and on the Channel Islands, with flow predominantly toward the
south and east in the spring and summer (California Current) and to the west and north
in the late fall and winter (Davidson Current and the Southern California
Countercurrent). Mapping depositional sites of tarballs that also drift with these ocean
currents, complement these drifter studies, as well as provide information on the fate of
these petrogenic contaminants in the coastal environment.

Our results demonstrate that tar accumulations on California beaches can be
related to natural sources and that there is extensive offshore seepage as documented in
this report. Offshore seepage results in producing tarballs, some of which find their way
to nearby beaches. Seepage is also responsible for creating unique seafloor oases for
sessile organisms that would otherwise not survive on the sand-covered seafloor.

We have also have shown that natural seeps can, in many occurrences, be
distinguished from produced oil with gas chromatography - mass spectrometry,
chemometric fingerprinting, and statistical analyses provided that the produced oil is
not biodegraded. In some cases even produced oils, biodegraded near the sea floor or
on the sea surface are sufficiently different from natural seepage and can be
distinguished. Further, this conclusion can be applied to California Monterey
Formation-sourced oils common to the study area.
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Figure I-2. Photographs showing viscous tar sampled offshore Point Conception. This tar
differs in both morphology and chemical composition from oil and tar found offshore of
the southern coast of Santa  Barbara.

Figure I-3. Photograph showing the sampling of a natural oil slick. Inset shows the
evolution of oil and mousse into tar patties that are often found on the southern Santa
Barbara County coastline.



Figure I-4. Photographs showing fresh tar residue at Coal Oil Point. Photograph was
taken on June 10, 2003.
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Figure I-5. Photograph showing tarball morphology typically found on Santa Barbara
County’s northern beaches and rocks.



Chapter 1. Identifying Seeps
Previous Studies and Background

Petroleum in the ocean is a problem of enormous concern, impacting the
environment, economy, and quality of life for coastal inhabitants. Globally, 1,300,000
tons of oil entered the oceans annually in the 1990s, of which natural seeps emitted
600,000 tons. Vessel spills accounted for 100,000 tons, run-off accounted for 140,000
tons, and pipelines accounted for 12,000 tons. Annually, California marine seeps
contribute 20,000 tons of oil to North Americas estimated total seepage of 160,000 tons
(NRC 2002). Despite the significance of oil in the ocean, there is a misconception that
natural oil seepage on the California coastline is from pollution. Thus, finding seeps and
fingerprinting their chemical signature is the first concrete step in documenting the role
of natural oil seepage and its impact on the shoreline.

Offshore Santa Maria Basin

The offshore Santa Maria Basin contains two types of hydrocarbon seeps in
surficial marine sediments and the water column: active and passive (Saenz, 2002; fig. 1-
1). Active seeps (macroseeps) occur where gas bubbles, pockmarks, gas-vent craters, tar
seeps, or bright spots are visible on seismic profiles or side-scan sonar records. These
hydrocarbon seeps presumably occur where generation and migration of hydrocarbons
from source rocks are ongoing today and where migration pathways have developed
along structural conduits through the overlying sediments of late Neogene to Quaternary
age. In the northern and central areas of the basin, passive and microseeps occur where
the concentration of migrated hydrocarbons is low and there are no visible geophysical
anomalies. Microseeps are detected by sniffer or geochemical surveys that sample and
analyze hydrocarbon concentrations in the water column. It is probable that passive
seeps occur in areas where effective regional seals or deep-water depths limit vertical
migration.

Primary controls for the location and distribution of hydrocarbons in near-surface
sediments are active faults and eroded or fractured anticlinal folds. Active seeps have
been detected near the water-sediment interface, in the water column or on the sea
surface, sometimes at relatively large distances from major surface leak points interpreted
as gas seeps. The northern and southern portions of the study area in the offshore Santa
Maria Basin contain numerous active hydrocarbon seeps (fig. 1-1) (Saenz, 2002). The
west central Santa Maria Basin study area contains isolated areas of passive seeps. In
these areas, there is little evidence of shallow pools of migrated hydrocarbons, and
geophysical anomalies are rare (Saenz, 2002).

Active seeps in the study area were detected near the water-sediment interface and
within the water column. Using only geophysical data, the presence of passive seeps or
microseeps can only be inferred or detected indirectly. The presence of near-surface to
shallow gas-charged sediment horizons and numerous seafloor features (e.g.; gas-vent
craters, pockmarks, etc.) strongly implies the presence of passive, episodic seeps or
microseeps. The presence of microseeps in the offshore Santa Maria Basin is confirmed
by sniffer data (Sigalove, 1985). Our studies conducted in the area during 2002 saw little
evidence of active seepage such as gas and oil in the water, however there was elevated
methane in the water column west of Point Conception. The likely origin of the elevated
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methane is from the seeps within the Santa Barbara Channel moving westward with the
currents as described by Mau and others, (2007).

