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Biomarker Chemistry and Flux Quantification Methods
for Natural Petroleum Seeps and Produced Qils, Offshore
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Lam', Frances D. Hostettler', Jens Greinert}, David P. Finlayson', Eliza S. Bradley? and Bruce P. Luyendyk?

Executive Summary

Sustained, natural oil seepage from the seafloor is com-
mon off southern California, and is of great interest to resource
managers, who are tasked with distinguishing natural from
anthropogenic oil sources. The major purpose of this study
was to build upon the work previously funded by the Bureau
of Ocean Energy Management (BOEM) and the U.S. Geolog-
ical Survey (USGS) (Peters and others, 2008; Lorenson and
others, 2009) that has refined the oil-fingerprinting process to
enable differentiation of the highly similar Monterey Forma-
tion oils from Outer Continental Shelf (OCS) production and
adjacent natural seeps.

In these initial studies, 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 (fig. 1). The analysis resulted in
a predictive model of oil source families that could be applied
to samples of unknown origin.

Results of the original model identified three distinct
types, herein called “tribes”, of *C-rich oil samples that were
inferred to originate from thermally mature equivalents of
the upper siliceous, middle shale, and lower calcareous units
of the Monterey Formation. Tribe 1 contains four oil families
that have geochemical traits of clay-rich, marine-shale source
rock deposited under suboxic conditions with substantial
higher-plant input. Tribe 2 contains four oil families that
have intermediate traits, except for abundant 28,30-bisnorho-
pane, indicating suboxic to anoxic marine-marl source rock
with hemipelagic input. Tribe 3 contains five oil families
that have traits of distal marine-carbonate source rock,
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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 (shelf, slope,
and basin), where deep burial of the Monterey Formation
source rock favored generation from all three units or their
equivalents. In this area, oil from the upper siliceous unit and
middle shale unit (tribes 1 and 2) may overwhelm that from
the lower calcareous unit member (tribe 3), because the latter
is thinner and less oil-prone than the overlying units. Tribe 3
oils occur mainly north of Point Conception, where shallow
burial caused preferential generation from the underlying
lower calcareous unit member or another unit with similar
characteristics. Samples that do not fit within the model are
classified as family 0 (Peters and others, 2008; Lorenson

and others, 2009, fig. 3). These samples can be identified as
Monterey Formation oils and likely are derived from natural
seeps, but they cannot be classified strictly due to advanced
biodegradation of the biomarkers used in the model. Each of
these samples retains the bulk carbon-isotopic composition
derived from oil and bitumen in the Monterey Formation.

Specific objectives of this study follow:

1. Identify new areas of hydrocarbon seepage that are
known to occur near OCS platforms not sampled
during the previous study;

2. Geochemically fingerprint new representative oils
from the OCS platforms;

3. Geochemically fingerprint select coastal tar residues
associated with unusual coastal oiling events;

4.  Sample additional submarine seeps to strengthen
correlations between offshore active seeps and
coastal residues; and

5. Quantify the discharge rates of select natural seeps
and attempt to scale such results into a regional per-
spective of natural oil and gas seepage rates.
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A total of 106 new oil samples were collected and ana-
lyzed for biomarkers: 28 samples from seeps (27 submarine,
one from a sea cliff); 47 samples from representative pro-
duction zones and depths from OCS oil and gas platforms;
and 31 samples from random tarballs that were deposited
during a storm event in February 2008. In cooperation with
the U.S. Coast Guard and the California Office of Spill Pre-
vention and Response, we collected and analyzed selected
tarballs from this event. The model results showed that the
tarballs most likely originated from natural seeps and that
they likely were driven northward from central and southern
California by ocean currents. Other random tarball analyses
of samples collected in southern California, at the request
of government agencies, also were shown to originate from
natural seepage.

The 106 additional sample data were added to the model
in an attempt to more exhaustively identify all platform-
produced oil samples within known oil families (Peters and
others, 2008; Lorenson and others, 2009, fig. 3). All platform
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Figure 1. Maps showing locations of seep and produced-platform oil samples discussed in this study; location of study area (red
outline) is shown in inset map. Qil, seep, and tarball tribes and families are described in text. A, Location of samples analyzed during
this study. B, Location of samples analyzed prior to 2008 (discussed in Peters and others, 2008; Lorenson and others, 2009).



or weathering that the oils or tars have experienced can be
utilized. Nonweathered and nonbiodegraded oils contain
n-alkane hydrocarbons and pristane and phytane isoprenoids.
All of the platform oils in our sample set contain these com-
ponents. In contrast, the seep oils or asphaltic residues have
been exposed to significant biodegradation in the reservoir,
resulting in the loss of at least the 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 from natural seep
oils and tars. As biodegradation proceeds, biomarker com-
pounds are sequentially attacked, resulting in nonclassification
within our model.

The tarballs that we collected during our previous
surveys are thought to be of very recent deposition based on
circumstantial evidence. They were often found to be lying on
top of the sand without any extraneous matter, and they were
near the previous tidal-cycle high-swash line. We assumed
tarballs with dull reflectance were qualitatively older. Sand-
impregnated tar clasts that were occasionally seen on the
beach were assumed to be the oldest tarballs with a density
greater than water. Based on these observations and the
knowledge that natural oil seepage becomes much denser with
weathering, we conclude that most of the tarballs we sampled
had been deposited on the beach for a few days at most. The
fate of older tarballs was assumed to be mixing with beach
sand and further weathering resulting in removal from the
beach, offshore sinking, and deposition of ever smaller tarball
fragments until they become physically indistinguishable from
the environment.We surmise that an oil spill from nonnatural
sources (produced or tankered oil) would be subject to a short
lifespan on the beach just as natural tarballs and could be
recognized by the less biodegraded chemical nature of the oil
relative to natural oil seepage.

Oils representing all OCS platforms with the exception
of Habitat (producing gas and condensate) and Grace (off
production) have been included in this updated study. The
platform oils sampled, east to west, are Eureka, Ellen, Edith,
Gina, Gail, Gilda, Grace, Hogan, Houchin, Henry, Hillhouse,
Platform B, and Platform C. The remaining platform oils
previously sampled and analyzed are from Platforms Irene,
Hildago, Harvest, Hermosa, Heritage, Harmony, Hondo, and
Platform A. Two platforms in state waters, Holly (active) and
Hilda (decommissioned), were included in the original studies
(Peters and others, 2008; Lorenson and others, 2009) due to
their proximity to many natural oil seeps.

Platform-produced oils are only classified in tribes 1 and
2, within families 11, 12, 13, 14, 211, 212, 213, and 22. Tribe
1 oils are restricted to the Los Angeles Basin and the eastern
Santa Barbara-Ventura Basin. Family 13 is the most common
family from this area and the most common oil family overall
(~40%). The western Santa Barbara-Ventura Basin (west of
Platform Holly) and the Southern Santa Maria Basin oils are
mainly from tribe 2. Tribe 3 is not represented by any oil in
southern California and, therefore, must have sources outside
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of this area, likely in little-explored basins offshore from the
central coast of California.

The use of newly acquired, high-resolution seafloor
maps has significantly boosted our ability to find and then
sample seafloor oil seeps. Often, sustained oil seeps build
extrusive, coalescing asphalt accumulations on the seafloor—
the largest as thick as 18 m and as wide as 1 km in the Santa
Barbara Channel. These mapping surveys have shown that
the seeps most commonly occur just west of Point Concep-
tion to Coal Oil Point and generally within the 3-nautical-
mile (5.56-km) limit of California State waters. Other active
seeps in southern California were observed south and west
of Point Arguello and south of Santa Barbara, Carpinteria,
and Summerland. Our natural seep samples came from water
depths ranging from 10 to 72 m below sea level. Unexplored
areas where seafloor mapping reveal mound-like struc-
tures occur north and west of Point Conception, south of
St. Augustin Creek, within the deeper regions of the Santa
Barbara Channel, south of Santa Barbara, and just west of
Carpinteria. These areas are likely locations of persistent oil
seepage and warrant future attention.

Several trial experiments were conducted to explore
new ways to quantify total emission rates of natural seeps
using both single-beam and multibeam sonar systems. These
intercalibration experiments revealed that the single-beam
sonar return was generally insensitive to bubble-flow rates
and that very small bubble plumes were invisible to the
sonar. In contrast, multibeam sonar had far greater sensitiv-
ity than the single-beam sonar and allowed for correction of
geometric uncertainties. We experimented with the Sub-
metrix SwathPlus-L, a 117-kHz sidescan sonar used by the
USGS from 2007-2009 to map nearshore seafloor bathym-
etry. Results indicate that, while better at imaging gas,
reproducible calibration was not possible using this system.
In 2010, the USGS mapped select actively discharging seep
areas within the Coal Oil Point seep field with the Reson
Seabat 7111 multibeam system, which produced impressive
3-D video visualizations of gas plumes in the water column.
The relative intensity of the sonar returns could be quanti-
fied; however, we are still in need of a controlled calibration
experiment to relate intensity to gas and oil volume. We
conclude that future efforts in remotely quantifying seep
emissions should focus on multibeam sonar technology.

Our studies support the hypothesis that natural oil seep-
age from seafloor vents are responsible for the majority of
tarball accumulation on southern California beaches. Oil
fingerprinting provides the crucial tool to verify the origin
of this deposited oil. While our study results are persuasive,
they are not conclusive, because they depend on the assertion
that beached or floating tarballs, by their inherent character-
istics, are very recently deposited. We found three primary
areas of seepage currently active in the Santa Barbara Chan-
nel: Point Conception, Sacate and Gaviota beaches, and Coal
Oil Point. We also found that only a small fraction of tarballs
did not correlate with California derived oils and are most
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likely from unknown ship or land-based discharges into the
ocean. Produced oil from offshore platforms can often be ruled
out as the origin of tarballs through the fingerprinting process,
because platform oil is not significantly biodegraded. The abil-
ity to distinguish between biodegraded oils diminishes with
time, and, under typical conditions, most spilled platform oil
could resemble seep oil residues and seep-derived tarballs in
about one month. The ability, however, to distinguish between
seep-derived oil residues and platform oils within this time
span is extremely valuable to regulators responding to an oil
spill incident. The four platforms north of Point Conception
produce oil that can be fingerprinted on the basis of chemistry
alone without the need to consider biodegradation, and can
thus be distinguished from known natural oil seeps in and
offshore California.

Finely calibrated multibeam sonar techniques can
produce detailed images of discharging plumes that could
possibly be modeled to obtain volumes and discharge rates.

Background and Prior USGS Studies

Our research builds upon the favorable results of a
S-yr study (Peters and others, 2008; Lorenson and others,
2009) that has refined the oil fingerprinting process to enable
differentiation of the highly similar Monterey Formation
oils from OCS production wells and adjacent natural seeps.
Figure 1 depicts the sample distribution from both the
original and our studies. Our goals were to (1) focus on
areas of hydrocarbon seepage that are known to occur near
OCS platforms not sampled during the previous study; (2)
geochemically fingerprint representative oils from the OCS
platforms; (3) geochemically fingerprint coastal tar residues
associated with unusual coastal oiling events; (4) continue to
directly sample submarine seeps to provide refined chemical
correlations between offshore active seeps and coastal
residues; and (5) measure the rate of natural seepage of
individual seeps and attempt to assess regional natural oil and
gas seepage rates.

For the prior studies, a total of more than 650 oils were
analyzed for biomarker parameters by gas chromatography/
mass spectrometry, then statistically analyzed by a chemo-
metric technique that groups oils of similar chemical makeup
together in a statistically rigorous manner. In these studies,
the USGS has analyzed coastal tar residues along the Cali-
fornia coast, including an extensive survey of the shoreline
of Santa Barbara County (Lorenson and others, 2004) and
the Channel Islands (Hostettler and others, 2004). Tar resi-
dues have been collected along the coast from Eureka south
to San Diego. Starting in 2001, high-resolution samples were
collected quarterly at four beaches and four rocky areas in
western Santa Barbara County. In 2002, samples were col-
lected monthly from 10 beaches covering the length of Santa
Barbara County.

Geochemical analyses of oil residue biomarkers from
these samples have been compared with onshore and offshore
seeps in the Santa Barbara-Ventura Basin Province and with a
small set of reference crude oils. Previous to 2001, the USGS
had undertaken reconnaissance studies of the coastal tar resi-
dues along the California coast, from San Diego in the south
to Eureka in the north. Results indicate that all of the analyzed
coastal tar residues collected adjacent to the offshore Santa
Maria and Santa Barbara Basins were originally derived from
the Miocene Monterey Formation except one. None of the
residues can be definitively linked to oils produced by industry
activity offshore southern California or elsewhere.

Geologic Setting

The geologic history and petroleum potential of the
region is fundamental to understanding the sources of oil
seepage. The Santa Barbara-Ventura Basin extends approxi-
mately 260 km from Los Angeles on the east to Point Con-
ception on the west and approximately 65 km from the coast
south to the Channel Islands. Almost all of the OCS-platform
oil samples analyzed in this study were collected from the
Santa Barbara-Ventura Basin. The basin contains a compos-
ite sedimentary section that is over 12,000 m thick, ranges in
age from Cretaceous to Holocene, and is mainly of marine
origin; however one significant nonmarine formation and
several volcanic units are also present. Although the compos-
ite section is relatively complete, erosion (resulting in local
unconformities) and structural complications have removed
a significant volume of rock in many areas. Major regional
unconformities exist in the middle Upper Cretaceous, Paleo-
cene, and Oligocene sections. The stratigraphic terminol-
ogy within the basin is complicated (fig. 2), because of the
complex structural geology, facies changes within forma-
tions, time-transgressive nature of many stratigraphic units,
and widely scattered exposures that led to multiple names
for rock units (Galloway, 1998b). The sedimentary section is
asymmetrically shaped; the northern portion is significantly
thicker, which results in oil and gas generation mainly to the
north. The principal hydrocarbon source and reservoir rock
in the basin is the Miocene Monterey Formation, a prolific
source of visible oil and gas seeps.

