DIAMONDOIDS AND BIOMARKERS IN OIL FROM SAN JOAQUIN BASIN
AND SANTA BARBARA BASIN, SOUTHERN CALIFORNIA

Monporn I\/Iesdakom1, Kruawun Jankaew1, J. Michael I\/Ioldowanz, and David A. Zinniker2

1Department of Geology, Faculty of Science, Chulalongkorn University
2Department of Geological and Environmental Science, Stanford University

Tel: 086-1258439, e-mail: monpornm@gmail.com

Abstract

This research focused on analyzing diamondoids and biomarkers in oils from the San
Joaquin* and Santa Barbara Basins. These archived samples provide an opportunity to identify
mixed petroleum sources in these well-explored basins allowing for the discovery of possible
previously unrecognized cracked oil inputs from deeper sources. Standard solutions and Gas
Chromatography-Mass Spectrometry (GCMS) were used to identify compounds (diamondoids and
biomarkers) and calculate their concentrations. Diamondoid analyses from 89 samples indicate that
42 (18*+24**) samples are uncracked oils with low diamondoid concentrations. Higher diamondoid
concentrations indicate that 38 (24*+14M) samples are mixed oils with dominant slightly cracked
sources and 9 (5*+4“) samples are mixed oils with dominant intensely cracked sources. Biomarker
analyses suggest that the San Joaquin and Santa Barbara Basins source rocks were likely
deposited in hypersaline continental shelf and continental slope with significant plankton inputs,
respectively. In conclusion, both basins oils are of relatively moderate to high maturity, varied in
biodegradation ranks and generated by multiple source rocks (Cretaceous, Paleogene and

Neogene).
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CHAPTER |
INTRODUCTION

1.1 Introduction

Petroleum exploration heavily relies on result from geophysical survey (i.e. seismic survey)
to characterize sedimentary architectures, faults, folds and traps for predicting an area which may
have potential to be petroleum reservoir. Moreover, the exploration also utilized petroleum
geochemistry, such as biomarker analysis, to anticipate the potential of source rock to generate
petroleum. Both geophysics and biomarkers can only be used reasonably effectively in shallow
petroleum exploration. Geophysical data from deep areas provide a challenge in interpretation.
Biomarkers are not stable at high temperatures (direct variation with depth), so they are all
annihilated.

Nowadays, demand for petroleum is continually increasing, so we have to explore for more
petroleum in new areas and at greater depths in existing producing areas. In the last ten years,
geochemists developed a new technique for petroleum exploration in deep areas. It is diamondoid
analysis. Diamondoids are highly stable at high temperatures, so they do not vanish at greater
depths. We can use the diamondoid analysis to predict if we have other deep reservoirs which can
be new prospects of petroleum exploration for our time. When we combine the diamondoid analysis
and geophysical survey together, we probably can anticipate more new potential reservoirs

precisely.

1.2 Problem defined

American geologists have not studied the diamondoids in San Joaquin and Santa Barbara
Basins before, so no one knows where the oil fields that contain inputs from cracked sources are. In
addition, United States Geological Survey (USGS), California Office desire to study more petroleum
systems in these two basins. This senior project was inspired by these two reasons, to prove if

these two basins contain any deep cracked source or not.
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1.3 Hypothesis

1. Most oil samples from the San Joaquin and Santa Barbara Basins are uncracked oils with
low diamondoid concentrations, but some samples may have inputs from deep cracked sources so
they contain relatively higher diamondoid concentrations.

2. The San Joaquin and Santa Barbara Basins are different in depositional environments, so

their biomarker distributions should differ from each other.

1.4 Objectives

1. To identify mixed petroleum sources in these well-explored basins allowing for the
discovery of possible previously unrecognized cracked oil inputs from deeper sources.
2. To compare the biomarker distributions in oil samples from the San Joaguin and Santa

Barbara Basins by using geochemical techniques.

1.5 Scope of work

This research project focuses on analyzing 47 and 42 oil samples from the San Joaquin and
Santa Barbara Basins to specify the oil fields that contain inputs from deep cracked sources, as
indicated by high diamondoid concentrations and to reveal the types of oil, maturity levels,

depositional environment, source inputs, and biodegradation.

1.6 General statements

1.6.1 Petroleum geochemistry

Petroleum geochemistry is an important technique in the exploration and production of
petroleum. It is a discipline that includes the applications of organic geochemistry to study origin,
formation, migration, accumulation and alteration of petroleum (Magoon and Dow, 1994).

In particular, petroleum geochemistry is a tool that can improve exploration efficiency by
identifying the processes that lead to the availability of petroleum in reservoirs. These processes
include the input, accumulation and preservation of organic matter in depositional environments, its

burial history in the sediment, and its alteration.
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Applications of petroleum geochemistry can be summarized into 4 main schemes: (1)
petroleum systems (2) biomarkers and stable isotopes for oil-oil and oil-source rock correlations (3)
3-D basin modeling and (4) secondary processes such as biodegradation, water-washing and
migration that alter the composition and usually degrade the quality of petroleum (Peters and
Fowler, 2002).

1.6.2 Diamondoids

Diamondoids are ultra-stable, saturated hydrocarbons. They have a diamond-like structure
consisting of six-member carbon rings fused together. They are called "diamondoids" because their
carbon-carbon framework constitutes the fundamental repeating unit in the diamond lattice
structure as shown in Figure 1.1. The fundamental formula of diamondoid can be concluded in
CnigHunir Which n starts from one. Adamantane is the smallest diamondoid which consists of one

sub-unit of diamond lattice structure (Mansoori, 2007).