Numerous water-column anomalies were observed on seismic reflection profiles
and side-scan sonar records. Most were mapped on the shallow hazard maps. As
illustrated by Saenz (2002), water-column anomalies are present as small, discrete v-
shaped plumes, zones of plumes, and large diffuse zones. Water-column anomalies
represent the seismic response of gas bubbles rising and expanding in the water column.
These plumes are similar to those mapped by Fischer and Stevenson (1973); Fischer
(1976); and other workers off Coal Oil Point (COP) and Goleta Point in the Santa
Barbara Basin. In the COP area, the rising gas and oil are visible on the sea surface and
have been collected, analyzed (C,; through C,), and mapped using an experimental

sniffer system (P. J. Fischer 1976, unpublished; Sigalove, 1985; and Saenz 2002).

Water-column anomalies are concentrated in the northern and central portions of
the offshore SMB study area and overlie shallow subsurface gas horizons within fault
zones, and over anticlinal crests. Water-column anomalies in the study area were
identified and mapped using echo sounder, 3.5 kHz subbottom profiler and side-scan
sonar records. These water-column anomalies are generally observed to be in association
with shallow zones of gas-charged sediment and vent craters (Saenz, 2002).

In the southern offshore Santa Maria Basin and northwestern Santa Barbara Basin,
tar seep mounds and sheets are present on the seafloor (Saenz, 2002). Tar accumulations
are most abundant near Point Conception where sheets of tar cover large areas (to 10
km?) (this study) and form a 3 - 4 m high, seaward facing scarp (Vernon and Slater,
1963). East of Point Conception, mounds range in size up to 30 m in diameter and 2.5 m
in height. These mounds are irregularly distributed along an east-west trending faulted
anticline and overlie exposed Monterey Formation outcrops. To the west of Point
Conception in Area S-1II, one mound imaged by 3.5 kHz profiling is about 15 m high and
55-60 m in length (Saenz, 2002). Offshore of Point Arguello, several distinctive, mound-
like seafloor features appear on the geophysical records. In this area, gas seeps seen as
water-column anomalies are associated with tar mounds (Saenz, 2002). As observed, on
subbottom and side-scan sonar records, these mounds are gently rounded and have a
vertical relief of 1 - 5 m (Saenz, 2002).
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Coal Oil Point Seep Field

There are many seepage locations offshore of California, but Santa Barbara
Channel has the richest recorded history of seepage and includes one of the most prolific
seep fields in the world; the COP seep field (Landes, 1973). Between the 16th and 18th
centuries, several European explorers noted the presence of petroleum within the region
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of modern Santa Barbara County and offshore, as well as its use by the native Chumash
Indians. Oil slicks and surfacing bubbles were observed on the sea surface, meanwhile,
the Chumash used asphalt found on COP beaches and elsewhere to caulk their canoes
(Galloway, 1998). Asphalt mining flourished within Santa Barbara County during the
mid-1800s, and its products were used to pave the first streets of San Francisco and Santa
Barbara (Galloway, 1998). During the 1920s and 1930s, the Ellwood field, located just
west of COP, was drilled below shallow waters from more than sixteen oil piers
(Bartlett, 1998). During the next three decades, wells were drilled at the point (COP)
from piers and submarine platforms. Production of the South Ellwood field began in
1967 with the construction of platform Holly (Galloway, 1998). The production of oil
from the South Ellwood field from Platform Holly continues today. The wells at the
eastern and western extents of the original Ellwood field were abandoned by 1971 and
1993, respectively (Bartlett, 1998).

The COP seep field produces a wide diversity of oil and gas seepage rates. Gas
seepage spans many orders of magnitude, and although oil to gas ratios remain
unquantified, oil chromatograms suggest the oil/gas ratio also varies widely (Leifer and
others 2006a). Studies have quantified seep-area (e.g., Allen and others, 1970; Fischer
and Stevenson, 1973) and emission fluxes (e.g., Hornafius and others, 1999; Quigley and
others, 1999; Clark and others, 2000) using sonar techniques, ocean chemistry, and direct
gas capture with floating buoys. Fischer and Stevenson (1973) noted changes in seepage
on decadal time scales in the COP area with a significant decrease in seepage areas
between 1946 and 1973, which was attributed to offshore production localized to
platform Holly. During the past decade, the University of California Santa Barbara
(UCSB) seep group has mapped the seeps in the area using sonar images and quantified
seepage flux from sonar and direct gas capture using a flux buoy (Washburn and others,
2001). Results indicate that ~15,000 m® per day of seep gas escapes to the atmosphere
from ~3 km? of sea floor (Hornafius and others, 1999), and roughly an equal amount
dissolves into the coastal ocean (Clark and others, 2000). Using data collected in 1973
and 1995, Quigley and others, (1999) demonstrated a decrease in area and number of
seeps within 1.5 km of Platform Holly, which they attributed to production. Seeps are
located above anticlines along three trends. The inner trend (~20 m depth) includes Shane
and IV Super seeps. A second trend (~40 m depth) includes the Horseshoe and Coal Oil
Point seeps. The deepest trend (~70 m depth) includes the La Goleta and Seep Tent seeps
as well Coal Oil Point (fig 9, appendix 1-1).