Several potential source rocks are present in the Santa
Barbara-Ventura Basin. The Miocene Monterey Formation is
the thickest source rock, has the highest total organic carbon
(TOC) values in the basin (commonly 5% and as much as
23%), and is the most prolific oil-producing rock in California.
The Rincon Shale, also of Miocene age, may be a second-
ary source of oil, however it has a much lower TOC range
that averages about 2.8 percent. The upper Miocene Sisquoc
Formation ranges from about 1 to 6 percent TOC (Tennyson
and Issacs, 2001). Each of these formations can produce oil
and gas, however the Monterey Formation has been proven to
be the major source of oil and gas in the region. Eocene source
rocks are also present, but we found no evidence for any sub-
stantial contribution of oil and gas.



The Los Angeles Basin-San Pedro Bay subarea is the
site of three OCS platforms (Eureka, Ellen, Edith) and Elly,
which has no producing wells and only processes production
from Ellen and Eureka. The Neogene geologic history of the
basin is similar to that of the Santa Barbara-Ventura Basin,
however the sedimentary section is much thinner, about
3,300 m thick, and lacks sedimentary rocks older than Oligo-
cene. In addition to the Monterey Formation, a basin-wide,
organic-rich, nodular shale of middle Miocene age directly
underlying the Monterey Formation has been cited as a sig-
nificant source of light, low-sulfur oil (Drewry, 1997).

Chemometric Model for Oil Families

The discipline of chemometrics was applied to the
biomarker data to better understand the origin and distribu-
tion of oil samples, including crude oil from wells, seeps,
and floating or beached tarballs from coastal California and
to build upon the work of Hostettler and others (2004). The
objectives of our study were to (1) classify the samples into
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generic families using geochemical data (oil-oil correla-
tion), (2) create an automated chemometric decision tree to
classify additional samples as they become available, and (3)
identify the source rock for each sample (indirect and direct
oil-source rock correlation). First, we used geochemical

data for the oil samples to indirectly infer the age, lithology,
organic matter input, and depositional environment of the
source rock. Second, we directly compared the geochemical
compositions of the oil samples and source-rock extracts.
Correlations are geochemical comparisons among crude oils
and (or) extracts from prospective source rocks to determine
whether a genetic relation exists (Waples and Curiale, 1999;
Peters and others, 2005). Oil-oil and oil-source rock correla-
tions are based on the concept of similarity through heri-
tage—migrated oil collected from seeps or reservoir zones in
wells has source-related compositional parameters similar to
bitumen remaining in the effective source rock.

The chemometric analysis included 19 source-related
biomarker and isotopic ratios that are not readily affected
by migration, biodegradation, or thermal maturation. These
parameters are a subset of the 34 parameters listed in appen-
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Figure 2. Stratigraphic columns for the Santa Barbara-Ventura area. A, Neogene sequence. B, Entire Mesozoic and Cenozoic sequence
(stratigraphy revised from Dibblee, 1966; Minor and others, 2009, modified from Tennyson and Isaacs, 2001).
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equivalents of the upper siliceous unit, middle shale unit,
and lower calcareous unit of the Monterey Formation. Tribe
1 contains four oil families that have geochemical traits of
clay-rich marine-shale source rock deposited under suboxic
conditions and substantial higher-plant input. Tribe 2 con-
tains five oil families that have intermediate traits, except for
abundant 28,30-bisnorhopane, indicating suboxic to anoxic
marine-marl source rock and hemipelagic input. Tribe 3
contains five oil families that have traits of distal-marine
carbonate source rock deposited under anoxic conditions
and pelagic but little or no higher-plant input. Tribes 1

and 2 occur mainly south and east of Point Conception in
paleogeographic settings where deep burial of the Monterey
Formation source rock favored oil generation from all three
units or their equivalents. In this area, oil from the upper
siliceous unit and middle shale unit (tribes 1, 2) may over-
whelm that from the lower calcareous unit (tribe 3), because
the latter is thinner and less oil-prone than the overlying
units. Tribe 3 oils occur mainly north of Point Conception,
where shallow burial caused preferential generation from
the underlying lower calcareous unit member or another unit

TRIBE

FAMILY

with similar characteristics. Figure 4 shows chromatograms
of Platform Ellen A-58R oil and seep oil from the La Goleta
seep field (sample 09-113, table 1), each of which are within
family 13. The chromatograms look quite different and illus-
trate the need for chemometric analysis.

Methods
Seafloor Mapping

The shaded-relief bathymetry used as the background
for our figures was generated at various times from 2006
to 2008 by California State University, Monterey Bay
(CSUMB), Fugro Pelagos, and the USGS as part of the Cali-
fornia Seafloor Mapping Program (http://walrus.wr.usgs.gov/
mapping/csmp/), using either the 244-kHz Reson 8101 or the
400-kHz Reson 7125 multibeam echosounders. The central
Coal Oil Point region was mapped by the USGS in 2006
using both 117-kHz and 234.5-kHz SEA (AP) Ltd. SWATH-
plus-M phase-differencing sidescan sonars. These mapping
missions collected both bathymetry and acoustic backscatter

Figure 3. The chemometric decision tree uses a 388-sample training set to classify new oil, seep, tarball, or source-rock extract

samples based on 19 source-related biomarker and isotope ratios. KNN, K nearest neighbor; SIMCA, soft independent modeling of class
analogy (see Peters and others, 2008). Statistical criteria for SIMCA fit (confidence in the assignment of a sample to a given family) are
based on a ratio of residuals as described in Peters and others (2008). Modified from Peters and others (2008).
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Figure 4. Chromatograms of Platform Ellen A-58R oil (sample 10-232, table 1) and seep oil from the La Goleta seep field (sample

09-113, table 1); each are within the family 13. Total ion chromatographs (TIC) Selected ion monitoring (SIM) chromatograms of m/z

191, Hopanes (A, C, E), and m/z217, Steranes (B, D, F). The oil sample from Platform Ellen has minor biodegradation as seen by the
dominance of the isoprenoids pristine and phytane, relative to the n-alkanes, indicating the oil is just at initial stages of biodegradation.
The Sterane suite also indicates that biodegradation has not occurred with these compounds; aaaR's are (esp. C,,) dominant, with low
BaD27 compounds. Finally the Platform Ellen A-58R oil is fairly immature oil, because the C,, to C,, aciaR's are dominant over the C,,

to C,, acaS's. The hopane suite looks very typical of oils from the Monterey Formation with relatively high concentrations of BN and
oC35. The TIC of the La Goleta seep oil shows a high UCM indicative of significant biodegradation. The presence of unknown branched
n-alkanes may indicate that the sample is moderately biodegraded. Both the steranes and hopanes are impacted by biodegradation.
The more easily biodegraded C,, to C,, ccaR's are reduced relative to the C,, to C,, accaS's and the relative loss of C,; to C,; and the C,~
C,, tricyclics. Compounds identified in appendix 1. Chemical constituents: af29 through o35 (S & R epimers), a-hopanes with carbon
numbers; hopanes, C,, to C,; regular hopanes; 23T, C, through C,, tricyclic terpanes; nCx, normal alkane series; Ph, phytane; Pr, pristine;
S8, cyclic sulfur; Steranes, C,, to C,,, regular steranes; T, triplet; Ts and Tm, defined in appendix 1; UCM, unresolved complex mixture;
unk alk, unknown alkane, likely branched or cyclic.
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data from about the 10-m isobath to beyond the 3-nautical-
mi limit of California’s state waters. During the 2006 map-
ping mission, the original soundings were referenced to the
mean lower low water (MLLW) tidal datum, but through
post-processing using the National Oceanic and Atmospheric
Administration (NOAA) VDATUM tool, the soundings were
transformed to the NAVD 1988 vertical datum (geoid03).
The soundings were gridded into 2-m-resolution bathymet-
ric surface models and imported into a GIS software. All of
the bathymetric surface models have been transformed to a
common projection and datum, and the files were merged
into one overall 2-m-resolution bathymetric surface model.
An illumination with an azimuth of 300° and 45° above the
horizon was then applied to the surface to create the shaded-
relief maps.

Miscellaneous Equipment

Other equipment included a Benthos Stingray
remotely operated vehicle (ROV) equipped with high-
definition video and still cameras, an in situ gas sampling
apparatus, and a manipulator claw. The ROV operated in
water depths of 20 to 80 m. In 2010, water samples were
collected near selected high-volume seeps with Niskin
bottles destined for dissolved methane analysis. At the
same time, atmospheric methane and carbon dioxide
measurements were collected from ambient air near the bow
of the R/V Parke Snavely, with real time analyses made by a
Picarro G1301 cavity ringdown spectrometer.

Sample Collection and Analyses

From 2008 to 2010, we collected and analyzed samples
from 106 production oils, offshore seep residues, and tarballs.
The samples are listed in table 1 with accompanying metadata
and chemical fingerprint data in its entirety. Production oils
were sampled directly from sampling ports at their respec-
tive sites of production. We chose production-oil samples to
insure a representative range of oils from the various reser-
voirs and pool depth produced by each platform (table 2).
Seep asphalt or hydrocarbons were collected by a remotely
operated vehicle (ROV) manipulator, typically as a grab sam-
ple, while being guided from the surface ship. Tarballs were
collected by hand and then separated from sand with a clean
knife. Floating oil sheen was collected on polypropylene oil-
adsorbent sheets. All samples were placed in commercially
precleaned glass jars for transport to the laboratory. Samples
were dissolved in dichloromethane (DCM), filtered through
glass wool to remove particulates, and air-dried under a hood
to remove the DCM. After filtration and removal of DCM, a
portion of the clean extract was removed to determine bulk
stable carbon isotope composition. The results are reported in
table 1 in the & notation in parts per thousand (%o) relative to

the Pee Dee Belemnite (PDB) standard. Stable carbon isotope
ratios of whole oil samples were determined by the combus-
tion technique of Sofer (1980), using a Finnigan Delta E
isotope ratio mass spectrometer.

A second portion of the extract (~25 mg) was dis-
solved as completely as possible by sonication and mechanical
agitation in 5 ml of hexane. Asphaltenes were removed from
the oil or seep samples by precipitation using n-hexane. Satu-
rated and aromatic hydrocarbon fractions were separated using
gravity-flow column chromatography by elution with hexane
and dichloromethane, respectively. This solution was then
loaded onto a liquid chromatography column for compound
class separation. Each column was layered at the bottom with
about 5 mm of activated copper (to remove elemental sulfur)
and with 2.5 g of 5% deactivated neutral alumina and 2.5 g
and 5.0 g of 62 and 923 silica gels, respectively. The 100-200
mesh silica gel in the column was activated by heating to
400°C prior to use. Two separate fractions were collected—
saturate (hexane eluent) and aromatic (30% dichloromethane
and 70% hexane eluent).

Sterane and terpane biomarker analyses of the C ., satu-
rated hydrocarbon fraction were performed by split injection on
a Hewlett-Packard (HP, now Agilent) 6890 gas chromatograph
interfaced to a HP 5973 mass spectrometer. The HP-2 column
(50 m x 0.2 mm (164 ft x 0.0078 in.); 0.11-um film thickness)
was temperature programmed from 150° to 325°C at 2°C/min.
The mass spectrometer was run in selected ion mode, monitor-
ing ion mass-to-charge ratios (m/z) of 177, 191, 205, 217, 218,
221, 231, and 259. Response factors were determined by com-
paring the mass spectral response at m/z 221 for a deuterated
(labeled with °H, commonly abbreviated “d”) standard (d4-C,,
20R sterane; Chiron Laboratories, Norway) to terpane (m/z
191) and sterane (m/z 217) authentic standards. Compound
identifications were made either by comparison with known
standards or with published reference spectra.

The n-alkanes and isoprenoids, and a suite of -carot-
enoid-related compounds, were profiled with extracted ion (EI)
chromatograms (m/z 57 and 125, respectively, from the total
ion chromatograph (TIC) chromatogram). Selected biomarker
ratios, listed below, were calculated from GC/MS/SIM chro-
matograms of m/z 191 (terpanes/hopanes) and 217 (steranes)
using peak heights. The 25,28,30-trisnorhopane (T, ,,) and the
presence or absence of a 25-norhopane series was monitored
by m/z 177. Extracted ion profiles from TICs of the aliphatic
and aromatic hydrocarbon fractions were used for the follow-
ing ions: m/z 253 for monoaromatic steroids (M, summed from
contributions in both the aromatic and aliphatic fractions),

m/z 231 for triaromatic steroids (T), m/z 242 for monomethyl
chrysenes m/z 212 and 206 for dimethyl-dibenzothiophenes
and phenanthrenes, and m/z 226 and 220 for trimethyl-diben-
zothiophenes and phenanthrenes, respectively. Either summed
areas or peak heights (see appendix 1) of the compounds were
used to determine the parameter ratios. The biomarker and iso-
tope values were used to correlate the samples and group them
according to their probable source locations.



Results and Discussion

Locating and Sampling Seeps—Remotely
Operated Vehicle (ROV) and Ancillary Operations

During 2008, 2009, and 2010, we utilized the ROV and
new seafloor maps to locate and sample viscous seafloor
hydrocarbon deposits, mainly biodegraded oil residues and
some hydrocarbon gas. The purpose of this effort was to docu-
ment the existence of seeps in previously unknown areas and
to expand the range of seeps included in the biomarker library.
Table 3 lists the location and description of the samples. The
sampled seeps are located in the north margin of the Santa
Barbara Channel from near Point Conception to offshore
Santa Barbara Point. Figure 5 shows some of the many seeps
encountered, often biodegraded asphalt-like mounds, and
some aspects of ROV operations. During cruise S-13-SC-10
(June 2010), ancillary methane concentration measurements
were collected from ambient air near the bow of the R/V
Parke Snavely, and water samples were collected near selected
high-volume seeps. The atmospheric methane and carbon
dioxide data in figure 6 clearly show that methane and carbon
dioxide concentration spikes near seep sites and that, overall,
seeps maintain a slightly higher concentration near the coast
relative to regional atmospheric average values (1.85 and 380
ppm for methane and carbon dioxide, respectively; Bradley
and others, 2010).