Figure 1.1: The relation between lattice diamond structure and (i) adamantane,
(i) diamantane and (iii) triamantane structures (Mansoori, 2007).
1.6.3 Biomarkers

Biomarkers are compounds that organisms produced, and then they were transformed
during diagenesis-catagenesis to form another compound that had a similar molecular structure to
the precursor and are collected in ail. Figure 1.2 shows an example of biomarker and its precursor.

Biomarkers are important hydrocarbon compounds which can be used to make oil-oil and
oil-source rock correlations. The biomarker distributions in oil can be used to infer characteristics of
the source rock that generated the oil without examining the source rock from core drilling itself.
Moreover, biomarkers can reveal the kerogen type, the age of the source rock, the depositional

environment such as marine, lacustrine, delta or hypersaline, the lithology of the source rock
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(carbonate and shale) and the thermal maturity of the source rock during generation (Peters and

Moldowan, 1993).

Figure 1.2: Molecular structure of oleanane which is transformed from taraxer-14-ene

and olean-12-ene which is generated from flowering plants (Moldowan et al., 1994).

1.7 Study areas
1.7.1 San Joaquin Basin

The San Joaquin Basin (Figure 1.3) is a major petroleum province located in the southern
half of California’s Great Valley. It is approximately 700 km long. It is an asymmetrical basin that
originated between a subduction zone to the west and the Sierra Nevada to the east. Sedimentary
fill-up and tectonic structures in the San Joaquin Basin have been recorded from Mesozoic through
Cenozoic. Sedimentary architecture in the San Joaquin Basin is complicated because of its tectonic
regimes, its lateral changes in depositional environment and temporal changes in relative sea level.
The basin is filled with marine sediments overlain by continental sediments. There are some places
deposited largely by streams draining mostly from the mountains, and partially by lakes that
inundated portions of the basin from time to time. Most of the continental sediments are fine-
grained: clay, sandy clay, sandy silt, and silt.

The San Joaquin Basin is filled with organic-rich marine rocks of Late Cretaceous, Eocene,
and Miocene ages providing the source of most of the oil and gas during periods of sea level
transgression and anoxia (Figure 1.4). Generated on the basin’s west side, hydrocarbons migrated
into nearly every facies type in the basin; from shelf and submarine fan sands, diatomite, shale,

nonmarine coarse-grained rocks and schist (Scheirer and Magoon, 2007).
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Figure 1.3: Map of the San Joaquin Basin (gray shading) (Modified from Lillis and Magoon, 2004).

Figure 1.4: North-south chronostratigraphic correlation chart of the San Joaquin Basin

(Johnson and Graham, 2007).
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1.7.2 Santa Barbara Basin

The Santa Barbara Basin is located in Southern California’s offshore (Figure 1.5). This
offshore basin is within the western portion of the Transverse Ranges geomorphic province which is
named because its east-west orientation runs counter to the predominant north-northwest
orientation of the region’s major structural trends.

The oldest known sedimentary rocks in the basin were dated from the Early Cretaceous
(Figure 1.6). The sediments are deposited on a probable metamorphic/meta-sedimentary basement
complex. Mesozoic- and Paleogene-aged rocks in the modern Santa Barbara Basin were originally
deposited in a forearc setting. This sequence of Cretaceous to lower Oligocene is predominantly
marine sedimentary rock.

There are five source rocks (Cretaceous, Eocene, Oligocene, Miocene and Pliocene) in the
basin. Oil and gas that are generated will migrate to nearly every formation (Cretaceous through
Pleistocene). The most important reservoirs are sandstones and fractured biogenic siliceous shales

(Galloway, 2009).

Figure 1.5: Map of the Santa Barbara Basin (green shading) (Modified from Galloway, 2009).
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Figure 1.6: Santa Barbara Basin stratigraphic sequences (Galloway, 2009).
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1.8 Theory and relevant research

1.8.1 Regional geology of Southern California

The unique landscape of Southern California is extremely varied, with high mountains,
expansive deserts, sandy and rocky beaches, bushy hills, and broad river valleys in close proximity
to each other.

Eight physiographic provinces are represented in the varied terrain of Southern California:
the Southern Sierra Nevada, the Southern Coast Ranges, the Southern Great Valley, the Transverse
Ranges, the Peninsular Ranges, the Colorado Desert, the Mojave Desert, and the main part of the
Basin and Range.

The rocks of Southern California are extremely varied. Igneous rocks are exposed in many
places. Mesozoic plutonic rocks similar to granite and Cenozoic volcanic rocks are basalt, rhyolite
and tuff. Sedimentary rocks are also widespread including Mesozoic and Cenozoic shale and
sandstone of marine origin along with thick sequences of Cenozoic terrestrial sedimentary rocks.
Metamorphic rocks are not common. They are represented primarily by schist and gneiss of either
Pre-Cambrian or Mesozoic age.

The mountains of Southern California are relatively young and have formed through normal
faulting under tension in the Basin and Range, folding and reverse faulting generated by
compression in the Transverse Range, and through oblique faulting related to shear stress in
several places along the San Andreas Fault zone as shown in Figure 1.7.

Over the past 800 million years, the western edge of the North American continent has been
affected by several different plate tectonic interactions and events, including continental rifting, a
passive continental margin, a continental-oceanic convergent plate boundary, and a transform
plate boundary. Each of these plate tectonic settings affected the bedrock foundation of Southern

California (DeCourten, 2006).
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Figure 1.7: San Andreas Fault zone with California map (Tasa Graphic Arts, Inc., 2009).