Oil Emission measured at Coal Oil Point

Allen and others (1970) used a combination of aerial, sea surface, and underwater
techniques to estimate a field flux of 50 -70 barrels of oil per day. The area surveyed was
directly south of COP covering over 3000 m” of seafloor (not the entire seep field).
Underwater-flux estimates were calculated by measuring the volume of oil collected in an
inverted gallon jug during a known time. Surface flux estimates were determined by
measuring slick width and drift rate with aerial photography and measuring slick
thickness through absorbance analysis of oil collected on oil-adsorbent material
(cheesecloth). They state that their estimate is only an average for the shallow seeps
surveyed and that the flux can range from 10 -100 barrels per day easily (Allen and
others, 1970). Fischer (1977) suggested that the COP seep field emits from 25-400
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barrels day per day and represents ~60% of the total flux for the entire Santa Barbara
Channel (SBC). Hornafius and others (1999) used sonar to identify and quantify gas
seepage. They used their gas seepage estimate and an oil-to-gas ratio for the field (Clester
and others, 1996) to estimate oil seepage of 100 barrels per day (16,000 L/day) for all
seeps deeper than those studied by Allen and others (1970). Including oil from the
shallow seeps surveyed by Allen and others (1970), ~150 to 170 barrels of oil per day
(~23,800 — 27,000 L/day) is emitted from the COP seep field (Hornafius and others,
1999).

Since 2000, Del Sontro and others, (2007) have identified additional, informally
named major seeps by sea surface surveys and/or sonar. In addition, areas of less intense
seepage and areas of dispersed seepage that have been the focus of scientific research
also were informally named. Many of these seep areas have been surveyed at the seabed
by divers and submersibles. Based on observations collected at the sea surface and seabed
for named seeps in the seep-field, general seep field characteristics can be described. The
shallowest (3 to ~12 m water depth) seeps emit gas with trace hydrocarbons, while
deeper seeps emit gas and non trace oil. Seep oiliness varies significantly between seeps,
visible at the sea surface and in chromatograms of seep samples (Clark and others, 2003;
Leifer and others, 2006b). For example, hundreds of oil droplets can be seen surfacing in
less than thirty minutes at the main plume of the Patch and La Goleta seep areas, thereby
producing a large surface slick. However, Tonya and Shane seeps emit much less oil
compared to their gas flux and produce much smaller surface slicks. Plume intensity was
based on the surface observation of flux as identified by the apparent upwelling and
outwelling flows and the depth of the seep. A seep with high or very high plume intensity
does not necessarily cover a larger surface area of the seabed or sea surface. High-
intensity plumes have fast upwelling rates and a pronounced outwelling flow at the sea
surface. Low intensity plumes may also have an outwelling flow, but in general are weak.
Many low-intensity plumes cover extensive areas of dispersed seepage.

Exposed asphalt mounds have been confirmed at Jackpot and Ira seeps, as well as
an area recently mapped in 2008 SW of Goleta point in about 40 m water depth. Asphalt
mounds are small volcano-shaped mounds made almost entirely out of asphalt and can be
hard or elastic. Jackpot asphalt mounds have a ropey appearance, similar to pahoehoe
lava, indicating that oil or asphalt once flowed from the mound’s center. During dives,
active oil or asphalt seepage was not observed at either seep, however, gas seepage was
observed (Del Sontro et al, 2007). The asphalt mounds are similar to those discovered by
Vernon and Slater (1963). Unexposed asphalt mounds may be present at other seeps,
particularly at those with high sedimentation rates. Shane Seep, for example, has a layer
of asphalt buried beneath the fine-grained sediment near the major seabed features (Leifer
and others, 2004). Note that the lack of some seepage characteristics, such as asphalt
mounds and oil stringers, does not indicate non existence. Many seeps have not been
visited and seepage can be intermittent at those that have been observed.