Seeps in the Santa Barbara Basin

The offshore Santa Barbara Basin contains two types
of hydrocarbon seeps in surficial marine sediments and the
water column: active and passive (Saenz, 2002). Active seeps
emit hydrocarbon gas and oil manifested as pockmarks, small
craters, and reef-building asphalt mounds. 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 and Quater-
nary age. Primary controls for the location and distribution of
hydrocarbons in near-surface sediments are active faults and
eroded or fractured anticlinal folds.

Active seeps in the study area were detected near the
water-sediment interface and within the water column using
a variety of geophysical methods. Numerous water-column
anomalies were observed on seismic reflection profiles and
side-scan sonar records. As illustrated by Saenz (2002), water-
column anomalies are present as small, discrete V-shaped
plumes, zones of plumes, and large diffuse zones. Water-col-
umn anomalies represent the seismic response of gas bubbles
rising and expanding in the water column. These plumes are
identical to those mapped by Fischer and Stevenson (1973),
Fischer (1976), and other workers off Coal Oil Point and
Goleta Point in the Santa Barbara Basin. In the Coal Oil Point
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area, the rising gas and oil are visible on the sea surface and
have been collected, analyzed (C,~C, ), and mapped using

an experimental sniffer system (P.J. Fischer, unpub. data,
1976; Sigalove, 1985; Saenz, 2002). Our studies conducted
in the area during 2002 (Lorenson and others, 2009) recorded
elevated methane from the seeps within the Santa Barbara
Channel moving westward with the currents as described by
Mau and others (2007) and Clark and others (2000). The use
of water-column gas discharge has evolved over the course of
this study from merely seep detection to attempts to quantify
gas and oil discharge remotely.

Seeps in the Northwestern Santa Barbara Basin

In the northwestern Santa Barbara Basin, asphalt mounds
and coalescing mounds are present on the seafloor (Vernon
and Slater, 1963; Saenz, 2002; Lorenson and others, 2009).
These mounds are irregularly distributed along an east-west-
trending, faulted anticline offshore Point Conception and over-
lie exposed Monterey Formation seafloor outcrops. Extensive
areas of active seepage have been located by sidescan sonar
imagery and multibeam bathymetry and sampled by a ROV.
Tar accumulations are most abundant near Point Conception,
where sheets of tar cover large areas and are accompanied by
minor gas flux. Individual mounds are typically 10 to 100 m
in diameter and no more than 2.5 m high and have concentric
flows of asphalt extruding from the center. Occasionally, the
pronounced viscous extrusion of asphaltic oil forming near
the center of an active mound produces whip-like extrusions
(fig. SE) that can break off and float to local beaches or remain
attached and become incorporated into the mound. Region-
ally, coalescing asphalt-mound accumulations are as much
as 18 m thick and completely cover an estimated area of 8.4
km? (Draut and others, 2009). The volume of extruded asphalt
is estimated to be about 27 M m? or the equivalent volume
of 170 million barrels of oil. Older areas of asphalt extrusion
are heavily colonized by marine invertebrates and resemble
reef communities found on submarine rock outcrops. Adja-
cent sand-covered areas support fewer invertebrates and fish.
Offshore Point Arguello, several distinctive, mound-like sea-
floor features appear on the geophysical records. In this area,
interpreted gas seeps seen as water-column anomalies are also
associated with tar mounds (Saenz, 2002). As observed, on
subbottom and side-scan sonar records, these mounds are gen-
tly rounded and have a vertical relief of 1-5 m (Saenz, 2002).

Seeps Near Coal Qil Point

We sampled numerous offshore seeps around Coal Oil
Point (fig. 7), one of the most prolific seep fields in the world
(Landes, 1973). Oils from these seeps are mainly less dense
and geochemically distinct from that near Point Conception.
These perennial and continuous oil and gas seeps have been
active for at least 500,000 years (Boles and others, 2004).
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Prior to written history, the native Chumash Indians used
asphalt found on Coal Oil Point beaches and elsewhere to
caulk their canoes, as well as for many other uses (Galloway,
1998a). Between the 16th and 18th centuries, several European
explorers noted the presence of petroleum oil slicks and surfac-
ing bubbles offshore modern Santa Barbara County. 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, 1998a). During
the 1920s and 1930s, the Ellwood Oil Field, located west of
Coal Oil Point, was developed on the coastline and in shallow
waters from more than 16 oil piers (Bartlett, 1998). During

the next three decades, wells were drilled at Coal Oil Point
from piers and submarine platforms. Production of the South
Ellwood Offshore Oil Field in State waters began in 1967

with the construction of Platform Holly (Galloway, 1998a)

and continues today. The wells at the east and west extents of
the original Ellwood Oil Field were abandoned by 1971 and
1993, respectively (Bartlett, 1998). In the Coal Oil Point seep
field, the reservoir in the Monterey Formation is overlain by
the relatively impermeable Sisquoc Formation, which forms a
cap rock for hydrocarbon accumulation. Hydrocarbons migrate
from subsurface accumulations to the seabed by pathways,
such as faults, fractures, joints, bedding planes, and outcrops
(Boles and Horner, 2009; Fischer, 1977).

The subsurface structure of the field was interpreted in the
mid-1980s utilizing 1983-vintage 2-D and 3-D seismic data.
Integrated geologic studies continued in the early 1990s based
on the original structural interpretation. Venoco, Inc., acquired
the South Ellwood Offshore Oil Field in 1997 and initiated a
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modern reservoir characterization study of the field (Horner
and Ershaghi, 2002). The earlier 3-D seismic data (Christensen
and others, 2000; Kamerling and others, 2003) was reprocessed
and reinterpreted by including reservoir production and pres-
sure data. This allowed construction of a new, 3-D geologic
model incorporating the new seismic interpretation, as well as
logs, dipmeter, core, and outcrop information (Christensen and
others, 2000; Kamerling and others, 2003). Liefer and others
(2010) investigated the relation between geology and seepage
by constructing a subsurface geologic model (fig. 8), using data
from a 3-D seismic survey, 2-D seismic reflection lines, surface
geology, and 168 wells, and comparing it to high-resolution-
sonar seepage maps. The major geologic structures are two
approximately northwest to southeast-trending anticlines sepa-
rated by a syncline that is faulted on both flanks. The coloca-
tion of the farthest offshore seepage distribution with the South
Ellwood Anticline crest suggests that folding of the oil-bearing
Monterey and Sisquoc Formations plays a dominant role in
controlling seepage in this area.

Detailed migration pathways to the seafloor at Coal Oil
Point can be inferred from the high-resolution mapping of both
the subsurface geology and the seep vents. Recharge of the
hydrocarbon reservoir in the South Ellwood Anticline occurs
through updip migration along bedding planes primarily from
the deeper Monterey Formation to the south (Ogle and others,
1987). Recharge also occurs from the east and west—the Coal
Oil Point seep field is at an east-west fold crest of the Monterey
Formation (Ogle and others, 1987). As a result, along-coast
migration likely occurs along both syncline and anticline axes,
allowing recharge to occur (Leifer and others, 2010).

<« Figure 5. Photographs of offshore seeps and related ROV operations. A, Viscous asphalt, sediment, and shell fragments extruding
from small mounds near the outfall of the Goleta sewage line. Water depth is about 40 m; the field of view is about 30 x 25 cm.
Sample 10-159. B, A gas seep issuing from a sediment-covered, invertebrate-colonized asphalt mound south of Santa Barbara at
75 m depth where the asphalt mounds coalesce into features as large as 80 m diameter and 3 m relief. Larger mounds are found
elsewhere in the Santa Barbara Channel offshore Point Conception and on the mid-channel high. The size of the red Gorgonian
coral and the multitude of solitary cup corals implies the feature is decades old. Field of view is about 50 x 40 cm. C, An example
of extruding asphalt offshore Point Conception in water depth of 48 m. Similar extrusions occur south of Coal Qil Point but are
much less extensive than those found near Point Conception. The morphology suggests viscous flow. Sediment covers this recent
flow and the flanks are in the process of colonization by invertebrates. Field of view is about 30 x 25 cm. D, An example of viscous
asphalt extrusion near Point Conception at 35 m depth. Similar extrusions occur south of Coal Qil Point but are much less extensive
than those found near Point Conception. The gas content in this flow inferred by the vesicular texture is greater than that shown in
photo 5C. The small octopus represents the variety of sea life that frequents the asphalt flows. Field of view is about 35 x 30 cm. E,
An example of viscous asphalt extrusion or “tar whip” south of Point Conception in 40 m water depth. Field of view is approximately
20 m and length of extrusion is about 4 m. Some tar whips are buoyant enough to break free, rise to the surface, and float as shown
in the inset of photo 5F. F Examples of floating tar whips. Inset photo illutrates a floating tarwhip. The hand-held tar whip illustrates
the spongy, taffy-like nature of the extruded, biodegraded oil. Occasionally tar whips can be found on local beaches, but more often
smaller portions of this material reach the beach and are manifest as plate-like tarballs. Point Conception is in the background.
G, ROV pilot Jonathan Borden maneuvering the Benthos Stringray ROV along the ocean floor. The twin monitors display the live
images from the two video cameras mounted on the ROV. H, Collecting an asphalt sample from the ROV claw. The ROV (partly
visible at lower left) used to sample natural seeps is equipped with camera, video camera, and gas and oil sampling equipment.
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22 June 2010; speed > 4 knots
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Figure 6. Maps of methane and carbon dioxide anomalies in the atmosphere approximately 2 m above sea level between
Point Conception (PC) and Santa Barbara (SB). A, Map track of data and graph of methane concentration, similar for B.

B, Carbon dioxide concentration. Background atmospheric values are approximately 1.85 and 385 ppm respectively. Both
methane and carbon dioxide anomalies correspond with gas-seep areas transited along the north margin of the Santa
Barbara Channel, demonstrating that seeps are sources for these gases in the atmosphere and showing that this tool could
be effective in locating seeps elsewhere. The anomalies have yet to be modeled to derive gas flux from the seeps.



Significant seepage occurs near the crest of the South Ell-
wood Anticline (offshore seeps) and within the hanging wall
of a reverse fault, where the reservoir and capping formations
are deformed but without obvious faulting (inshore seeps).

Of the two major mapped seep areas, the area farther offshore
shows a clearly defined first-order relation between a faulted
anticline and seepage locations. However, the inshore seep
area does not show an obvious relation with structure other
than being located in the hanging wall of a major reverse fault.
Leifer and others (2010) suggest seepage here is controlled by
critically stressed fractures (Finkbeiner and others, 1997) in
the hanging wall of the west-trending Red Mountain and Coal
Oil Point Faults. The mapped structures alone do not explain
the spatial distribution of the seepage; some of the high perme-
ability pathways at Coal Oil Point are below the resolution of
the geologic model.

Seeps of the Dos Cuadros Qil Field

Platforms A, B, C, and Hillhouse of the Dos Cuadros
field are positioned over the crest of a dome with 4-way
closure on the regional Rincon anticlinal trend. Before drill-
ing commenced in 1968, natural seepage was documented
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(Fisher, 1977; Yerkes and others, 1969). In January 1969,
while drilling wells from Platform A, a blowout occurred that
resulted in an oil spill and extensive environmental damage
to the coastline. During the attempts to stop flow, oil and
gas circumvented the conductor casing and began seeping
into the ocean hundreds of meters from the well. Seepage
of oil continues in this area, and it is unknown whether the
current seepage is natural, the result of the blowout, or both.
Chemometric analyses of the oil collected at the surface are
from the same oil family as the produced oils from Platform
A (Lorenson and others, 2009).

Biomarker Analyses and Chemometric Modeling

The 106 samples in this study were analyzed by our
chemometric model resulting in positively classifying all
production oil samples, 97 percent of tarballs, and 48 percent
of seafloor seep samples. Seafloor seep samples are composed
of viscous, often highly biodegraded hydrocarbon residues.
Many of the biomarkers needed for data input into the model
are absent and thus the seafloor seep tars or asphalts could not
be positively classified by our model 52 percent of the time
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Figure 7. Water-column, bottom-bounce, normalized-sonar-return amplitude (o, logarithmic color scale) map of Coal Qil Point gas
plumes. Informal names of seep areas are shown. Offshore seep trend surveyed September 2005; inshore seep trend surveyed July

2006. From Leifer and others (2010).
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Figure 8. Coal Oil Point (COP) seep field and underlying geologic structure showing the Monterey Formation, the seep-gas spatial
distribution (ranging from red for strong emission to blue for weak; see fig.7) at seabed, and subsurface areas of major faults. Not all
faults shown. A, Map view. B, View toward west-northwest with partially transparent seabed and labeled faults. C Oblique northward
view showing wells (red lines). Monterey Formation depth contours are 100 m on A and C. Fault codes are from Venoco, Inc.; Platform
Holly is operated by Venoco, Inc. From Leifer and others (2010).