1.8.2 Behavior of diamondoids and biomarkers with maturity

Diamondoids are mainly used to identify the occurrence and estimate the extent of oil
annihilation and the oil deadline (temperature and depth that ultimately converts oil into gas and
pyrobitumen) in a particular basin. They also can be used to identify oils consisting of mixtures of
high- and low-maturity components. Methyl-diamantanes are used for x-axis (Figure 1.8) because
they have relatively high concentrations and are the smallest diamondoids which are not readily lost
to evaporation. Furthermore, adamantane which has the highest diamondoid concentration can be

biodegraded a little bit (Grice, et al., 2000), so methyl-diamantanes are suitable choices to use to
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correlate with biomarkers. C,, OlOLOL stigmastane 20R was chosen for y-axis because it is a
commonly found biomarker in oils and it disappears at the time which diamondoid concentrations
begin to rise. The shape of the curve is the result of decreasing biomarker concentration with
increasing thermal maturity (moving down the y-axis), followed by the oil cracking, resulting in

increased diamondoid concentrations due to their high thermal stability (Dahl, et al. 1999).

Zone of biomarker dilution

(1) late cracking of kerogen in the source rock
-producing low-biomarker light oil

(2) cracking of biomarkers (but not major oil substituents)
in the reservoir or source

Mixtures of highly-mature,
cracked oils with low-maturity
uncracked oils.

Increasing
maturity

Stigmastane (p.p.m.)

Beginning of intense ail
cracking

Zone of intense oil cracking
K cracking of major oils substituents

Increasing cracking

Diamondoid
baseline Methyldiamantanes (p.p.m.)

Figure 1.8: The correlation between the diamondoid concentrations (methyl-diamantanes) and
biomarker concentration (C,, OLOLOL stigmastane 20R) in oils of different thermal maturities, cracked

and uncracked (Dahl et al., 1999).

1.9 Expected outcomes

1. Specify the oil fields that contain inputs from deep cracked sources generating high
diamondoid concentrations.
2. Explain petroleum systems in the San Joaquin and Santa Barbara Basins in more detail

by using biomarker distributions.
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CHAPTER I
METHODOLOGY

2.1 Research procedure

The method of investigation used in this project is summarized as a flow chart in Figure 2.1.

[ Literature review ]

'

[ Oil samples selection J

|
v v

[ Oil sample 1 mg and hexane 1 ml ] [ Oil sample 50 mg and hexane 200 pl ]

[ Analyzing via GC-FID ] Spiking

Liquid chromatography via silica gel J

} }

Saturated hydrocarbon Aromatic hydrocarbon
[ Analyzing via GC-MS ]
' '
Interpreting and analyzing data ]

}

[ Discussion and conclusion J

Figure 2.1: Methodology flow chart.
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The first step of the research concerns literature reviews on regional geology of Southern
California, the San Joaquin and Santa Barbara Basins, basic concepts of organic geochemistry,
petroleum geochemistry, diamondoids and biomarkers.

The second step is oil sample selection (Table 2.1). The oil samples were collected by
various oil companies from different platforms in the San Joaquin and Santa Barbara Basins. Eighty
nine oil samples were selected for this study. This step also includes oil sample weighing.

The third step is quantifying amount of n-alkanes and isoprenoids in each oil sample by
using Gas Chromatography with a Flame lonization Detector (GC-FID).

The fourth step is separating saturated and aromatic hydrocarbons in each oil sample by
using Liquid Chromatography (LC) technique. Both saturated and aromatic hydrocarbon fractions
were analyzed via Gas Chromatography-Mass Spectrometry (GC-MS). Moreover, diamondoids and
biomarkers identification is included in this step.

The final step is discussion and conclusion of the data in terms of cracked oil platforms,

types of oil, maturity levels, depositional environment, source inputs, and biodegradation.

2.2 Qil samples

Oil samples from various platforms of the San Joaquin and Santa Barbara Basins were
provided by Department of Geological and Environmental Science, Stanford University and United
States Geological Survey (USGS), California Office. About 50 mg of each sample was collected to
study diamondoids and biomarkers, but the weights were collected depending on the amount of

the available samples which range from 2-110 mg (Table 2.1).
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Samples Details Weight (mg)
MP-001 | GCMS 258-1, CFRC 35533, Mckittrick Field, Well 511-17Z, Kern Co. California, Caneros Formation 54.50
MP-002 | GCMS 36, CRC 31394, San Joaquin Valley 56.27
MP-003 | CRC 29839, Baldwin 77, Montebello Field, Pliocene, Whole crude, Sampled 10/23/75 73.86
MP-004 | GCMS 258, CRC 30931-2, Mckittrick Field, Well 511-17Z, Kern Co. California, Caneros Formation, Miocene 48.56
MP-005 | J.H. Elison Ashurst, Sample VS-4, Sampled 10/21/85 60.59
MP-006 | Tannehill Oil Co. F&l Well, Sample VS-6, Sampled 10/21/86 49.86
MP-007 | Qil City Field, Fresno, Coast Range Oil Co. Moreno Formation, Cretaceous, Sampled 12/15/86 65.21
MP-008 | Silver Creek Field, Vallecitos, Sampled 2/11/11 38.84
MP-009 | J.H. Elison Ashurst 2-27 45.50
MP-010 | J.H. Elison Ashurst 52A-33 65.39
MP-011 | F&l Seep 2, Canyon, Sampled 2/11/11 109.31
MP-012 | F&I Section 29, Sampled 2/11/11 55.84
MP-013 | Panoche Vallecitos Oil 56.75
MP-014 | F&I 26-31, Sampled 2/11/11 62.55
MP-015 | F&l 16-31, Sampled 2/11/11 79.78
MP-016 | GCMS C254, Jacobson 572-182, Mckittrick Field, Sampled 12/10/98 52.21
MP-017 | CRC 26833, Project 64626, SOCal 588-150, Mckittrick Field, Caneros Formation 56.80
MP-018 | Midway Sunset Crude 41.33