P-1-02-SC Cruise to Locate Water-Column Methane Anomolies

Water-column acoustic anomalies and methane concentrations were documented in
coastal waters surrounding Pt. Conception, California, in March 2002. The purpose of
this survey, was to locate active oil and gas seeps in the area as a background for further
studies to determine likely sampling sites for tar or oil seeps and develop a knowledge
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base for studies of hydrocarbon flux, mainly oil, into the environment. Our study focused
on the area from offshore roughly between Pt. Arguello and Gaviota, California
Concentrations were measured in water samples collected with Nisken bottles
aboard the R/V Point Sur between March 19 and 23, 2002 in order to locate active oil and
gas seeps. Nine stations were sampled outside this area to provide a regional context.
Overall, 724 water samples from 94 stations (fig. 1-2) were measured for methane
concentration (stations 17, 28, 43, 47, and 77 were not sampled). Hull-mounted, echo
sounder (3.5 and 12 kHz) data were collected in conjunction with the methane survey to
detect acoustic water column anomalies that might be associated with gas bubbles and
tar-cemented mounds on the seafloor. Water column properties were measured for
conductivity, temperature and density (CTD), as well as fluorescence of chlorophyll A as
a proxy for phytoplankton concentration. CTD profiles are given for each station can be
seen in Lorenson and others, 2003 (http://geopubs.wr.usgs.gov/open-file/of03-122/).
Additional cruise data and navigation can be found on the USGS Web site at:
http://walrus.wr.usgs.gov/infobank/p/p102sc/html/p-1-02-sc.meta.html.
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Figure 1-2. Map showing the stations occupied and sampled during cruise P-1-02-SC.
Stations not shown: 89, 90, 91, and 92 near San Miguel Island, and stations 51, 96, 97,
98, and 99 north of the area shown.
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Figure 1-3. Example of an acoustic anomaly recorded by a 12 kHz echo sounder and
interpreted to be from gas bubbles rising through the water column from a depth of about
90 m in between stations 24 and 77 (1.7 km SW of station 24 bearing 219°). Note that the
gas-bubble train (water-column anomaly) extends as a straight line from a mound on the
seafloor to the surface, unlike acoustic imagse of schooling fish that are typically seen as
near-spherical masses that do not extend from the seafloor to the sea surface.
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Figure 1-4. Maximum methane concentration measured at stations where the methane
concentration exceeded 20 nM. Acoustic anomalies attributed to gas bubbles from natural
oil and gas seeps with features similar to those shown in fig. 1-3 are seen as stars.
Overlapping occurrences of high methane concentration and acoustic anomalies are likely
areas of active oil and gas seepage.
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In general, methane concentrations were highest, as much as 160 nM, directly
adjacent to the coast east of Pt. Conception with an apparent plume of methane extending
northwest along the coastline and dissipating about 5 km south of Pt. Arguello. The
study area contains three offshore oil platforms, an oil pipeline, and three additional
offshore oil platforms just outside the study area. No methane anomalies were associated
with these facilities. For reference, minimum and maximum methane concentrations
measured at 2 m depth in the water column were 3.44 and 71.9 nM, respectively. The
maximum methane concentration (160 nM) was measured from a bottom water sample
taken over an active oil and gas seep (station 60, depth 35m).

Hull-mounted, echo-sounder (3.5 and 12 kHz) data collected in conjunction with
the methane survey detected acoustic water column anomalies that might be associated
with gas bubbles and mounds on the seafloor. Figure 1-4 shows that 59 of the acoustic
anomalies were associated with methane concentrations of >20nM, and 15 acoustic
anomalies occurred in areas where methane concentrations were <20nM. Overlapping
occurrences of high methane concentrations and acoustic anomalies are likely areas of
active oil and gas seepage. Anomalies located during this cruise were used as a basis for
more detailed geophysical surveys conducted in June 2002.

A1-02-SC- Cruise to Detect Seeps with Sidescan and High-
Resolution Seismic Reflection

A study of natural oil and gas seeps on the inner shelf of the western Santa Barbara
Channel and at the southern end of the Santa Maria Basin, offshore California, was
conducted in collaboration with the Minerals Management Service (MMS). The goal was
to establish the geologic framework for, and to document the locations of, active seeps.

A sidescan-sonar survey of the area around Point Conception, California (fig. 1-5)
was conducted to image and identify the most active natural hydrocarbon seepages to
permit later sampling by remotely operated vehicles (ROVs). The area surveyed forms a
broad V-shaped swath 3 - 5-km wide both north and east of Pt. Conception. Each side of
the V is about 15- km long, covering water depths from 40-150 m. Sidescan sonar with a
resolution of 50-cm along-track, and 17-cm across-track, was collected throughout. For
most of the survey, a chirp sonar system provided high-definition profiles of the
underlying geology and seep structures.

Seeps were found as solitary mounds, coalescing mounds, and in areas of bare rock
outcrop, eroded during the last sea-level transgression. These mounds range from a few
meters across to large accumulations that can exceed a kilometer in width and 8 m height.
We recognize them primarily just west and south of Pt. Conception, where they cover an
irregular area of approximately 8.4 km?. Estimates of accumulated tar volume are 31
million m3, or an equivalent volume of 2.6 x 107 barrels of oil. Overall, more than 100
likely active seeps were identified that are the targets for ongoing collection of gas and
tar samples. More details of this cruise and findings can be found in Normark and others,
(2003) and an isopach map depicting the extent and thickness of tar mounds and sheets
can be found in Draut and others (2009).
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Figure 1-5. Map showing the study area and tracklines for U.S. Geological Survey cruise
A1-02-SC. Overlain are the highest concentration of methane observed previously.
Black, closely spaced lines indicate the area of sidescan-mapping coverage. High-
resolution seismic lines were completed within this framework.