Figure 9. Two-way heirarchical cluster diagram of produced oils from offshore platforms and selected onshore oil fields adjacent
to the study area. The samples are divided into tribes 1 and 2 as indicated by the red and green lettering. Qil samples are given by
sample number, the model-classified family, and the sample description. The 19 biomarker ratios used in this study are noted on
the bottom of the column, and the definitions can be found in appendix 1. Each biomarker ratio has an auto-scaled range of values
symbolized by the colors blue (low) to red (high). Similarities between samples are easily seen by similar colors; samples differing
by greater values are seen by highly contrasting colors. The tielines on the right corrrespond to cluster distance, a measure of
genetic smimilarity indicated by the horizontal difference from any two samples on the left to their branch point on the right.
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Two-way HCA Produced Oil Chemometric Classification

*97-14 13 Wilmington crude oil reference sample

*99-17 13 Wilmington 904037225080000 UP 820 A Sec 4 5S 13W 2500 Pliocene tar zone
*10-231 13 Platform Ellen well A-30 14.7°API Perf Interval 3691-4481"
*10-233 13 Platform Eureka well C-11 15.0°API Perf Interval 2868-4408"
*10-232 13 Platform Ellen well A-58R 18.9°API Perf Interval 3422-4225"
*10-234 13 Platform Eureka well C-18 11.4°API Perf Interval 3614-4693'
*10-235 13 Platform Eureka well C-42 18.9°API Perf Interval 2941-3950"
*99-14 13 Title & Trust1 C20 80. EL SEGUNDO

*99-15 13 Playa del Rey 904037140150000 Del Rey No. 10 28-25-15W 5763-5893
*99-20 13 Wilmington 904037056870000 CANAL DST Sec 20 2S 15W 6189 MIO SCHIST CONGL.
*99-21 13 La Llajas 904037085790000 SIMI 8 Sec 22 3N 17W 900 EOC LLAJAS
*99-16 13 TORRANCE 904037063290000 TORRANCE N. core 1 Sec 3 45 14W 5835-5931 T
*08-175 13 Platform C well C-59

*10-02 13 Platform Edith well B-9

*10-06 13 Platform Edith well B-6

*10-03 13 Platform Ellen well A-20

*10-04 13 Platform Ellen well A-45

*02-34 12 Platform A, S. Barb. Channel

+08-180 12 Platform B well B-60

*08-172 12 Platform C well C-16

*08-177 12 Platform B well B-26

+08-179 12 Platform B well B-36

*08-173 12 Platform C well C-27 H
+08-223 13 Platform Hillhouse well 1A Trl be 1
+08-225 13 Platform Hillhouse well 18A

+08-224 13 Platform Hillhouse well 10A

+08-226 13 Platform Hillhouse well 48A

*08-230 13 Platform Hogan well A-53

*05-12 12 Platform Heritage Diluent

*99-106 12 Platform Hilda #25 platform, Summerland offshore

*08-187 13 Platform Houchin well B-19

*02-35 11 Platform A, S. Barb. Channel

*04-4 11 Rincon oil sample(Platforms A, B, C. Hillhouse, and Henry)
*08-174 11 Platform C well C-55

*08-176 11 Platform B well B-9

*08-178 13 Platform B well B-34

*08-186 13 Platform Houchin well B-15

*08-168 13 Platform Henry well 3-B

*08-169 13 Platform Henry well 11-B

*08-170 11 Platform Henry well 16-B

*08-171 13 Platform Henry well 23-B

*02-86 14 Platform Holly 3120-11, TD 7447

*08-182 13 Platform Gail well E-14

*08-185 13 Platform Houchin well B-12

*08-189 13 Platform Houchin well B 35

+08-188 13 Platform Houchin well B-34

*08-227 13 Platform Hogan well A-1

*08-229 13 Platform Hogan well A-18

+08-228 13 Platform Hogan well A-7

+08-216 13 Platform Gilda well S-28

+08-218 13 Platform Gilda well S-87

+08-219 13 Platform Gilda well S-91

+08-217 13 Platform Gilda well S-62

*99-23 22 Wilmington 904037203380000 HYPERION CH 1 Sec 10 3S 15W 8930-8955
*05-1 212 Platform Harmony well ha-4, Exxon Mobil

*05-4 212 Platform Hondo well h-3, Exxon Mobil

+05-3 22 Platform Harmony well ha-11, Exxon Mobil

+05-6 22 Platform Hondo well h-23, Exxon Mobil

*08-220 22 Platform Gina well H-5

*08-191 22 Platform Heritage well HE-7

*08-221 22 Platform Gina well H-12

*08-222 22 Platform Gina well H-14

*08-181 212 Platform Gail well E-10

*08-183 212 Platform Gail well E-17

*08-184 212 Platform Gail well E-22 short

*05-10 22 Platform Heritage well SA-1

*05-7 22 Platform Heritage well HE-1

*05-9 22 Platform Heritage well HE-12

*05-2 22 Platform Haromony well ha-7, Exxon Mobil .
*05-8 22 Platform Heritage well HE-9

*05-5 22 Platform Hondo well h-15st, Exxon Mobil Trl be 2
*05-11 22 Platform Heritage well SA-9

*01-27 213 Platform Hidalgo, well C-2, API 20

*01-36 213 Platform Harvest, well A-7

*01-39 213 Platform Harvest composite

*01-35 213 Platform Hermosa, composite

+01-31 213 Platform Hidalgo, co-mingled

*01-37 213 Platform Harvest, composite

*01-38 213 Platform Harvest, well A-13

*01-29 14 Platform Hidalgo, well C-7, APl 32.8

*01-30 213 Platform Hidalgo, well C-11, API 27.5

*01-32 213 Platform Hidalgo, well C-8, API 31

+01-33 213 Platform Hermosa,well B-2WBO1, APl 19-21

+01-34 213 Platform Hermosa,well B-TWBO1, API19-21

*02-68 213 Platform Irene, tank V-160

*02-69 213 Platform Irene, HS&P C-13...

+02-70 213 Platform Irene, Tank Farm

+02-85 211 Platform Holly 3120-8, TD 4989

+97-15 211 Elwood crude oil

Sample no., family, description

Biomarker ratios
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Figure 10. Summary map of produced oils classified by oil family collected from operating outer contintental shelf platforms, state platforms, and selected shut-in platforms.

All produced oils are variants of tribe 1 or 2, with a preponderance of tribe 1 oils east of Coal Qil Point and tribe 2 oils west of Coal Qil Point.
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Figure 11. Map showing samples with sample numbers, classified by oil family,

that were collected in February 2008 after a winter storm with sustained southerly
winds deposited tarballs on the central California coastline between Half Moon Bay
and Santa Cruz. The family distribution is primarily from tribe 3, a tribe derived from
currently unlocated seep sources thought to occur well north of Point Conception. The
remaining samples were from tribe 2 and were thought to have made the transit from
the Santa Barbara Channel area to these beaches. Qil, seep, and tarball tribes and
families are described in text.
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Figure 12. Map showing seep samples, classified by oil family, collected 2004-2010 in the vicinity of Point Conception. The shaded
seafloor bathymetry clearly shows the extent and distribution of asphalt mounds on the seafloor, mainly trending northwest along the
crest of an anticline straddling Point Conception and Government Point (not shown). More eastern asphalt mounds, designated by
samples 10-160 and east to 10-162, are on trend with an unnamed normal fault (not shown). Gas samples were taken from the seep
along with sample 04-27. Qil, seep, and tarball tribes and families are described in text; color of lab-sample number corresponds to type
of sample (for example, seep, unlocated seep). Sample numbers correspond to biomarker data listed in table 1. Contour interval is 10 m.
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Figure 13. Maps showing samples, classified by oil family, collected in the vicinity of Sacate beach. Seep and tarball tribes and families
are described in text; color of lab sample number corresponds to type of sample (for example, seep, tar). Seep samples taken from
2004 to 2010 are shown. Sample numbers correspond to biomarker data listed in table 1. The shaded seafloor bathymetry clearly shows

the extent and distribution of asphalt mounds, mainly on trend with east-west folds. The seep field is located just north of the Alegria

offshore oilfield (not shown). Gas samples were taken from the seep along with sample 04-33R. Contour interval is 10 m.
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Figure 14. Maps showing location of samples, classified by oil family, collected in the vicinity of Coal Qil Point. The shaded seafloor
bathymetry clearly shows the distribution of seeps, mainly on trend with the crest of two folds described in the text. Seep samples
were collected during 1998 to 2010. Gas and water samples were collected from seeps in several locations. Inset map at lower

left shows location of seep sample 09-109, located on an asphalt mound complex south of Naples beach. Tribes and families are

described in text; color of lab sample number corresponds to type of sample (for example, oil, seep, unlocated seep). Sample numbers
correspond to biomarker data listed in table 1. Contour interval is 10 m.
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Figure 15. Maps showing locations of samples, classified by oil family, collected from operating platforms south of Santa Barbara.
Upper left, from west to east: Platforms C, B, A, Hillhouse, Hogan, Henry, and Houchin. Lower right, from west to east: Gilda, Gail, and

Gina. Upper right shows the location of a tarball analyzed at the request of the public. Most produced oil is from tribe 1, and a much
smaller proportion is classified as tribe 2.
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and assigned to family O (table 4). Based on these results, we
feel confident that the original model is robust for classifying
oil or tarball samples originating from California and can be
applied to this study.

In this study, all of the produced platform oils are com-
pared with those of previously analyzed southern California
oils listed in figure 9, which shows a two-way heirarchical
cluster diagram of produced oils from offshore platforms and
selected onshore oil fields adjacent to the study area. Similari-
ties between samples are easily seen by similar colors. Produced
oils from only tribes 1 and 2 are present and, typically, oils from
the same platform are most similar. Figure 10 shows a sum-
mary map of produced oils, classified by oil family, collected
from operating OCS platforms, state platforms, and selected
shut-in wells from decommissioned platforms. Table 2 lists all
of the oils collected for this study. All produced oils are variants
of tribe 1 or 2; a preponderance of tribe 1 oils east of Coal Oil
Point and tribe 2 oils west of Coal Oil Point imply different
depositional histories of the Monterey Formation source rock in
each region. The same general pattern exists with seep hydro-
carbons and previously analyzed tarballs. Figures 11 through
16 show the distribution of samples by the chemometric-model
results in local context. Sample numbers and other metadata
can be referenced in table 1. Table 3 includes all seeps, oils,
and tarballs classified during our study. As in the previous study

(Lorenson and others, 2009), the majority of the seep samples
are in tribe 2 followed by tribe 1, with very little in tribe 3.

Biomarkers

The biomarker parameters used in the chemometric
model are described in Hostettler and others (2004) and
Peters and others (2005, 2008) and include 14 terpane ratios:
22,29,30-trisnorneohopane/22,29,30-trisnorhopane (Ts/Tm);
C,, 22S and 22R tricyclic terpanes/C,, tetracyclic terpane
(C,/Tet); C,/C,,; C,/C,; C,/C,; C,JC,; C,J/C, tricy-
clic terpanes (C,/C,TT, C,/C, TT, C,/C,.TT, C,/CTT,
and C,,/C, TT, respectively); 17a,21B(H)-30-norhopane/
hopane (C, H/H); aBC,,22S/hopane (C, S/H); C,22S/C,,22S
hopanes (C,,/C,,S); 28,30-bisnorhopane/hopane (BNH/H);
oleanane/hopane (Ol/H); gammacerane/hopane (G/H); and
18a-30-norneohopane/ap-30-norhopane (C,,Ts/C, H). Other
parameters include the whole-oil stable carbon isotope ratio
(d°C,,,); C,/C,, aaa 20R steranes; three aromatic com-
pound ratios—polycyclic aromatic hydrocarbon refractory
index (PAH-RI; Hostettler and others, 1999), dimethyldiben-
zothiophene/dimethylphenanthrene (SC2D/2P); and trimeth-
ylbenzothiophene/trimethylphenanthrene (SC3D/3P). The
group of parameters includes bulk carbon isotope analyses
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Figure 16. Maps showing locations of samples, classified by oil family, collected from operating OCS platforms (Edith, Ellen, Eureka)
south of Long Beach. Produced oil is exclusively from tribe 1, family 13. Platform Elly produces no oil or gas.



and 29 biomarker ratios. The biomarker parameters are listed
in appendix 1, with references to their use.

The various parameters were chosen to include the
maximum possible chemical families and constituents com-
mon to these hydrocarbon residues. This was necessary for
the overall geochemical characterization and because, with a
common Miocene Monterey Formation source, many of the
differences between groups of oils, seep hydrocarbons, and
tarballs are small. The ubiquitous triterpane, C, af-hopane,
was used to normalize seven of the parameters, thus serv-
ing as an internal standard (Wang and others, 1998). Ease
of measurement was also a factor in choosing parameters
for this study that will maximize its usability. The set of 30
parameters was calculated and are compiled in table 1.

These parameter ratios show that most of the samples
exhibit biomarker characteristics of the Miocene Mon-
terey Formation source rock. Particularly notable is the
prominence of bisnorhopane (BN) in the saturate fraction,
monoaromatic steroids in both fractions, and a prominent
but highly variable presence of perylene in the aromatic
fraction. Most of the tarball samples lack free n-alkanes and
isoprenoids, although a few contain enough of the isopren-
oids to allow calculation of the pristane/phytane (Pr/Ph)
ratio. Tarballs are characterized by maturity parameters that
indicate low thermal maturity, for example, very high Tm/Ts,
BI, and dibenzothiophene source parameters, combined with
very low T/(T+M) ratios.