Table 2.1: Oil samples from the San Joaquin (gray boxes) and Santa Barbara (blue boxes) Basins with their details and weights.
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Samples Details Weight (mg)
MP-019 | CRC 18457, Project 32293, SOCal Mcphee 36W, Cymric Field, Amnicola Formation, Pleistocene 96.34
MP-020 | GCMS 214, CRC 35203, SOCal 2-4, Cymric Field, San Joaquin Valley, Amnicola Formation, Biodegradation 96.87
MP-021 | GCMS 62, CRC 23137, Buena Vista Hills Field, San Joaquin Valley, Sand Formation, Pliocene 43.38
MP-022 | GCMS 61, CRC 23022, Mckittrick Field, Pliocene 60.16
MP-023 | GCMS 985, CRC 34709-2, Monterey Field, PT. Arguello Qil, California 67.70
MP-024 | GCMS 60, CRC 32515, San Joaquin Valley, Kern River 89.86
MP-025 | Tarwater Creek Field, Pescadero Co. 65.53
MP-026 | GCMS 37, CRC 31394-1, Buena Vista Hills Field, Kern Co. California, Antelope Shale Formation, Pliocene 65.41
MP-027 | GCMS 58, CRC 32514, SOCal Tee 2-7, Poso Creek Field, San Joaquin Valley, Chanac Formation, Pliocene 45.87
MP-028 | GCMS 275, CRC 32511, Project 4070, Race Track Field, Lower Miocene, Biodegradation 58.92
MP-029 | GCMS 980, Four Deer Field, Los Flores Ranch Well, Arguello Oil Co. California 46.11
MP-030 | GCMS 754, CRC 41635-1, Monterey, California 79.87
MP-031 | Mckittirck Oil Seep, Sampled 6/22/11, 35 17' 35.5" North, 117 38' 7.4" West 32.98
MP-032 | GCMS 277, CRC 36241, Biodegradation Oil, Sampled 2/6/78 63.21
MP-033 | GCMS 259, CRC 23616, Mckittrick, No more in LA Habra 2nd Caverns, Whole Crude Box 16, Sampled 4/26/84 47.04
MP-034 | GCMS 11, CRC 24206, Railroad Gap Field, Kern Co., Antelope Shale Formation, Upper Miocene 59.00
MP-035 | Kettleman Field, Kettleman City, Well No. 4-9 67.23
MP-036 | Catalog 97-56, Old Joel Flat, Petrolia Hidden Valley, Oil 67.81

Table 2.1 (continued): Oil samples from the San Joaquin (gray boxes) and Santa Barbara (blue boxes) Basins

with their details and weights.
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Samples Details Weight (mg)
MP-037 | Macoon 36126, Elk Hills Qil Field, Uonpra No. 1371-17R, Sampled 8/3/98 56.56
MP-038 | Macoon 29085, Coalinga Oil Field, Depth 1193, Sampled 8/3/98 20.93
MP-039 | Macoon 50263, Jacalitos Qil Field, Sampled 8/3/98 77.50
MP-040 | Macoon, San Ardo Field, Anrignac, Sampled 8/3/98 75.59
MP-041 | Macoon/Cal 0283$, Qil Creek Field, Costa No. 7-A, Sampled 8/3/98 34.50
MP-042 | Macoon 46539, Sargent Oil Field, Sargent 10, Sampled 8/3/98 31.76
MP-043 | GCMS 7, CRC 23117-1, Chevron 19 Pair, Well 555-15Z, Antelope Shale QOil Field, Sampled 9/17/76 37.52
MP-044 | Midway Sunset 31E, ASL0O001, Well 5-3A, Pliocene, Sampled 5/5/81 68.79
MP-045 | GCMS 5, CRC 13896-2, Well Kreyenhagen, Depth 10967-10973', Sampled 8/26/74 32.49
MP-046 | GCMS 3, CRC 13832, SOCal 38, Kern Co. California, Kreyenhagen Formation, Eocene 79.08
MP-047 | GCMS 2, CRC 13833, Stock Tank Qil, Kern Co. California, N. Leda Pool, Leda Formation, Miocene 52.49
MP-048 | Catalog 09-105, Gaviota |, Solitary Tarmound, Seep Tar 26.58
MP-049 | Catalog 99-109, La Honda D.F. South 16, Oil 74.28
MP-050 | Catalog 02-86, Platform Holly, 3120-11, Depth 7447', Oil 37.00
MP-051 | Catalog 02-85, Platform Holly, 3120-8, Depth 4989', Qil 12.82
MP-052 | Catalog 02-66, Gaviota Offshore, QOil Seep, Tar 33.99
MP-053 | Catalog 08-156, Hamp Lease Seep, Ojai Silverthread, Oil Seep 24.24
MP-054 | Catalog 04-322, Summerland Offshore, Oil Seep 16.98