Figure 1-6 shows a portion of the sidescan record, including an area of coalescing
tar mounds approximately 8.4 km?. The red lines along centers of some sidescan swaths
show where large tar accumulations are, as interpreted from chirp-sonar records. The
“likelihood” rating of anomalies mapped from sidescan and chirp-sonar records is based
on the strength of apparent anomaly and whether it was observed on one or more data

types. The “other anomalies” are from water samples and water-column anomalies seen
on 12-kHz records.
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Figure 1-6. Sidescan-sonar mosaic from the area west of Point Conception. Water-
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Figure 1-7. Example of a Huntec “chirp” high-resolution seismic profile over an area of
active seepage west of Point Conception. The area of gas seepage corresponds to a rise in
the seafloor of about 5 m interpreted to be an area of commingled asphalt mounds.

The chirp sonar profiles shown in Figure 1-7 are typical of those from active seep
areas in this vicinity. The folded sedimentary rocks underlying this part of the shelf have
been eroded during sea-level transgressions and regressions, and generally form a low-
relief surface. For much of this study area, the erosive surface is covered by a layer of
sandy sediment ranging from a few meters to as much as 15 m in thickness. In the areas
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of the active seeps, however, gas accumulation blocks acoustic energy and the rock
substrate is not seen on the chirp sonar. The seafloor above these areas is often mounded,
with as much as 5 m of relief. We believe that tar residues from the seeps bind the
sediment, gradually forming these large accumulations as strong bottom currents
constantly supply new sediment.

The results of this work demonstrated that there were promising areas for tar, oil,
and gas collection in areas west, south, and east of Point Conception, and that the
methane previously measured in the water column has some contribution from this study
area. Additional cruise data and navigation can be found on the USGS Web site at:
http://walrus.wr.usgs.gov/infobank/a/al02sc/html/a-1-02-sc.meta.html.

Cruise P-2-04-SC Remotely Operated Vehicle (ROV) sampling of
seeps

As part of this study, a (ROV) survey was conducted in the Point Conception area
where previous studies had noted tar seeps (Vernon and Slater, 1963) and methane water
column anomalies (Lorenson and others, 2003). Sidescan imagery (Normark and others,
2003) suggested unusual seafloor features (e.g., fig. 1-8), and subsequent ROV surveys
confirmed vast areas of tar-mound accumulation. The tar mounds are typically 10 - 100
m in diameter, and in many areas, coalesce into extensive tar reefs. The largest of these
areas covers an area of about 2 km? and is up to 8 m thick. The entire area of seepage
covers at about 8.4 km”. Closer inspection of the tar mounds shows pronounced viscous
extrusion of tar (fig. 1-9), often producing whip-like extrusions that break off and float to
local beaches (fig. 1-10). Older areas of tar extrusion are heavily colonized by marine
invertebrates and resemble reef communities found on submarine rock outcrops (fig. 1-
11). Adjacent sand-covered areas contain fewer invertebrates and fish.

Figure 1-8. Sidescan image of the seafloor southwest of Point Conception, California,
shows several tar mounds ranging in diameter from about 10 - 100 m. Tar mounds such
as these are confined to the area near Point Conception. They cover at least 8.4 km” and
contain about 150,000 barrels of oil. Red flag symbols indicate remotely operated
vehicle dive sites.
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Figure 1-9. Remotely operated vehicle video image shows a crab near the top of
extruding tar on a tar mound like those shown in figure 3. Lack of colonizing sessile
organisms suggests that this mound is quite young.

DIVEBON tled Ot 13 13:48:04

Figure 1-10 A tarwhip extruding from an extensive tar mound offshore Pt. Conception at
a water depth of 41 m. The length seen in the photo is estimated to be about 3 m. Several
tar whips were observed, all extruding from tar mounds, some of which were clearly
broken off, and some that did not retain buoyancy and fell to the ocean floor.

22



Med Oct 13 23:43:52

Figure 1-11. Remotely operated vehicle (ROV) video image of a colonized tar mound
likely older than than that shown in figure 1-9. This tar “reef” is similar to those in
figures 1-2 and 1-3. Sea anemones and other sessile organisms are covering the tar, some
of which can be seen in the middle of the photo. Objects in the foreground are part of the
ROV.