The oil sample from Platform Ellen (fig. 4) is at initial
stages of biodegradation as seen by the dominance of the
isoprenoids pristine and phytane, relative to the n-alkanes.
The sterane suite also indicates that biodegradation has not
occurred with these compounds; a.o.aR epimers are dominant
(esp. C27), with low BaD27 compounds. Finally the Platform
Ellen A-58R oil is classified as fairly immature oil because
the C27 to 29 acaR epimers are dominant over the C27 to
29 aoaS epimers. The hopane suite is typical of oils from the
Monterey Formation that have relatively high concentrations
of BN and aBC35. The TIC of the La Goleta seep oil shows a
high unresolved complex mixture (UCM) that indicates signif-
icant biodegradation, which is typical of any of the seep oils or
asphalts. The presence of unknown branched r-alkanes is also
evidence that this sample is moderately biodegraded. Both
the steranes and hopanes are impacted by biodegradation; the
more easily biodegraded C27 to 29 aaaR epimers are reduced
relative to the C27 to 29 aaaS epimers and the relative loss of
C30 to C29 and the C23-C25 tricyclics.

Application of the Chemometeric Model to New
Samples

The distribution of chemometric families by sample type
(seeps, unlocated seeps, produced oils, tarballs) is compiled
in table 4 and displayed graphically in figure 17 and includes
the entire data set of Peters and others (2008) and Loren-
son and others (2009). The analysis depicted in figure 17
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normalizes the data to the percentage of sample type in each
family to eliminate the bias introduced by the uneven number
of samples collected for each sample type (sample type/total
number of sample within that family). The distribution shows
several key relations.

The most common produced oil family (13) comprises
almost 39 percent of the produced oil samples, in contrast
to only 7.0 percent of all seep samples and 0.4 percent of
the tarball samples, which is a substantial finding indicat-
ing that undetected oil spillage resulting in tarball deposition
belonging to this family is very unlikely. This pattern is often
repeated; most produced oil families are poorly represented
by tarballs. However, all of these families are represented by
natural seeps, which highlights seeps as the most likely source
for tarballs. The most frequent tarball family (22) occurs in
55.6 percent of the samples, yet it is represented by only 16.5
percent of all seep samples and 17.5 percent of produced
offshore southern California oil samples. This observation cor-
roborates the assertion that platform oils are generally unlikely
sources for tarballs; using other means described further on,
we can eliminate platform oils as current tarball sources.
Figure 17 shows that seeps co-occur with most tarballs of the
same families except in families 33, 34, and 35, where only
tarballs are classified. Family 33, 34, and 35 tarballs are found
mainly on the central California coast and most likely come
from unidentified seeps north of Point Arguello.

Our sampling strategy is responsible for the large number
of seep samples classified as family 0. Extreme biodegrada-
tion, discussed in the next section, results in the family 0
classification of 46.3 percent of seafloor-located seep samples.
Many more of the asphaltic seeps were sampled than less-
biodegraded oil droplets rising from the seafloor, because
it is much easier to target and sample asphalt mounds on
the seafloor than seeps emitting only oil droplets. Asphalt
seeps extrude onto the seafloor, often without producing oil
droplets, and are positive features that are easily seen using
remote imaging. In contrast, only 5.4 percent of unlocated
seeps were classified as family 0, indicating that these samples
were derived from less biodegraded natural seep oil droplets.
Unlocated seeps are defined as fresh oil sampled at the water
surface without visible oil or gas seen rising to the surface in
the immediate vicinity of the sample collection site. If asphal-
tic seeps were responsible for all of the tarballs, then many
of the tarballs would be classified as family 0, yet only 3.4
percent of the tarballs are classified as family 0. Therefore, it
is likely that most of the sampled tarballs are derived from oil
droplets rising to the sea surface where they combine, weather,
and become tarballs.

Application of the Chemometeric Model to
Produced Oils from Offshore Southern California
All produced oils from offshore southern California

within both federal and state lands can be classified by family.
Platform-produced oils are only classified in tribes 1 and 2,
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within families 11, 12, 13, 14, 211, 212, 213, and 22. Tribe and, therefore, must have sources outside of this area, most

1 oils are restricted to the Los Angeles Basin and the eastern likely in the little-explored Santa Maria and Point Sur Basins
Santa Barbara-Ventura Basin. Family 13 is the most common offshore central California. The only known source for family
family from this area and the most common oil family overall ~ 213-classified samples are the produced oils from the Point

(~39%) analyzed in this study. The western Santa Barbara- Arguello platforms: Hildalgo, Harvest, Hermosa, and Irene.
Ventura Basin oils (west of Platform Holly) and the southern The only tarball within family 213 came from the Torch oil
Santa Maria Basin oils are mainly in tribe 2. Tribe 3 is not spill of 1997, when at least 163 barrels of oil leaked from a
represented by any produced oil from southern California, subsea pipeline. This sample was collected on Surf Beach
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Figure 17. Histogram showing the distribution of modeled chemometric families as sample versus the percentage
of occurrence of model type.



immediately after the spill in 1997, archived at the laboratories
of the California Office of Spill Prevention and Response, and
analyzed 10 years later in 2007 by this group. The tarball che-
mometrically matched the oil from Platform Irene, thus tying
the tarball to the spill.

The 19 biomarker parameters used in our chemometric
model are sometimes sufficient to allow unique discrimina-
tion of individual platform oils. However, platform samples
and seep samples that have sources geographically close to
each other are too similar to each other, with respect to the
biomarker parameters, to definitively differentiate them on that
criteria only. In some cases, the degree of biogeochemical deg-
radation or weathering that the oils or tars have experienced
can be utilized. Unweathered and nonbiodegraded oil contains
n-alkane hydrocarbons and the isoprenoids pristane and phy-
tane (table 1). All of the platform oils in our sample set contain
these components. In contrast, the seep oils or tars have been
exposed to significant biodegradation in the reservoir or at
the seafloor, resulting in the loss of at least the n-alkanes and
isoprenoids and often degrading the steranes and hopanes.
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 within a limited timeframe.

The differentiation is not always definitive, because of
the close chemical similarity of some samples and the variabil-
ity in the biodegradation progression, such as near Coal Oil
Point, where produced oils from Platform Holly (families 14
and 211) are likely tapping the same oil sources as the prolific
seeps south of Coal Oil Point. Similarly, near Platforms A, B,
C, Hillhouse, Henry, Houchin and Hogan (Dos Cuadros Field),
seep oils and produced oils are genetically very similar and
cannot be definitively distinguished after a period of several
days of weathering. In contrast, oils from the Point Arguello
and Point Pedernales fields (Platforms Irene, Hermosa,
Hildago, Harvest) can be distinguished on the basis of chemo-
metric fingerprinting alone. In the middle of this spectrum are
oils from all the other platforms, where it is expected that oil
weathering would take on the order of two weeks to a month
to produce tarballs physically similar to those seen near Point
Conception. In this case a much greater degree of weathering
is needed to proceed from produced oil to the biodegraded tar
characteristic of tarballs stranded on the beach.

Biodegradation of Qil and Seep Hydrocarbons

All samples analyzed in this study share geochemical
source characteristics typical of source rock in the Miocene
Monterey Formation. Differences in relative amounts of
constituents that reflect different organic-matter inputs, levels
of thermal maturity, degrees of biodegradation, and probably
slightly different depositional facies allow fingerprinting and
correlation by chemometric analysis. Some parameters indi-
cated that they were either nonbiodegraded (such as platform
production oils) or mildly biodegraded below the point of
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sterane loss (such as many of the beached tarballs), which is
less than or equal to stage 5 on the scale in Peters and others
(2005). The range of individual fingerprint parameters within
sample families, however, is somewhat broad, and correlations
are not as exact as might be expected, for example, from a
spill of a specific crude oil such as the Exxon Valdez. Appar-
ently, seep oil and related shoreline tarballs, even from the
same source, have small local variations in constituent concen-
trations that give broader ranges within the chemical signature.
Shallow accumulations of hydrocarbons are subject to
significant biodegradation. The tarball and seep hydrocarbons
originate from shallow reservoirs or fracture systems in the
seafloor. Typically, the hydrocarbons are relatively thermally
immature, which implies that the source rock is thermally
immature and within 2-3 km of the ocean floor. Significant
but variable proportions of perylene, a polycyclic aromatic
hydrocarbon (PAH) of biogenic origin that is found in surface
marine sediments, implies inclusion by migration through
these sediments. Biodegradation in these shallow subsurface
reservoirs impacts sterane distributions and can cause tars
from similar sources to appear different. The family with the
greatest number of samples, family 22, represents a continuum
of sterane loss, from abundant regular steranes dominated by
aaoC, R to samples that have lost most of the regular ster-
anes. A number of tars could not be classified and are charac-
terized by biodegradation even beyond the regular steranes,
showing a diminished a8 C, -hopane and, to a lesser extent,
bisnorhopane. A pair of unusual steranes that are prominent
in this sample set, C,, 24-nor-5a-cholestane and C,, 27-nor-
24-methyl-5a-cholestane, are not impacted by biodegrada-
tion and maintain a consistent level relative to C,; a.f-hopane
throughout the data set.

Gas and Oil Emissions from Seeps
Offshore Coal Qil Point

Hydrocarbon generation and seepage occur mainly from
the source rock and reservoir in the Monterey Formation
through faults, fractures, and outcroppings in the overlying,
capping Sisquoc Formation (Leifer and others, 2010). 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 as the Coal Oil Point seep
(fig. 13; appendix 1).

Gas seepage escapes the seabed and undergoes changes
enroute to the atmosphere. At the seabed, Coal Oil Point seep
bubbles are primarily composed of 64-90 percent CH,, 3-26
percent CO,, and less than 10 percent nonmethane hydrocar-
bons (NMHC) (Clark and others, 2009). As bubbles ascend,
CO, and, to a lesser extent, hydrocarbons are dissolved in the
water column, and there is an influx of dissolved air gases
(primarily N,, O,, and Ar). The dissolved hydrocarbons partly
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diffuse into the atmosphere and can be traced by following
ocean surface currents, often to the west of Coal Oil Point
(Mau and others, 2007). At the surface, bubbles are 46—74
percent CH,, 19-52 percent air, less than 0.1 percent CO,,

and 3.5-7.4 percent NMHC, depending on the seep-bubble-
plume characteristics (Clark and others, 2010a). The dominant
NMHCs are ethane, C,H, (5% mole fraction, 0.06 ratio to
CH,), and propane, C.H, (3%, 0.034), with <1 percent higher
n-alkanes (Clark and others, 2000).

Surveys with sonar (Hornafius and others, 1999) and
direct gas capture (Washburn and others, 2005) suggest that
~1.0-1.5 x 105 m3 day~! gas, mainly methane, escapes from ~3
km? of seafloor to the atmosphere, and a roughly equal amount
dissolves into the coastal ocean (Clark and others, 2000b,
2010a ). As estimated using a 60 percent CH, mole fraction
based on surface composition measurements (Clark and others,
2010a), annual CH, emissions would be ~0.015 teragrams (Tg,
10'2 gm). For perspective, Los Angeles County anthropogenic
CH, emission estimates are only an order of magnitude larger,
0.200+0.006 Tg CH, yr' (Hsu and others, 2009).

Temporal Changes in Gas Emissions

Seep field gas emissions have changed significantly over
time. Comparison of recent surveys with 1940s and 1950s
surveys documented by Fischer (1977) show significant prior
decreases in seep extent. Data from the Seep Tents (two 30
x 30 m seafloor capture tents) show consistently decreasing
emissions from the mid-1980s to mid-1990s (Boles and others,
2001); however, nearby production activities from Platform
Holly complicate interpretation (Boles and Horner, 2009).

The Coal Oil Point 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 unquanti-
fied, oil chromatograms suggest the oil/gas ratio also varies
widely (Leifer and others, 2006a). Studies have quantified
seep-area (for example, Allen and others, 1970; Fischer and
Stevenson, 1973) and emission fluxes (for example, Hornafius
and others, 1999; Quigley and others, 1999; Clark and others,
2000) using sonar techniques, ocean chemistry, and direct gas
capture using floating buoys. Fischer and Stevenson (1973)
noted changes in seepage on decadal time scales in the Coal
Oil Point area; a significant decrease in seepage areas between
1946 and 1973 was attributed to offshore production local-
ized to Platform Holly. 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 and which would likely increase again
after production stops.

0il Emission Measured at Coal Qil Point

Global estimate of marine oil emissions from natural
hydrocarbon seeps are significant, ~0.6 Mt yr', while acciden-
tal spills contribute just 0.1 Mt yr' (U.S. National Research

Council, Committee on Qil in the Sea, 2003). The Santa Bar-
bara Channel hosts some of the largest and best-studied seeps
globally; seepage is estimated to be 100—600 bbl/d (Clester
and others, 1996) on the basis of a surface boom capture study
and aerial overflights. Values were extrapolated to the entire
seep field using sonar-quantified gas fluxes in the study area
and the entire field and assuming a field-wide oil/gas ratio,
although widely quoted, significant uncertainties exist, particu-
larly given variability of seepage as detailed below.

Allen and others (1970) used a combination of aerial,
sea surface, and underwater techniques to estimate a field
flux of 50—70 bbl/d. The surveyed area was directly south of
Coal Oil Point and covered more than 3,000 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 esti-
mates were determined by measuring slick width and drift
rate from aerial photography and measuring slick thickness
through absorbance analysis of oil collected on oil-adsorbent
material (cheesecloth). Allen and others (1970) state that their
estimate is only an average for the shallow seeps surveyed
and that the flux can easily range from 10100 bbl/d. Fischer
(1977) suggested that the Coal Oil Point seep field emits from
25-400 bbl/d and represents ~60 percent of the total flux for
the entire Santa Barbara Channel. 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
to estimate oil seepage of 100 bbl/d (16,000 L/d) for all seeps
deeper than those studied by Allen and others (1970). Includ-
ing oil from the shallow seeps surveyed by Allen and others
(1970), ~150-170 bbl/d (~23,800-27,000 L/d) is emitted from
the Coal Oil Point seep field (Hornafius and others, 1999).