Table 2.1 (continued): Oil samples from the San Joaquin (gray boxes) and Santa Barbara (blue boxes) Basins

with their details and weights.
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Samples Details Weight (mg)
MP-055 | Catalog 10-160, Cojo 2 Sample Tar Vents, Seep Tar 28.51
MP-056 | Catalog 09-112, Cojo 1 Tarmound, Seep Tar 12.86
MP-057 | Catalog 08-191, Platform Heritage, Produced Oil 46.88
MP-058 | Catalog 08-178, Platform B Well B-34, Produced OQil 54.22
MP-059 | Catalog 05-9, Plaatform Heritage, Produced Oil 55.90
MP-060 | Catalog 08-170, Platform Henry, Well 16-B, Produced Oil 29.76
MP-061 | Macoon 31908-1, Belridge North, Pliocene, Sampled 8/3/98 35.66
MP-062 | Aera 15, OCS-P-416-1, DST 8A, Sampled 3/28/84, Resampled 6/21/11 26.01
MP-063 | Aera 14, OCS-P-0416-1, DST 6, Sampled 6/19/84, Resampled 6/21/11 86.72
MP-064 | 05-348, Summerland, Becker Onshore Well, Seep 77.39
MP-065 | T526-G72, Guyamas Seep 64.94
MP-066 | Aera 1, OCS-P-0231 # 5, DST 1 47.43
MP-067 | Platform B, Well B-9 52.44
MP-068 | Platform C, Well C-16 68.66
MP-069 | Platform C, Well C-55 25.25
MP-070 | Platform C, Well C-59 68.19
MP-071 | T526-PC4-1, Guyamas Seep, CB-03-63 62.15
MP-072 | 35-T27S-R20E, North Belridge Aera Energy, 403030088, 551P3-35N, KB 666, Depth 520-1350' 51.36

Table 2.1 (continued): Oil samples from the San Joaquin (gray boxes) and Santa Barbara (blue boxes) Basins

with their details and weights.
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Samples Details Weight (mg)
MP-073 | 36-T27S-R20E, North Belridge Aera Energy, 403031096, 22L-36N, KB 623, Depth 536-787', Sampled 6/22/11 51.96
MP-074 | 36-T27S-R20E, North Belridge Aera Energy, 403041977, 557N3-36N, KB 635, Depth 780-1490' 42.99
MP-075 | T197-R8, Escanaba Trough Asphalt 47.60
MP-076 | Catalog 97-15, Elwood Field 10.11
MP-077 | T522-G13, Guyamas Seep 35.32
MP-078 | Platform B, Well B-26 2.00
MP-079 | Platform B, Well B-60 12.94
MP-080 | Catalog 02-172, Shane Seep, Vent 1, Sample 1, 34 24.370' North, 119 53.408' West, Sampled 09/25/02 80.72
MP-081 | Catalog 04-270, Tonya Residue 29.74
MP-082 | Catalog 02-173, Shane Seep, Vent 1, Sample 2, 34 24.370' North, 119 53.408' West, Sampled 09/25/02 13.81
MP-083 | Catalog 08-232, COP Tarmound Lone, Sample 2, 34.39255 North, 119.8474 West 37.63
MP-084 | Catalog 05-6, Platform Hondo, Well H-23, Sampled 2/4/05 53.65
MP-085 | Catalog 05-1, Platform Harmony, Well HA-4, Sampled 2/4/05 49.80
MP-086 | Catalog 05-5, Platform Hondo, Well H-15, Sampled 2/4/05 70.41
MP-087 | Catalog 05-4, Platform Hondo, Well H-3, Sampled 2/4/05 47.67
MP-088 | Catalog 05-2, Platform Harmony, Well HA-7, Sampled 2/4/05 58.35
MP-089 | Catalog 05-345, La Galeta Seep Sediment, Sampled 9/15/05 43.08

Table 2.1 (continued): Oil samples from the San Joaquin (gray boxes) and Santa Barbara (blue boxes) Basins

with their details and weights.
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2.3 Gas Chromatography with a Flame lonization Detector (GC-FID)

Each oil sample was prepared from 1 mg of oil sample mixed with 1 ml of hexane in a 1.5 m|
vial with tightly fitting cap. GC-FID analysis for all the samples were performed using a Hewlett
Packard 5890 GC equipped with a 100% methyl silicone DB-1 capillary column (24 m x 0.2 mm i.d.
with film thickness 0.33 um). Hydrogen served as a carrier gas at a fixed 20 psi head pressure. The
oil samples were injected at 80°C and the oven was programmed at 10°C/minute to 320° C where it

was held for 15 minute.

2.4 Spiking and Liquid Chromatography (LC)

Saturated and aromatic hydrocarbons were separated from the oil samples by using Liquid
Chromatography (LC) technique. Two stages of LC were performed by using two solvents. The first
stage separates saturated hydrocarbons from the oil samples. Each sample was prepared from a
known weight (about 50 mg) of oil sample and about 200 ul of hexane in a 4 ml vial then securely
affixes the cap. Samples were spiked with standard solutions (D3 1-methyl-adamantane, D4
adamantane, D3 1-methyl-diamantane, D5 ethyl-diamantane, D4 diamantane, cholane and D4
triamantane; D means deuterium). Next, plugging the tapered end of the glass column with filter
paper to retain the silica gel, but allow the solvents to pass through. Filling the column with
activated silica gel to a level of 10 cm from the bottom by adding a few cm at a time and tapping or
vibrating the column to pack the silica gel tightly and uniformly. Place the packed column in a
clamp or rack to hold it vertical. Mark a known weight 1.5 ml vial at the 1 ml level and place it under
the column. After that, accurately weighing 10-25 mg of crude oil sample and place it on the top of
the column and adding hexane to the top of the column to chromatograph the sample. Continue
adding hexane and eluting by gravity, until 1 ml of elute has been collected and tightly affix the cap.
Do not allow the level of solvent to drop below the top of the silica gel bed. Control the addition of
hexane so that the level of liquid on the column drops just to the top of the silica gel bed when 1 ml
has been collected.