Results from the short two-day cruise include 22 tar samples from seeps, mainly
west and south of Point Conception, 4 gas samples from submarine seeps, and 2 samples
of oil from offshore Gaviota and Coal Oil Point. Subsequent analysis showed that these
samples are characteristic of hydrocarbons from the Monterey Formation. The
classification of the samples is further described in Chapters 2 and 3, and their
geographic distribution can be viewed in map form in Appendix 1-1. Additional cruise
data and navigation can be found on the USGS Web site at
http://walrus.wr.usgs.gov/infobank/p/p204sc/html/p-2-04-sc.meta.html.

Synthetic Apeture Radar (SAR) Detection of Oil Seepage

SAR imagery provides high-resolution (6,100 m ground resolution) active
microwave observations of sea-surface roughness that are independent of weather and
availability of light. Factors affecting surface roughness include wind, interactions of
waves and currents, the presence of surfactants, and oil on the ocean surface. The
surfactants and oil smooth capillary and small gravity waves, which reduces surface
roughness and thus radar backscatter. The smoothed surfactant-covered areas appear
darker on SAR imagery compared with the usually wind-roughened surrounding ocean,
which has higher backscatter and thus appears brighter on SAR imagery. SAR imagery
also visualizes complex, small-scale oceanographic processes, such as coastal eddies
(Munk and others, 2000; DiGiacomo and Holt, 2001). SAR imagery has been used to
identify significant, and often illegal, discharges from ships (Gade and Alpers, 1999; Lu,
2003; Pavlakis and others, 2001), to examine natural seeps in the Gulf of Mexico (De
Beukelaer and others, 2003), and monitoring oil spills from ships and platforms (Fingas
and Brown, 1997; Espedal and Johannessen, 2000; Jones, 2001).
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The ability of SAR to identify oil slicks is limited by environmental conditions,
particularly wind and waves (Gade and others, 1998; Trivero and others, 1998;
DiGiacomo and Holt, 2001; Svejkovsky and Jones, 2001). Successful imaging of oil
slicks using SAR requires that surface wind speeds fall in a fairly narrow range. At very
low wind speeds (less than 2—3 m/sec), little microwave energy transmitted to the sea
surface is backscattered toward the SAR, resulting in dark areas, broadly distributed in a
SAR image. Under these conditions oil slicks cannot be differentiated from smooth
ambient waters. At high wind speeds increased surface roughness results in dispersal and
mixing of the oil into the upper ocean. Petrogenic hydrocarbons may be detectable on
SAR imagery until winds exceed 10—14 m/sec, depending on sea state and heaviness of
oil (Espedal and others, 1998; Espedal and others, 1999; Wismann and others, 1998).
Biogenic oils (e.g., phytoplankton exudates) are generally not detectable when winds
exceed 7-8 m/sec (DiGiacomo and Holt, 2001). Sorting out ambiguous surface-slick
signatures is an area of active research, requiring repeat imaging, analysis of wind-time
series, and knowledge of sources (Espedal and Wahl, 1999; Solberg and others, 1999).

Fugro NPA Limited satellite mapping services provided a survey of the Santa
Barbara Channel using available space-borne SAR to examine potential oil slicks.
Iterative mapping of possible oil slicks provides information as to the possible seep
location based on persistent observations of oil. Results of the survey show that there are
a multitude of possible seep sites (fig. 1-12; in appendix 1-1, fig. 1-15) for each beach
area and vicinity. The amount of oil seepage in the channel overwhelms the ability to
discern specific sites, at least around COP, for example. The SAR-mapped seep sites
were in the vicinity of known oil seeps, however, there was not a direct correspondence
with reported seep sites, thus, we conclude that SAR is not an especially effective tool to
locate individual seeps in this area. In addition, few seeps were mapped around Point
Conception owing to the lack of oil on the sea surface, however, tar seepage is here is
prolific. In this case SAR is not effective in detecting the floating tar extrusions common
to the Point Conception area.

Dispersion of Tarballs by Currents and Winds

The Santa Barbara Channel Basin is oriented east-west, bounded to the north by the
central California coast and to the south by the Santa Barbara Channel Islands with two
sills (entrances) on the east and west ends. Point Conception, located at the western
extent of the channel is the point at which the Pacific coast of the United States rotates
from a general north-south direction to an east-west direction. The channel is ~100 km
long and ~40 km wide with a central basin depth 0f~500 m (Harms and Winant, 1998).
The normal surface-current flow in the central and western parst of the channel is
acyclonic (counterclockwise), which is strongest during summer and fall (fig. 1-13 -
A,B,C). The gyre is set up by westward flowing currents that gradually increase velocity
to the west along the northern extent (nearshore) of the channel and eastward flowing
currents that gradually decrease velocity to the east along the southern extent (offshore)
(Harms and Winant, 1998).
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Oil slicks mapped from satellite SAR, Santa Barbara
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Figure 1-12. Composite SAR image of the Southern California Bight showing possible

oil slicks and seeps. COP corresponds to Coal Oil Point. The results are color coded by

confidence level where green>red>pink. Possible oil pollution slicks are seen in yellow
tones. Courtesy Fugro NPA Limited satellite mapping services.