Seepage at Coal Oil Point primarily is in the same area as
the offshore South Ellwood Oil Field that has been in produc-
tion from Platform Holly since 1967 and that taps fractured
rock reservoirs within the Miocene Monterey Formation. Plat-
forms A, B, C, and Hilhouse atop the crest of an offshore anti-
cline were also placed near natural seeps with the expectation
of finding oil at depth. The Monterey Formation is the primary
petroleum hydrocarbon source in the Santa Barbara Channel
(Ogle and others, 1987). Total production has been 9.49 x 10°
m? of 0il (5.97 x 107 bbl) and 1.48 x 10° m* of gas (5.22 x 10"
ft*) as of September 2008 (Marc Kamerling, personal com-
mun., Venoco, Inc., data, 2008).

Since 2000, Del Sontro and others (2007) used sea-sur-
face surveys and (or) sonar to identify additional, informally
named major seeps. 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. On the basis of 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 hydro-
carbons, while deeper seeps emit gas and nontrace oil. Seep
oiliness varies significantly between seeps and is visible at



the sea surface and in chromatograms of seep samples (Clark
and others, 2003a; Leifer and others, 2006b). For example,
hundreds of oil droplets were seen surfacing in less than 30
min 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 it is
weak. Many low-intensity plumes cover extensive areas of
dispersed seepage.

Exposed asphalt mounds have been confirmed at Jackpot
and Ira seeps, a small area southwest of Goleta Point in about
40 m water depth, and a small area very near the end of the
Goleta sewage outfall pipe (fig. 14). Asphalt mounds are
small volcano-shaped mounds made almost entirely 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 and
others, 2007). The asphalt mounds are similar to those discov-
ered 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 fine-grained sediment near the major
seabed features (Leifer and others, 2004). Many seeps have
not been visited, and seepage can be intermittent at those that
have been observed.

Measuring Current Gas and Qil Seep
Discharge

The major goal of the University of California Santa Bar-
bara (UCSB) research team was to improve understanding of
the amount of oil escaping the seabed from the Coal Oil Point
seep field. Critical to any such measurement is evaluating how
representative the measurements are, which implies charac-
terizing both spatial distribution and temporal variability of
seepage. In both cases, measurements and subsequent interpre-
tations require an understanding of the underlying controlling
processes to ensure that the application to large survey areas is
done correctly.

The study plan included two phases: Phase 1 addresses
the actual measurement and the spatial scaling of seepage, and
Phase 2 measures the temporal variability of seepage to evalu-
ate trends over yearly time scales. Technological and funding
limitations partially prevented completion of Phase 1, while
innovative analysis enabled characterization of the temporal
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variability in Phase 2. During the study period, new tech-
nology has been developed and new assets acquired, which
allowed effective completion of Phase 1.

Direct Flux Measurements

Hydrocarbon emissions from the Coal Oil Point seep field
are both liquid petroleum and natural gas, although research
has shown significant complexities. For example, observations
show that, in general, higher-flow seep plumes have lower
gas-to-oil ratios than lower-flow seepage on the basis of ratios
of lighter to heavier alkanes (Leifer and others, 2006a), as well
as visual observations. This is consistent with the resistance
model of seepage presented in Leifer and Boles (2005) for
natural gas and in Leifer and Wilson (2007) for mixed oil and
gas seepage. Leifer and Wilson (2007) observed an inverse
relation between oil and gas emissions and attributed it to oil
blockage of migration pathways leading to greater resistance
to gas flow. Moreover, Leifer and Wilson (2007) also observed
a temporal interplay between the oil and gas emissions, which
exhibited the characteristics of intermittent flow (slug flow).

These observations on a small scale have significant
implications for the large scale. Specifically, the slug-flow
behavior observed in a seepage system implies that any flux
measurement needs to extend over a timescale longer than
the slug-flow timescale to be representative. An additional
complication is the likely interplay between different con-
nected seepage areas, as noted by Leifer and Wilson (2007) on
a small scale. Evidence of these behaviors was observed in the
Horseshoe Seep area where, during an oil capture experiment,
the seep oil to gas ratio varied significantly on a half-hour time
scale; a decrease in flux at one seepage area may be compen-
sated by increases in a separate seepage area, requiring a more
holistic measurement approach.

Gas Flux Measurement—Sonar

Quantification of the gas flux followed the approach
pioneered by Hornafius and others (1999) and Quigley and
others (1999), where the sonar return in a depth window is
integrated, binned, and mapped. Chirp sonars were tow-fish
mounted and deployed ~10 m behind the survey vessel. The
chirp sonar signal was a 3—15 kHz signal, with wavelengths of
50-10 cm, which prevented resonance with seep bubble sizes,
whose maximum diameter is ~2 cm (Leifer and Boles, 2005).
However, the wavelengths used in the chirp sonar are com-
parable to the dimensions of the bubble plumes and vertical
structures within the bubble plumes.

For each ping, the sonar return intensity was recorded
every 40 ms, which corresponds to a depth of 6 cm based on
the speed of sound in water. Separately, differential global
positioning satellite (GPS) information was recorded continu-
ously. During data processing, each ping is associated with the
GPS location of the sonar tow platform, thereby applying the
correct position.
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During a survey, the sonar return intensity is recorded
during a series of transect lines covering the seep field. Our
survey of the seep field lasted three to four days and spanned
multiple tidal cycles. Survey lines were plotted parallel to the
seepage trends. We calculated the normalized window root
mean square (rms) sonar return, o, for sonar return intensity
over a depth window, and values of ¢ greater than the noise

level are identified as seepage (fig. 18). Because the length of
a sample is a few centimeters, the rms sonar return represents
the contrast between clumps of bubbles or the bubble plume
and the surrounding bubble-free fluid. This return is computed
for a depth window that can be at two fixed depths (Hornafius
and others, 1999) or for a bottom-following window. We

used the latter to improve the signal to noise ratio. The depth
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Figure 18. A, Sonar return for a transect line through Trilogy seep (775 s) with respect to transect time. Arbitrary color scheme with
red higher and blue lower sonar return. Fish return signals have been removed from this line. B, Bottom-bounce normalized, rms sonar
return (o) for bottom-following depth window. Red line shows noise level. For location of Trilogy seep see fig. 7.
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Figure 19. Schematic showing sonar beam during tow
through seep field with along-track current, illustrating
geometric uncertainty and mixing of signal return

from multiple seep plumes in the ping. In this case, the
geometry is offset by 3°.

Seabed

Figure 20. Images of Edgetech sonar during the MBARI sonar-bubble calibration study. Left photo, bubble manifold emitting a stream of
bubbles next to sonar unit. Right photo, Surface of the test tank showing the sonar unit approaching a bubble plume.
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window extended from several meters above the bottom to a
fixed water depth, set below noise associated with the sea sur-
face. It is important to keep the bottom of the depth window at
several meters above the seabed to avoid disturbance by fish,
which are frequently present near the seabed, and to prevent
seabed features from entering the window. The new depth
window increases (smears) the spatial extent of bubble plumes
due to currents but misses fewer plumes that currents may
transport out of the sonar beam. For deeper seeps, a bottom-
following depth window should be used with caution, because
a depth window that is too thick would average the effects

of bubble dissolution on sonar return intensity. Figure 19
illustrates the common geometry of a single-beam chirp sonar
showing the uncertainties found when measuring multiple
seep plumes.

Sonar Calibration Test

A calibration study was conducted in the Monterey Bay
Aquarium Research Institution (MBARI) test tank, and a
single-beam Edgetech chirp sonar (previously used in field
studies) was suspended in the water column and moved
by a crane to traverse the plume for a range of bubble flow
rates (fig. 20). An Imagenex, DeltaT multibeam sonar was
mounted with the Edgetech to contrast single versus mul-
tibeam data. The intercalibration experiment revealed that
the chirp-sonar return was highly insensitive to bubble flow,
varying by a factor of ~2 for a change in bubble flow rate of
10°. Very small bubble plumes were invisible to the sonar.
The best interpretation of this data was that the single-beam
sonar was responding to the plume-scale density variations,
such as puffs, and that the insensitive response was due to
the plume diameter and (or) the size of eddies generated
(which leads to density structures in the plume) is weakly
dependent on bubble flux.

Analysis of the chirp-sonar data revealed an undocu-
mented, software feature whereby the ping intensity was
renormalized on an approximately five-sample frequency
timescale (every 10 cm). The renormalization may enhance
density differences in the single-beam chirp sonar data;
however, it cannot be deactivated and makes interpretation of
water column data difficult to impossible. In contrast, the Del-
taT multibeam sonar had far greater sensitivity to bubble flow
than the Edgetech single-beam sonar, due in part to its higher
frequency (4-24 Hz). Moreover, multibeam sonar enables
correction (and calibration) for the geometric uncertainties
inherent in single-beam sonar. Due to these two factors, it
was concluded that future efforts should focus on multibeam
sonar technology. However, the DeltaT multibeam is an 8-bit
system and saturates extremely rapidly. A multi-ping approach
was developed, whereby successive pings are ramped in gain
to create a pseudo-higher range system. Typically four pings
were ramped through 20 dB, providing an effective repeat
sonar ping rate for the range needed for these shallow seepage
systems of ~4 Hz.

During the course of the study, USGS acquired a Reson
Seabat 7125 multibeam sonar, and UCSB acquired an Ima-
genex, DeltaT multibeam sonar. UCSB personnel mapped a
small area around Trilogy seep several times in 2009 using the
new DeltaT system. These new systems are actively being tested
for their utility in imaging and quantifying gas seep emissions.

The USGS has mapped the Coal Oil Point seep field
several times (fig. 21), the last time with the Reson system in
June 2010 (cruise S-13-10-SC). We mapped selected seeps,
some twice, with a pole-mounted Reson Seabat 7125 multi-
beam with a 10° forward rake. Our efforts to date focus on
the data reduction and data visualization strategies employed
while processing more than 1.2 TB of raw water-column data
collected by the multibeam system primarily over Trilogy,
Seep Tent, and La Goleta seeps in water depths that ranged
from about 30 to 80 m (fig. 22). Turnkey software solutions
for processing these data are currently unavailable, so most of
the processing code was developed by the USGS.

The main challenge in processing the sonar water-column
data is ray-tracing the large volume of data, because each ping
contains more than 4,500 times as many samples as a conven-
tional multibeam ping. We employed two strategies to make
processing tractable on conventional workstations: (1) decimate
the raw data based on desired output resolution before ray-
tracing and (2) design the ray-tracing program to run in paral-
lel on multi-core workstations. Utilizing an 8-core, 3.00 GHz
Intel Xeon X5365, we achieved a processing throughput rate
of 14 MB/s, while utilizing only 12 percent of the available I/O
bandwidth (the code is CPU-bound). Processing 1.2 TB of raw
water-column data to the point of statistical analysis and visual-
ization required about 25 hours of computation and resulted in
an output data set of about 200 GB. We demonstrated the utility
of this system in water-column seep mapping; the next step is
to calibrate the system at sea with known gas emissions from an
artificial seep (gas manifold at the seafloor), using known gas
flow rates, bubble size, and plume dimensions.

0il Emission Measurement

In collaboration with Clean Seas, an oil collection experi-
ment was conducted (fig. 23); two response boats deployed
several hundred feet of oil boom in a U configuration around
Horseshoe Seep to collect surface oil drifting into the boom
(fig. 23). For several hours, the two boats maintained position,
while observer scientists in a small boat waited for sufficient
oil to accumulate to be able to quantify the amount of oil cap-
tured. During the wait, scientists observed that the emissions
from the seep area shifted between oil-dominated emissions
and gas-dominated emissions on a half-hour timescale. This
behavior was similar to the slug-flow behavior observed by
Leifer and Wilson (2007) on a longer (tidal) time-scale. Unfor-
tunately, after approximately 90 min, oil ceased accumulating
in the oil boom and oil that was collected in the boom sank
when waves tugged erratically on the boom. Thereafter, the
system achieved rough equilibrium with a continuous supply



of new oil into the boom replacing sinking oil—in effect,
creating a continuous sinking-oil source. This led to the con-
clusion that oil weathering (evaporation) was responsible for
increasing the oil’s density, leading to oil sinking.

Supporting this hypothesis were the results of a slick-
tracking experiment; hollow glass microspheres (~70 pm
diameter) were used to mark an oil patch, which also showed a
similar weathering-sinking process. Oil that had been tracked
for a distance of a few kilometers began widespread sinking in
the early afternoon. Although potentially anecdotal, oil sinking
occurred within an hour after morning low-level clouds had
burnt off, exposing the oil to more solar radiation and pho-
tolysis. A potential solution to the oil-sinking phenomenon
is to skim the oil collected by the boom to onboard storage
containers, allow it to settle, and then quantify the amount of
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oil collected. However, because such collected oil is classified
as hazardous waste and extremely expensive for disposal, the
experiment was not conducted. The physics-based remote-
sensing approach to deriving quantitative oil thicknesses that
was developed in support of oil spill response (Clark and
others, 2010b) may be applicable to estimating oil emission at
Coal Oil Point.

Temporal Variability of Seeps

Understanding temporal variability, both short term and
long term, is critical to evaluating the applicability of an emis-
sion value measured on any particular day and to understand-
ing the geological and environmental context. These concepts
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Figure 21. Map of ship tracklines, traversed during four acoustic surveys of seeps south of Coal Qil Point during 2007-2010, and seep
locations and numbers collected during 2008-2010. Various instruments were used to image and quantify seep gas emissions. USGS
cruise numbers for each ship trackline identify metadata available at http://walrus.wr.usgs.gov/infobank/programs/html/ids2idshtml/

htmls/a_ids.html.
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Figure 22. Composite amplitude
maps of gas plumes rising up through
the water column at Triology seep
(see fig. 7) as recorded by multiple

L overlapping passes with the Reson
7125 multibeam sonar. Dimensions of

Trilogy Seep, Coal Qil Point, Santa Barbara

June 18, 2010
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are partly documented in Bradley and others (2010) and partly
summarized here.