In the second stage, the eluting solvent was changed to dichloromethane to separate
aromatic hydrocarbons from the remainder. Then, rinse the outside tips of the column into the

hexane collection vial with a few drops of hexane, and wipe it with a tissue. Next, mark a known
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weight 4 ml vial at the 2 ml level and place it under the column. Continue adding dichloromethane
to the top of the column and continue elution until at least 2 ml of eluate has been collected. After
that, use gentle pressure to assist the elution. Lastly, rinse and wipe the outside tip of the column as
before and evaporate the solvents in the vials with gentle nitrogen stream at 40-50°C. Adding

hexane to each vial to transfer solution into a 1.5 ml vial and securely affix the cap.

2.5 Gas Chromatography-Mass Spectrometry (GC-MS)

GC-MS analysis was performed on both saturated and aromatic hydrocarbon fractions by
using a Hewlett-Packard 5890 Series || Gas Chromatograph interfaced to a Fisons Instruments
Autospec-Q Hybrid Mass Spectrometer. The GC was equipped with a 60 m J&W fused silica DB-1
capillary column (0.25 mm i.d. with 0.25 um phase thickness of 100% methy! silicone). Hydrogen
was used as carrier gas at a constant pressure of 15 psi. The temperature program was set 50°C
for 2 minutes, 50-80°C at 15°C/minute, 80-290°C at 2.5°C/minute, 290-320°C at 25°C/minute and
320°C for 25 minutes. The injection port and transfer line temperature was 325°C.

The following ions were monitored for saturated hydrocarbons (including diamondoids)
analysis: m/z 135, 136, 140, 149, 177, 187, 188, 191, 192, 201, 217, 239, 240 244 and 292.
Quantification of adamantanes, diamantanes and triamantanes was achieved by integration of peak
heights with respect to the corresponding standards; D3 1-methyl-adamantane, D3 1-methyl-
diamantane, and D4 triamantane, respectively. The quantification of tetramantanes was made
relative to the D4 triamantane. D5 1-ethyl-diamantane was used to quantify ethyl-diamantanes. The
quantification of steranes and hopanes were achieved by comparing the corresponding area with
cholane using m/z 217 and 191 respectively.

The following ions were monitored for aromatic hydrocarbon analysis: m/z 119, 133, 191,
192, 219, 231, 245 and 253. The quantification of C,, cholestane 20R, C,, ergostane 20R and C,,

stigmastane 20R were achieved by using m/z 231 with no standard.

2.6 Compound identification and calculation of diamondoid and biomarker parameters

Compound identification was made by a combination of comparison with the standards,

mass fragmentographic and relative retention times. PeakView version 1.2 was used to calculate
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the height and the area of each peak. Diamondoid and biomarker concentrations were calculated
based on comparing the appropriate standard peak with the peak of interest.

Pristane/phytane, pristane/nC,, and phytane/nC,, were determined by using GC-FID
fragmentogram. Biodegradation was also investigated by comparing the relative amounts of these

biomarkers; n-paraffins, isoprenoids, steranes, hopanes and diasteranes.

2.7 Data interpretation

Integrating all diamondoid and biomarker data to reveal the oil fields that contain inputs
from deep cracked sources and to compare the parameters of the San Joaquin and Santa Barbara
Basins in terms of the types of oil, maturity levels, depositional environment, source inputs, and

biodegradation.
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CHAPTER IlI
RESULT AND INTERPRETATION

3.1 Diamondoids

Petroleum from multiple sources resulted from a mixture of hydrocarbons generated and
expelled at various degrees of thermal maturity. Because biomarkers from lower maturity sources
dominate, source information from higher maturity oils and condensates is likely to be overlooked.
Diamondoids appear to provide trustworthy data about high maturity petroleum because they are
thermally very stable. Dahl et al. (1999) proposed a diamondoid-biomarker method based on their
concentrations to determine thermal maturity for any oils and condensates at any maturity level. The
method has been proved to be a useful tool in estimating the thermal maturity of both oils and
condensates and can be used in the identification of mixed petroleum sources.

Result
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Figure 3.1: The relationship between 3- + 4- methyl-diamantanes and C,, OlOLQL stigmastane 20R

in oil from the San Joaquin and Santa Barbara Basins showing the diamondoid baseline.
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In Figure 3.1, it is noticeable that a few samples (red alphabets in Table 3.1) from the San
Joaquin and Santa Barbara Basins have very high diamondoid concentrations. Results of these
samples suggest that there should be at least one reservoir located deeper in these two basins
which maintain oils with high diamondoid concentrations. Moreover, there should also be at least
one reservoir located in a shallower area contributing to oils with moderate to high biomarker
concentrations because most oil samples from these two basins are uncracked oils. A total of 47 oil
samples from the San Joaquin Basin can be classified into 3 groups: (1) 18 samples are moderate
to high maturity uncracked oils, (2) 24 samples are slightly cracked oils mixed with high maturity
uncracked oils, and (3) 5 samples are intensely cracked oils mixed with high maturity uncracked
oils. For the Santa Barbara Basin, 42 oil samples can be categorized into 4 groups: (1) 24 samples
are moderate to high maturity uncracked oils, (2) 14 samples are slightly cracked oils mixed with
high maturity uncracked oils, (3) 3 samples are extremely cracked oils mixed with high maturity
uncracked oils, and (4) 1 sample is extremely cracked oil mixed with very low maturity uncracked
oil. Therefore, it can be primarily concluded that some areas in the San Joaquin and Santa Barbara

Basins have contributions from both shallow and deep reservoirs.