From late winter through spring, currents outside the channel are typically
equatorward (south). The result is a southerly flow west of Point Conception, which
enters the SBC through the western sill, and exits out of the eastern sill (fig. 1-13-A).
During summer, fall, and early winter, the larger-than-SBC scale current flow is
poleward (north), known as the Davidson current. The SBC, therefore, experiences a
westerly current flow entering from the eastern sill, northwest through the channel, and
out of the channel through the western sill (fig. 1-13-B; (Harms and Winant, 1998).

The eastern entrance or sill of the channel is much shallower than the western sill;
therefore, bottom currents are stronger at the eastern end of the channel, which aids in
westward sediment transport into the basin (Kolpack, 1977). The COP seep field is
located at the eastern end of the gyre. Nearshore currents are almost always directed
westward with monthly maximums in the summer and fall when the larger-than-SBC
scale flow is poleward. However, reversals can occur in seasonal trends for up to days at
a time (Harms and Winant, 1998). Variations in SBC circulation have been characterized.
Harms and Winant (1998) categorized ~60% of their observations into one of six
categories: upwelling, relaxation, cyclonic, propagating cyclones, flood east, or flood
west (fig. 1-13). In general, the upwelling, relaxation, cyclonic, and propagating cyclone
systems occur spring through fall and include the counterclockwise gyre typical of the
channel. The flood-east and flood-west systems generally only occur during winter and
are described as all currents in the channel either flowing east or west. Flood events are
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usually shorter lived than the other four current regimes (Harms and Winant, 1998).

The large-scale cyclonic gyre of the SBC can be observed in high-frequency (HF)
radar. In addition, submesoscale eddies offshore of COP have been observed (Bassin and
others, 2005). Bassin and others (2005) observed eddies near COP ~11% of the time
between 1998 and 2001 using HF radar. The eddies ranged from 4 to 15 km in diameter
and lasted from 1 to 6 days. Bassin and others (2005) proposed that such eddies are a
mechanism for cross-isobath transport of nutrients nearshore and onto the inner shelf.
The eddies occurred between the 50 - 300 m isobaths and no seasonal trend was observed
in their occurrences (Bassin and others, 2005).

Cyclonic
—spring, summer, fall E Flood East—winter

Point
Conception

Propagating Cyclones
B Relaxation—summer,fall | D __gpring, summer, fall F Flood West—winter

Figure 1-13. Diagrams showing the six characteristic patterns of Santa Barbara Channel
circulation — About 60% of SBC observations can be characterized by one of these
patterns. (a) Upwelling - strongest during the spring, (b) Relaxation — strongest during
summer and fall, (c) Cyclonic — can happen during spring, summer, or fall, (d)
Propagating Cyclones - can happen during spring, summer, or fall, (¢) Flood East —
usually only occurs during winter, and (f) Flood West - usually only occurs during
winter. From Harms and Winant (1998).

Harms and Winant (1998) determined that wind stress plays an important role in
SBC circulation, specifically the cyclonic gyre. Wind direction tends to be southward
west of Point Arguello and then toward the southeast offshore of Point Conception and
into the channel. Wind stress is strongest on the southern edge of the channel aiding in
the formation of the counterclockwise gyre. Along the northern edge of the channel, wind
direction is typically to the southeast during the summer and to the east-southeast during
the rest of the year. The winds along the northern edge of the channel are always weaker
than the southern edge, which allows for the westward current flow along the northern
edge that completes the formation of the SBC cyclonic gyre (Harms and Winant, 1998).

Coastal winds, although weaker, usually are more complex due to interactions with
land, including, for example, the diurnal cycle (land/sea breezes). During the fall, when
there is a very high-pressure system over the inland desert areas of southern California,
strong, warm offshore winds called “Santa Ana” winds push surface waters offshore,
initiating coastal upwelling. During the winter, a northeastern Pacific high-pressure
system migrating southward causes less persistent winds, which do not counteract high
onshore wind and wave activity from periodic storm fronts. The result is an intense
removal of coastal beach sands, a typical winter occurrence (Kolpack, 1977).
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The expected dispersion of tar and oil in most of our study area should mainly be to
the west along the coast of southern Santa Barbara County. Near Point Conception there
is also significant potential for currents carrying tar from local seeps south and then along
the northern and western coastlines of the Channel Islands. Occasionally, during periods
of relaxation or the wintertime western floods, (Figure 1-13B and F) tar and oil can move
westward out of the Santa Barbara Channel. If these events are coupled with a eastern
Pacific winter storm that brings strong and persistent winds from south, tar expelled in
southern California has a significant potential in moving northward along the central
California coastline. Drifter studies by Winant and others, (2003) have shown that during
winter time relaxation can result in transport from the SCB as far north as Bodega Bay,
California.