Hourly total hydrocarbon (THC) data, collected from
1990 to 2008 by a California air pollution station located
near the Coal Oil Point seep field, were analyzed and clearly
showed geologic CH, emissions as the dominant local source.
The Santa Barbara Air Pollution Control District has moni-
tored THC at the West Campus Station (lat 34°24.897' N.,
long 119°52.770" W.) since before 1991. The West Campus
Station is situated along a south-facing coastline at 11-m
elevation in coastal grass/scrub lands ~0.5 km from the shore-
line (fig. 7). The Coal Oil Point seep field lies within an 8-km
arc of West Campus Station from 130° to 240°, with strong
inshore seeps, such as Horseshoe Seep, within 2 km. Devereux
Slough lies east of West Campus Station while the Ellwood
Marine Terminal oil storage tanks and facility (Venoco, Inc.)
are to the west-northwest (figs. 7, 24).

Variability in West Campus Station data arises from two
sources, transport and emission, that both must be considered
to understand the source strength component. The after-
noon sea breeze has the narrowest range of wind directions
(most consistent) of any time of day and the broadest wind
speed range. The greatest THC variability in concentration
occurs near 0900 and 2000 PST, while lower THC variability
tends to occur in the afternoon (Bradley and others, 2010).
Regarding seasonal trends and varying day length (which
affects sea breeze duration), southwest winds are the most
frequent in summer, while northeast winds are dominant
in winter. Summer wind speed has a broader peak than in
winter months; however, winds greater than 7 m s™' are most
frequent in the spring owing to weather systems. THC shows
a more subtle seasonal pattern, with little variability in peak
values, although summertime THC values generally were
lower (Bradley and others, 2010). THC shows a compara-
tively dramatic shift in the long-term trend near 1997, with a
decrease in probability for high values prior to this date and
an increase afterwards (Bradley and others, 2010) with no
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corresponding inter-annual surface-wind trend. The multi-
year trend, when viewed in terms of mean THC for 5° wind-
direction bins, suggests that seep field emissions may have
peaked in 2004-2005.

Not only does the angular distribution of seepage show
very good correspondence with sonar-mapped seepage emis-
sions (fig. 24), but THC levels for winds from the seep field
directions have THC high concentrations. Peak values cor-
responded with the 215°-245° sector, which includes nearby
(Shane seep) and more distant sources (HolOil seep and Plat-
form Holly) (Bradley and others, 2010). The highest value
was ~152.5° (La Goleta and inshore seeps). The highest THC
values arise for winds from the seep-field direction (fig. 24),
which demonstrates that the Coal Oil Point seep field is the
dominant THC source at West Campus Station, especially
considering that THC values for the marine sector would oth-
erwise be expected to be lower than for terrestrial sectors.

In addition to the West Campus Station seep-data trends,
other effects can alter subsurface hydrocarbon pressure
(Fischer, 1977; Leifer and others, 2010), such as synoptic or
geologic events that influence emission flux. Internal geologic
processes likely are the dominant force for West Campus
Station THC emissions on inter-annual time scales. Thus, a
decrease in seepage implies seabed emissions are greater than
resupply from the Monterey Formation, which leads to depres-
surization of near seabed reservoirs. Conversely, an emission
increase must result from an increase in deep migration due to
the opening of new pathways, possibly generated by earth-
quake processes. Observations since the 1940s (Fischer, 1977)
suggest slow emission changes on decadal and longer time
scales.

Likely external (environmental) processes with the
potential to affect seep-field emissions are primarily storm
related. Storms can scour the seabed, dislodging or open-
ing tar caps that seal migration pathways. Storms also may
affect seepage through swell-related hydrostatic pumping (.
Leifer, unpub. observations, 2009). An interesting hypothesis

Figure 23. Aerial images of the oil hoom collection experiment at Horseshoe seep, July 13, 2006. A (see fig. 7 for location), Clean Seas
vessels hold an oil boom in place as the wind blows the fresh oil slick into the boom. The main portion of Horseshoe seep is to the
lower left. B, Closer view showing bubble plume source of oil. C, Enlarged image of collected oil, ~1|. This enlargement was contrast-

enhanced to show sinking oil plume (reddish area above the plume).
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is that rains could affect seepage through aquifer recharge.
Rock strata extends from the coastal plain under the seabed
and is penetrated by faults onshore (Jackson and Yeats, 1982)
and offshore (Leifer and others, 2010) that provide potential
pathways for seep migration. Monthly probabilities of high
THC events show peaks in November and in February—March,
which could be related to storms and rainfall occurring during
the winter rainy season.

Tarball Accumulation Data

Tar accumulation data on Coal Oil Point beaches were
collected sporadically over the last four years. Prior to this
study, a total of 57 days of tar collection spanning approxi-
mately one year (2007) were analyzed by Del Sontro and
others (2007); statistical analysis of the tar data and environ-
mental variables showed a very strong (order of magnitude)
seasonal variation in tar accumulation and only 30 percent of
the variability was explained by transport.

Recommended Steps in Remotely
Quantifying Seep Emissions

Multibeam Sonar

One of the new technologies is multibeam sonar, which
provides improvements in spatial resolution that are orders of
magnitude higher than chirp sonar. This vastly higher spatial
resolution allows far finer scale structure to be identified.
Multibeam sonar also has the capability to address several
geometric challenges that cannot be addressed by single-beam
sonar. Rotating multibeam sonar can allow for discriminating
seep bubbles from fish.

Remote Sensing Derivation of Qil Thickness

A multiagency/university effort (USGS, NOAA, UCSB,
Desert Research Institute, U.C. Santa Cruz, and U.C. Davis)
led by the National Aeronautics and Space Administration

Figure 24. A, Mean and B, maximum total hydrocarbon (THC) concentrations for 5° hinned wind direction (outer and inner color wheel,
respectively) overlain on Santa Barbara terrain map (Google Maps, 2010), with sonar contours representing relative gas seepage rates (fig.
7). Blue to red color scale for Ais 1.7 to 2.7 ppm and for maximum values Bis 0to 17 ppm. C, Plots of THC versus wind direction. Filtered data
2-4 m s for 2005 and 2006, unsmoothed 1° data (yellow) and smoothed 3° moving average (black). From Bradley and others (2010).
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(NASA) was mobilized to respond to oil spills. As part of
this effort, a new physics-based, remote-sensing approach to
quantify oil thickness was developed for imaging spectromet-
ric data collected from the Airborne Visible/Infrared Imaging
Spectrometer (AVIRIS) data flown on the NASA Lockheed
ER-2 stratospheric airplane. AVIRIS collects the reflectance
spectrum from 380 to 2,500 nm in 224 channels with a ~10-
nm bandwidth (Green and others, 1998).

In reflectance, light at different wavelengths penetrates
an absorbing layer to different depths owing to varying
absorption and scattering (Clark, 1999), which enables dif-
ferent wavelengths to probe an oil or oil-emulsion layer to
different depths (fig. 25). This creates a skew in an absorption
feature, or “shoulderness,” schematically illustrated in figure
25A-D. Furthermore, the continuum is shaped by nearby
water absorptions, which are affected by the oil-to-water

emulsion ratio. For thin oil, light for wavelengths spanning
the absorption feature penetrates the oil and is absorbed by the
underlying water (fig. 25B). For thick oil, light inside and out-
side of the feature is absorbed and scattered by the oil without
reaching the underlying seawater, so there is no layer thick-
ness effect on the spectra. For intermediate-thickness slicks,
longer-wavelength light in the absorption bands penetrates
better than shorter-wavelength light. As a result, enhanced
absorption of longer-wavelength light in the feature by the
underlying water (fig. 25C, wavelength b) skews the feature.
Clark and others (2010b) showed that the overall Near-
infrared (NIR) reflectance spectrum changes with oil thickness
(fig. 25) and with the oil-to-water emulsion ratio (fig. 264, B).
Meanwhile, clear water is extremely absorbing in the NIR
reflectance spectrum, and as a result, the spectral sensitivity
to emulsification is also strongly sensitive to slick thickness.

60% oil
40% water

Figure 25. lllustrations showing light scattering in oil on water. Arrow length indicates amount of scattering intensity. A, Example
spectrum with three wavelengths labeled a, b, and c. For thin oil (B), light with wavelengths both in and out of absorption bands
penetrates through the oil. For thicker oil (C), light at wavelengths in absorption bands is absorbed before it penetrates very deeply
(wavelength b). At less absorhing wavelengths, light penetrates deeper (wavelengths a, c). If the oil layer is thin (B, all wavelengths; C,
wavelengths a, c), light at some wavelengths will penetrate into the water. At infrared wavelengths, light that enters the water is mostly
absorbed because of the combination of water’s relatively strong absorption coefficient and relatively low density of scattering centers.
The oil’s thickness, spectral absorption features, and light scattering all contribute to the observed absorption band shapes and their
depth in reflectance spectra of such surfaces. If the oil is very thick (D), the total thickness is not probed at any wavelength—a, b, or c.
E, Laboratory spectra of two different thicknesses of the same emulsions from an oil sample. Spectra were recorded for samplesin a
quartz-glass window cell over a water substrate contained in a glass jar painted flat black on the inside. Black lines illustrate continuum

endpoints. From Clark and others (2010b).
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A B

0il: Water Ratio for 60:40 Oil Water Emulsion
Thick Emulsion

Emulsion Thickness
60:40 Oil: Water 8 mm

1.85 mm
Visible
Spectrum 0.1 mm
0.05 mm

Figure 26. A, Oil:water emulsion spectra for a range of oil-to-water ratios for thick oil. B, Spectra of a 60:40 oil-to-water ratio emulsion
over a range of thicknesses. From Clark and others (2010b).

Figure 27. A, False color AVIRIS image, including clouds. Oil thickness: red, 2.46 microns; green,1.60 microns; blue, 0.55 microns. B, RGB
map of band absorption strength, which correlates with oil thickness. Qil thickness: red, 2.30 microns; green, 1.73 microns; blue, 1.20
microns. C, Visual AVIRIS oil scene. D, Tetracorder oil-to-water emulsion ratio map. From Clark and others, (2010b).



Emulsion thickness has a small effect on visible reflectance
spectra (fig. 26B). In contrast, the oil-to-water emulsion ratio
strongly affects the visible reflectance spectrum (fig. 264, B).

Quantitative 0il-Spill Mapping

Quantitative oil-spill mapping using remote sensing is
an emergent technology that could be used at Coal Oil Point
to quantify oil emission. Clark and others (2010b) mapped oil
volume using the Tetracorder spectral identification software
(Clark and others, 2003b), which identifies the best fit to a
spectral library of oil-to-water emulsions and oil thicknesses
for each AVIRIS pixel, after correcting for the solar spectrum,
atmospheric gas absorptions, and aerosol scattering features
based on Atmospheric Correction Now (ACORN) radiative
transfer calculations and vegetation-free calibration beach/
airport tarmac spectra measured with a hand-portable spec-
trometer. The spectrometer probes different thicknesses of oil
and translates the spatial patterns related to thickness into a
colored map of the absorption features (fig. 27B). The resul-
tant map captures the asymmetry caused by oil spreading and
also documents hydrocarbons in clouds. Clearly the applica-
tion of this technology to remotely quantify Coal Oil Point oil
would be beneficial.

Air Pollution Data

The analysis of the West Campus Station 1-hour THC
data was used to look at the relation between seepage and

geology, as well as the effect of environmental forcing factors.

Starting in 2008, 1-minute data were collected, improving the
temporal resolution by a factor of 60. Because of the need to
segregate data according to wind direction, this is a highly

2008

THC (ppm)

Wind Direction
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significant improvement in the data quality. The higher time
resolution of the newer data allows analysis at far higher tem-
poral resolution. For example, the data shows the importance
of transient emissions (fig. 28), which was not discernable in
the hourly data. It also shows how transient increases extend
over a large portion of the seep field; the strongest increases
are in the Seep Tent seep and Trilogy seep areas.

Tarball Accumulation Data Analysis

Tarball accumulation data on Coal Oil Point Beach
should be analyzed to enable inter-annual trends that could not
be identified in the data collection period analyzed in Del Son-
tro and others (2007), which covered less than a year. Further
data collections would improve understanding of long-term
trends, such as the effect of El Nino cycles.

Conclusions

We were successful in (1) documenting seep locations
and geochemically fingerprinting natural seep oils or tar; (2)
geochemically fingerprinting coastal tar residues and potential
tar sources in the study area, both onshore and offshore; (3)
establishing chemical correlations between offshore active
seeps and coastal residues, thus linking seep sources to oil
residues; and (4) interpreting some of the geological context
influencing the location and emission of natural seeps.

Biomarker and stable-carbon-isotope ratios were used
to infer the age, lithology, organic matter input, and deposi-
tional environment of the source rocks for 388 samples of
produced crude oil, seep oil, and tarballs mainly from coastal
southern California. These samples were used to construct a

B
34°25'
Coal Oil Point
34°04°
34°23
34°22'
119°56"  119°55"  119°564" 119°53" 119°52" 119°51" 119°50" 119°49’

Figure 28. Total Hydrocarbon Concentrations (THC) of 2008 sample from West Campus Station (WCS) as a function of wind direction
showing high temporal variability in seep-field emissions. B, Reference wind-direction map. LGS, La Goleta seep; SHS, Shane seep; STS,
Seep Tent seep; TRI, Trilogy seep. See fig. 7 for location. From Bradley and others (2010).
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chemometric fingerprint (multivariate statistics) decision tree

to classify additional samples, including tarballs of unknown
origin collected from Monterey County and San Mateo County
beaches after a storm in early 2008. All active offshore platform
oils and one inactive platform oil representing a few oil reser-
voirs from the western Santa Barbara Channel were used in this
analysis. The chemometric model produces robust results for
hydrocarbons associated with Miocene rocks in California that
contain oil deposits and highlights those that do not.