Samples | Adamantane (ppm) | 3- + 4- methyl-diamantanes (ppm) | C,, OLOLOL stigmastane 20R (ppm)
MP-001 35.3 2.7 151.8
MP-002 11.3 1.0 232.3
MP-003 35.2 3.4 120.9
MP-004 43.3 3.0 139.5
MP-005 10.6 1.5 305.4
MP-006 91.0 10.2 73.6
MP-007 1014.0 95.0 28.7
MP-008 26.3 1.8 86.2
MP-009 17.0 2.1 513.8
MP-010 50.4 7.0 205.5
MP-011 0.5 1.1 35.0

Table 3.1: Concentrations of adamantane, 3- + 4- methyl-diamantanes and C,; QLOLOL stigmastane 20R
in oil from the San Joaquin (gray boxes) and Santa Barbara (blue boxes) Basins.
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Samples | Adamantane (ppm) | 3- + 4- methyl-diamantanes (ppm) | C,, OLOLOL stigmastane 20R (ppm)
MP-012 12.1 5.8 388.9
MP-013 51.6 0.9 262.2
MP-014 67.0 8.4 75.3
MP-015 26.0 3.4 35.1
MP-016 32.4 3.0 104.4
MP-017 25.7 4.6 148.8
MP-018 25.2 2.5 92.3
MP-019 61.9 5.4 1.1
MP-020 36.7 3.9 5.6
MP-021 9.2 0.7 66.0
MP-022 15.9 1.7 272.2
MP-023 3.4 0.5 215.1
MP-024 18.4 2.6 22.0
MP-025 20.9 2.7 5.1
MP-026 9.2 1.3 231.8
MP-027 16.9 2.0 23.7
MP-028 16.6 3.6 90.7
MP-029 0.6 0.2 12.3
MP-030 6.9 1.0 98.1
MP-031 20.9 4.6 1.7
MP-032 93.8 28.4 11.3
MP-033 15.7 3.6 129.8
MP-034 9.3 1.0 151.2
MP-035 9.0 0.7 186.9
MP-036 168.8) SONT 22.9
MP-037 4.3 1.1 46.9

Table 3.1 (continued): Concentrations of adamantane, 3- + 4- methyl-diamantanes and C,, 0LOLOL

stigmastane 20R in oil from the San Joaquin (gray boxes) and Santa Barbara (blue boxes) Basins.
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Samples | Adamantane (ppm) | 3- + 4- methyl-diamantanes (ppm) | C,, OLOLOL stigmastane 20R (ppm)
MP-038 71.2 10.0 9.4
MP-039 121 2.3 79.6
MP-040 6.3 0.5 107.9
MP-041 0.1 4.8 149.9
MP-042 24.9 2.9 7.6
MP-043 0.2 0.4 588.8
MP-044 0.1 3.2 64.2
MP-045 0.3 0.7 330.2
MP-046 3.7 2.7 66.2
MP-047 7.6 1.5 5471
MP-048 4.4 14 5.1
MP-049 26.0 2.4 89.4
MP-050 7.3 17.5 41.9
MP-051 4.2 40.8 38.9
MP-052 9.5 7.8 2.7
MP-053 0.9 15.1 12.0
MP-054 0.2 2.2 8.2
MP-055 2.5 1.2 4.6
MP-056 2.4 0.4 4.3
MP-057 1.1 0.2 24.5
MP-058 6.0 0.5 219.3
MP-059 0.8 0.2 20.2
MP-060 3.8 0.4 158.2
MP-061 9.5 1.7 102.2
MP-062 0.7 0.1 34.1
MP-063 2.2 1.5 15.6

Table 3.1 (continued): Concentrations of adamantane, 3- + 4- methyl-diamantanes and C,, 0LOLOL

stigmastane 20R in oil from the San Joaquin (gray boxes) and Santa Barbara (blue boxes) Basins.
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Samples | Adamantane (ppm) | 3- + 4- methyl-diamantanes (ppm) | C,, OLOLOL stigmastane 20R (ppm)
MP-064 41.6 3.8 39.3
MP-065 0.3 9.1 60.0
MP-066 1.8 1.3 45.6
MP-067 3.8 0.5 523.9
MP-068 2.9 0.5 432.7
MP-069 3.4 0.6 860.4
MP-070 3.0 0.4 301.5
MP-071 54 5.6 17.7
MP-072 29.7 2.6 270.8
MP-073 57.5 3.5 2.7
MP-074 26.6 2.8 274.4
MP-075 1.0 1.3 300.2
MP-076 15.7 6.3 195.1
MP-077 0.1 3.8 9.1
MP-078 4.9 10.6 4442.6
MP-079 3.7 0.5 1019.6
MP-080 0.6 0.3 2.6
MP-081 0.6 0.8 85.8
MP-082 1.9 1.5 7.9
MP-083 2.5 6.2 27.0
MP-084 1.2 1.7 22.1
MP-085 4.0 2.5 85.9
MP-086 1.2 1.4 47.4
MP-087 0.9 1.8 62.8
MP-088 1.1 2.3 42.6
MP-089 0.1 0.8 27.5

Table 3.1 (continued): Concentrations of adamantane, 3- + 4- methyl diamantanes and C,, OLOLOU

stigmastane 20R in oil from the San Joaquin (gray boxes) and Santa Barbara (blue boxes) Basins.
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3.2 Biomarkers

3.2.1 Pristane/phytane ratio

Pristane (Pr) and phytane (Ph) are isoprenoid hydrocarbons with the formula C,,H,, and
C,oH,,, respectively. They are primarily derived from the side chain of chlorophyll in phototropic
organisms. Pr/Ph ratio has been commonly used to indicate oxic or anoxic depositional environment
of the source rocks generating petroleum. High Pr/Ph ratios (>3.0) suggest terrestrial organic matter
inputs within oxic conditions. On the other hand, low values of Pr/Ph ratios (<0.6) imply anoxic and
hypersaline environments. In addition, Pr/Ph ratios in the range 0.8-2.5 are not appropriate to use as
an indicator of paleoenvironment alone without comparing with other corresponding parameters
(Peters and Moldowan, 1993).