27



8¢

Appendix 1-1. Tarball, Seep, and Platform Oil Sample Locations.
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Figure 1. Map showing location of beaches and offshore platforms discussed in text.
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Figure 2. Map showing tarball collection sites on Casmalia Beach and vicinity, California.
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Figure 3. Map showing tarball collection sites on Surf Beach and vicinity, California..
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Figure 4. Map showing tarball collection sites on Boathouse Beach and vicinity, California.
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Figure 5. Map showing tarball collection sites on Jalama Beach and vicinity, California.
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Figure 6. Map showing tarball collection sites on Secate Beach and vicinity, California.
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Figure 8. Map showing tarball and seep collection sites on Tajiguas Beach and vicinity, California.
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was acquired in June, 2006 and shows outcropping bedrock associated with the La Goleta seep field in the SE corner of the
map.
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Figure 10. Map showing tarball collection sites on Arroyo Burro Beach and vicinity, California.
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Figure 12. Map showimh Seep and produced oil collection sites from Platform A and vicinity, Dos Cuadras oil field, California.
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Figure 13. Map showing seep oil and tar sample collection sites offshore Point Conception and vicinity, California.
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Figure 16. Map showing produced oil sample collection sites from Platforms Heritage, Harmony and Hondo, California.




Chapter 2. Biomarker and Carbon Isotope Analysis

Biomarkers are complex organic compounds that occur in petroleum, rocks, and
sediments and show little change in structure from their parent organic molecules in
living organisms (Peters et al., 2005). Our approach has been to utilize these compounds
to fingerprint oil, seep, and tar samples in order to track deposition of tar on beaches from
their seep sources.

Previous work outlined in Chapter 1 has shown that much of the tar contamination
originated from the Miocene Monterey Formation. Samples generated from source rock
in the Monterey Formation share several chemical characteristics, including 1) unusually
“heavy” d"*C (around —23%o); 2) aliphatic biomarker parameters indicating an anoxic
marine depositional environment, such as high 28,30-bisnorhopane (Curiale ef al., 1985),
high Css ab-hopane 228§ and 22R epimers compared to Cs4, and the presence of
gammacerane (Peters and Moldowan, 1993); 3) a characteristic value (>3) for the
biomarker parameter called “the triplet” (Kvenvolden and others, 1995), defined in
appendix I; 4) a small but consistent presence of oleanane; 5) sterane parameters
indicating low maturity versus fully mature hopane parameters; 6) very low diasteranes
relative to regular steranes, indicating a clastic-poor marine source rock; 7) abundant
aromatized steranes, especially monoaromatics relative to triaromatics, indicating low
thermal maturity (Curiale et al., 1985); and 8) prominent sulfur-containing PAH, such as
dibenzothiophenes.

Although the above chemical components are common to the tarballs, their relative
proportions within different tarball sources vary. Chemical fingerprints utilizing ratios of
these constituents, plus additional biomarker parameters from both the aliphatic and
aromatic hydrocarbon suites, allow discrimination between the different samples, as well
as correlation of tarballs that have been transported far from their source by ocean
currents (Hostettler et al., 2004).

The chemical composition of the tarballs also sheds light on their geochemical
history. Despite the proliferation of offshore shallow hydrocarbon seeps, and the
constant impingement of tar onto the shoreline, little is known about the mechanics of the
hydrocarbon formation in the shallow seeps, specific sources of tarballs, or their transport
from the marine environment onto the shore.

Because many of the tarballs from offshore seeps are transported significant
distances from their sources by ocean currents, geochemical assignment of their origin
provides insight into the circulation patterns of the coastal currents. The circulation
patterns impacting the Santa Barbara Channel have recently been studied (Hickey, 1998;
Harms and Winant, 1998). Persistant cyclonic circulation, upwelling conditions, and
wind-relaxing act in different seasons to drive the currents. The net result on drifters in
these studies is a combination of in-channel deposition, both on the mainland coast and
on the channel islands, with flow predominantly toward the south and east in the spring
and summer (California Current) and to the west and north in the late fall and winter
(Davidson Current and the Southern California Countercurrent). Mapping deposition
sites of tarballs that also drift with these ocean currents, therefore, may further validate
past drifter studies, as well as provide information on the fate of these petrogenic
contaminants in the coastal environment.
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Methods

During a period of ten years, 667 tarballs, tar residues, seeps, bitumen in rock, and
production oils, mainly from coastal locations. The samples are listed in Appendix 2-1
with accompanying metadata and chemical fingerprint data in its entirety. Each tarball
was separated from rocks or sand with a clean knife and placed in pre-cleaned glass jars
for transport to the laboratory. Tars or oil floating in the salt water were placed in a clean
glass jar, and any water was poured off before analysis. Production oils were sampled
directly from sampling ports at their respective sites of