The results identify three tribes of *C-rich oil samples
inferred to originate from thermally mature equivalents of
the upper siliceous unit, middle shale unit, and lower calcare-
ous unit of the Monterey Formation. Tribe 1 contains four oil
families that have geochemical traits of clay-rich, marine-shale
source rock. Tribe 2 contains four oil families with intermedi-
ate traits, except for abundant 28,30-bisnorhopane, that indicate
suboxic to anoxic, marine-marl source rock. Tribe 3 contains
five oil families with traits of distal marine-carbonate source
rock. Tribes 1 and 2 occur mainly south of Point Concep-
tion in paleogeographic settings where deep burial of the
Monterey Formation source rock favored oil generation from
all three units or their equivalents. In this area, oil from the
upper siliceous unit and middle shale unit (tribes 1 and 2) may
overwhelm oil from the lower calcareous unit (tribe 3), because
the latter is thinner and less oil-prone than the overlying units.
Tribe 3 occurs mainly north of Point Conception, where shallow
burial caused preferential generation from the underlying lower
calcareous unit or another unit with similar characteristics.

We attempted to clearly distinguish the naturally occur-
ring seep oils from the anthropogenically derived platform
oils. Within the 388-sample training set of oils and tars, the
biomarker parameters are sometimes sufficient to allow unique
discrimination of individual platform oils. However, produced
platform oil samples and seep samples from geographically
close sources have biomarker parameters that are too similar
to each other to definitively differentiate them using only bio-
marker parameters. In some cases, other parameters, related to
the degree of biogeochemical degradation or weathering that
the oils or tars have experienced, can be helpful. These param-
eters include the typical oil distribution of n-alkane hydrocar-
bons and isoprenoids pristane and phytane. All of the platform
oils in our sample set contain these parameters.

Conversely, the seep oils have been exposed to significant
biodegradation while in the near subsurface sediments. The
majority, but not all, of seep tars in our sample set have been
biodegraded to, or beyond, the point of loss of n-alkanes and
isoprenoids. Seep oils found in the vicinity of Coal Oil Point
are the least weathered samples, and a combination of chemo-
metric fingerprinting and the presence or absence of n-alkanes
and isoprenoids help to differentiate these two classes (anthro-
pogenic production oils as opposed to natural seeps) of oils
and tars.

The differentiation between anthropogenic production
oils and natural seeps 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 the platforms of the Dos Cuadros Oil Field,
where seep oils and platform oils are genetically very similar
and cannot be definitively distinguished after a period of a few
days of weathering. In contrast, oils from the platforms of the
Point Arguello and Point Pedernales Oil Fields can be dis-
tinguished on the basis of chemometric fingerprinting alone.
In the middle of this spectrum are oils from platforms such
as Harmony, Heritage, and Hondo, where we expect that oil
weathering would take on the order of 2 weeks to a month to
produce tarballs similar to those seen near Point Conception.

Platform-produced oils are only classified in tribes 1 and
2, within families 11, 12, 13, 14, 211, 212, 213, and 22. Tribe
1 oils are restricted to the Los Angeles Basin and the eastern
Santa Barbara-Ventura Basin. Family 13 is the most com-
mon family from this area and the most common oil family
overall (~40%) that was analyzed in these studies. The western
Santa Barbara-Ventura Basin (west of Platform Holly) and the
Southern Santa Maria Basin oils are mainly in tribe 2. Tribe
3 is not represented by any oil in southern California and,
therefore, must have sources outside this area, likely in little-
explored basins offshore of the central coast of California.

Tribe 3 tarballs have no known seep or oil source. The
most frequent tarball family (22) occurs in 55.6 percent of the
samples, in 36.5 percent of all seeps, and from 14.2 percent
of produced oils. The most frequent oil family (13) comprises
almost 40 percent of the produced oils, 9.1 percent of all seeps,
and 0.4 percent of the tarballs, indicating that past oil spillage is
very unlikely. Extreme biodegration prevented 51.7 percent of
the seep samples from being classified by our model.

Surface oil slicks from the Coal Oil Point seep field
weathered after a few hours and began sinking, suggesting that
a significant amount of oil from the seep field sinks into the
water column and is deposited on the seafloor.

We used the unique combination of 3-D seismic modeling
and sonar-seepage mapping to elucidate details on the rela-
tion between seepage and geological structures. We noted that
migrational recharge of the shallow seepage in Coal Oil Point
is not only from deeper offshore Monterey Formation towards
onshore but also from the east and west. Seepage is strongly
controlled by the axes of anticlines, showing a strong relation
between anticline depth and seepage strength. Seepage also was
strongly delineated by the hanging wall of a reverse thrust fault.

Through the use of hourly atmospheric measurements at
West Campus Station and sector analysis, we derived emission
trends for the seep field spanning two decades, which showed
that Hornafius and others (1999) measured emissions at a
period of relative minimal activity and that current emissions
are significantly larger. The spatial distribution of seepage
also may have been reduced in extent to largely the Seep Tent
seep during the time period of minimal seepage. Further-
more, results also supported the hypothesis that winter storms
could correlate to strong emission events. Seasonal methane-
emission trends were the opposite of those for tar, which were
significantly greater in the summer than in the winter.



Looking forward, several new technologies and appli-
cations show excellent potential for the remote sensing and
quantification of seep gas and oil. When calibrated to gas flux
in the water column, multibeam sonar can quantify gas emis-
sion and, when the oil-to-gas ratio is known, can quantify oil
emission. New techniques are being developed using airborne
infrared, and visual spectrometers can quantify the thickness
of oil on the sea surface, allowing measurement of spilled oil
and seep oil volume.
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Appendix 1. Geochemical Parameters used in Tarball Studies

Parameters are organized by compound class then by order of elution. Parameters used for the chemometric analysis are

indicated by red numbers.

Whole oil

1. 3"C, the carbon isotopic composition of whole tar
residues—These compositions are useful for oil and
source rock correlations (Peters and Moldowan, 1993).

Saturate fraction
2. Alkanes—A descriptor where 0 = no n-alkanes present in
the tar/oil and 1 = n-alkanes present.

3. Pr/Ph, pristane/phytane—This is a widely used source
parameter (Peters and Moldowan, 1993) based on
the two most common isoprenoids in crude oils.
These compounds are readily lost by degradation
and are not present in most of the tarballs in this
study, although they are prominent in unweathered
production or crude oils.

Triterpanes (hopanes), m/z 191 SIM chromatograms

4. Ts/Tm, 18a-22,29,30-trisnorneohopane/17a-22,29,30-
trisnorhopane—This ratio is used as both a source
and maturity parameter (Seifert and Moldowan, 1978).

5. Triplet, (C,tricyclic terpane (S?) + C,~tricyclic terpane
(R?)/C,,-tetracyclic terpane)—This source parameter
was used to distinguish coastal tar residues in Prince
William Sound (Kvenvolden and others, 1995).
Abundant C,, tetracyclic is cited (Peters and others,
2005) as indicating carbonate and evaporite source
facies, therefore lower values of this ratio (since C,,
is the denominator) indicate this characteristic.

6. 23Tri/C,, C,, tricyclic terpane/17a,21B(H)-hopane—This
ratio is a source parameter adapted from Peters and
Moldowan (1993).

7. 23Tri/Cy, C,, tricyclic terpane/17a,21B(H)-30-norho

pane—This ratio is a source parameter adapted from
Peters and Moldowan (1993).

8. 20Tri/23Tri, C,, tricyclic terpane/C,, tricyclic terpane—
Source parameter.

9. 22Tri/21Tri, C,, tricyclic terpane/C,, tricyclic terpane—
Source parameter, used by Peters and others (2005)
to help distinguish lithofacies.

10.  24Tri/23Tri, C,, tricyclic terpane/C,, tricyclic terpane—
Source parameter, used by Peters and others (2005)
to help distinguish lithofacies.

11.

12.

13.

14.

15.

16.

18.

19.

26Tri/25Tri, C, tricyclic terpanes/C, tricyclic terpanes,
peak areas—Source parameter; high values (>1)
indicate a lacustrine depositional environment,
whereas lower values indicate a marine source.

28Tri/29Tri. C,, tricyclic terpanes/C,, tricyclic terpanes,
peak areas—Source parameter.

C,/C,,, 170,21B(H)-30-norhopane/17a.,213(H)-
hopane—This ratio is a source parameter adapted
from Palacas and others (1984).

29D/29H, 180(H)-30-norneohopane/17a,21B(H)-30-
norhopane—Source parameter

C,,S/(S+R), 170.,21B(H)-homohopane
(22S)/170.,21(H)-homohopane (22S+22R)—This
epimer ratio is a hopane maturity parameter used
extensively in petroleum geochemistry; the equilib-
rium ratio at full maturity is ~0.6 (Ensminger and
others,1974; Mackenzie, 1984).

C,,S/C,, 17a,21B(H)-homohopane (22S)/17a,21B(H)-
hopane—Source parameter.

355/348S, 170,21 B(H)-29-pentakishomohopane
(22S)/170,21B(H)-29-tetrakishomohopane (22S)—
Higher C than C,, 22S homohopanes is an
indication of carbonate/evaporite facies or anoxic
depositional environment.

BI, Bisnorhopane Index,
28,30-bisnorhopane/17a,213(H)-hopane—This
source ratio has been used to characterize oils from
the Monterey Formation. The presence of
28,30-bisnorhopane, in addition to indicating a
marine, highly reducing depositional environment
(Curiale and others, 1985), is reported to be
passed on from bitumen rather than generated
from kerogen and, therefore, decreases with
thermal maturity (Peters and Moldowan, 1993).
Therefore, this ratio would be higher in oils
sourced from near-surface facies.

OI, Oleanane Index, 18a+p(H)-oleanane/17a,21B(H)-
hopane—This commonly used source parameter
indicates a contribution from Cretaceous and
younger plant material (Peters and Moldowan,
1993). In the California coastal tars, oleanane is

generally present, but in low amounts.
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20. GI, Gammacerane Index, gammacerane/17a,21B(H)-
hopane—This ratio is used as a source parameter;
abundant gammacerane is a carbonate/evaporite
facies indicator and a marker for highly reducing,
hypersaline depositional environments
(Peters and Moldowan, 1993).

Steranes, m/z 217 SIM chromatograms

21.  C,S/(S+R), 24-ethyl-5a,140,17a(H)-cholestane (20S)/
24-cthyl-5a,14a,17a(H)-cholestane (20S+20R)—
This sterane epimer ratio is commonly used as a
maturity parameter; the equilibrium value at full
maturity is ~0.5 (Mackenzie and others, 1980).

22. C,/C,, 24-methyl-5a,140,17a(H)-cholestane (20R)/

24-cthyl-5a,140,17a(H)-cholestane (20R)—This

source parameter has been modified from

discussions in Grantham and Wakefield (1988) and

Waples and Machihara (1991).

23.  Dominant sterane(s)—This descriptor indicates the
sterane(s) that is most prominent in the m/z 217
chromatogram. The m/z 217 chromatogram may
also include a fragment of bisnorhopane (BN),
which is noted if it is one of the most prominent
peaks. This gives information on the extent of
sterane degradation in these systems.

24.  o27R/Hop, a Sterane Index, 5a,140,170(H)-
cholestane/170.,213(H)-hopane—This parameter
gives an indication of relative proportions of a
common regular sterane to hopane. In this study it
helps track sterane biodegradation.

25.  nor26&27/Hop, another Sterane Index, two tentatively
identified steranes, C,, 24-nor-5a.-cholestane
(Moldowan and others, 1991) and C,, 27-nor-
24-methyl-5a-cholestane (Schouten and others,
1994), indexed to hopane—This is a source
parameter and may serve as a maturity parameter,
particularly in subsequent studies when deeper
production oils are considered.

T/(T+M). T = triaromatic steranes (areas), C, to C

a27R/nor27, 5a,14a,17a(H)-cholestane/C,, 27-nor-

24-methyl-5o-cholestane—A sterane parameter
that also tracks sterane biodegradation.

Aromatic Fraction
PAH-RI, Polycyclic Aromatic Hydrocarbon-Refractory

Index—This index is a source parameter, the

ratio of the second, usually major, peak
containing the C, R and C_S members in the
highly refractory C, to C,, triaromatic sterane
suite (TAS, m/z 231) to that of the first,

usually dominant, peak in the monomethyl
chrysenes (m/z 242) (Hostettler and others, 1999).
In this very large data set, this previously descrip-
tive-only parameter does reflect a specific facies
characteristic. PAH-RI goes from low values in
shale, intermediate values in marl, and high values
in carbonate (increasingly anoxic facies) environ
ments. Since PAH-RI compares TAS to a typical
petrogenic C,PAH, high value indicate higher
levels of TAS. TAS are known to be a stable
product of diagenesis of steranes in a reducing or
anoxic environment. Therefore, PAH-RI is
another indicator of the anoxic nature of the
source environment.

m/z 231; M = monoaromatic steranes (alreas),2 8C2 .
to C,,, m/z 253—Aromatic steroid parameter. This
is a thermal maturity and source parameter, widely
used, modified from that described in Peters and
Moldowan (1993). Low values, reflecting
relatively higher levels of the monoaromatic

steroids, indicate low thermal maturity.

YC2D/2C2P, dimethyl dibenzothiophenes (m/z 212)/

dimethyl phenanthrenes (m/z 206)—Source
parameter indicating relative levels of
sulfur-containing PAH to regular PAH

(Kaplan and others, 1997; Bence and others, 1996).

YC3D/2C3P, trimethyl dibenzothiophenes (m/z 226)/

trimethyl phenanthrenes (m/z 220)—Source
parameter as #29.
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