Result

Pr/Ph ratio of oil samples from the San Joaquin Basin are in the range of 0.62-3.53 as shown
in Table 3.2 which indicate that (1) the deposition was in quasi-oxic to oxic environment and/or (2)
samples are in fairly high maturity levels. MP-007 has the highest Pr/Ph ratio (3.53) which suggests
contribution from terrestrial organic matter inputs under oxic condition. This sample also has the
highest diamondoid concentration among samples analyzed in this research.

For oil samples from the Santa Barbara Basin, Pr/Ph ratios are in the range of 0.44-2.20 as
shown in Table 3.2 which suggest that (1) source rocks were deposited in anoxic to sub-oxic
environment and/or (2) samples are of relatively high maturity levels, the same as samples from the
San Joaquin Basin. MP-071 has the highest Pr/Ph ratio (2.20) but it has fairly high diamondoid
concentrations (5.6 ppm). However, MP-051 which has the highest diamondoid concentrations in

the basin has low Pr/Ph ratio (0.84).

3.2.2 Pristane/nC,, and Phytane/nC,,

Pristane with nC,, and phytane with nC,, can be easily identified from a gas chromatogram
by their appearances with the distinctive doublet. Pristane/nC,, and phytane/nC,, are commonly
used in petroleum correlation studies as a primarily indicator of maturity levels, organic source
inputs and biodegradation. These two ratios are less than 0.5 indicating high maturity oils and/or

oils derived from anoxic environment. Whereas, low maturity oils and/or oils derived from oxic
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condition have the ratios greater than 1.0. However, these two ratios should be used cautiously for
many reasons such as biodegradation and thermal maturity (Peters and Moldowan, 1993).

Result

Pristane/nC,, and phytane/nC,, ratios of oil samples from the San Joaquin Basin are quite
high. There is one sample which has both ratios less than 0.5 and there are 13 samples which have
ratios greater than 1 (Figure 3.2). The results may indicate that the deposition was in quasi-oxic to
oxic environment and the samples are of fairly high level of biodegradation. The result also
suggests that the source rocks may consist of type II-1ll kerogen mixtures.

Similar to oils from the San Joaquin Basin, there is one sample from the Santa Barbara
Basin which has ratios less than 0.5 and there are 11 samples which have the ratios greater than 1.
These may suggest that the oil samples were generated from source rocks deposited in quasi-oxic
to oxic environment and they were rather severely biodegraded. Based on this plot, the kerogen

types in source rocks are also somewhat the same to those of the San Joaquin Basin.
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Figure 3.2: A crossplot of pristane/nC,, versus phytane/nC.,, plot modified from Shanmugam (1985).
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Samples | Biodegradation rank Pr/Ph Pr/nC,, Ph/nC,, Ts/Tm Ts/(Ts+Tm)
MP-001 0 1.70 0.95 0.62 1.28 0.56
MP-002 0 1.42 1.56 1.16 2.19 0.69
MP-003 2 0.90 3.64 4.39 3.32 0.77
MP-004 0 1.02 0.95 1.10 1.17 0.54
MP-005 0 1.85 5.28 3.08 1.09 0.52
MP-006 0 2.58 0.75 0.33 1.78 0.64
MP-007 1-2 Gh5e 2.30 0.83 1.02 0.50
MP-008 2 2.22 9.10 4.82 1.00 0.50
MP-009 0 1.90 6.33 3.67 1.16 0.54
MP-010 0 3.13 1.17 0.45 2.23 0.69
MP-011 6 N/A N/A N/A 1.06 0.51
MP-012 0 2.44 1.39 0.64 3.05 0.75
MP-013 0 2.88 1.33 0.50 2.36 0.70
MP-014 0 2.59 0.77 0.35 2.09 0.68
MP-015 0 2.56 0.80 0.37 2.15 0.68
MP-016 0 1.72 0.95 0.63 1.28 0.56
MP-017 0 1.72 0.95 0.62 1.26 0.56
MP-018 2 2.00 0.90 0.87 1.60 0.62
MP-019 6-7 N/A N/A N/A 0.14 0.12
MP-020 4-5 N/A N/A N/A 0.12 0.10
MP-021 1 1.38 3.67 3.56 2.20 0.69
MP-022 1 1.35 2.72 2.89 1.55 0.61
MP-023 0 0.84 0.73 0.96 8.48 0.89

N/A = not applicable

Table 3.2: The ratios of Pr/Ph, Pr/nC

17

187

Ph/nC,,, Ts/Tm and Ts/

(Ts+Tm) with biodegradation ranks

(based on Peters and Moldowan, 1993) of the oil samples from the San Joaquin (gray boxes) and

Santa Barbara (blue boxes) Basins.
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Samples | Biodegradation rank Pr/Ph Pr/nC,, Ph/nC,, Ts/Tm Ts/(Ts+Tm)
MP-024 6-7 N/A N/A N/A 0.33 0.25
MP-025 6-7 N/A N/A N/A 0.16 0.14
MP-026 0 1.37 1.50 1.17 2.08 0.68
MP-027 6-7 N/A N/A N/A 0.59 0.37
MP-028 0 1.90 1.18 0.69 0.99 0.50
MP-029 1 0.62 0.57 0.94 6.12 0.86
MP-030 0 0.69 0.84 1.26 6.26 0.86
MP-031 6-7 N/A N/A N/A 5.78 0.85
MP-032 0 1.89 0.48 0.32 0.93 0.48
MP-033 0 1.53 0.90 0.67 1.02 0.51
MP-034 0 1.08 1.14 1.14 7.90 0.89
MP-035 0 1.50 2.97 2.24 1.81 0.64
MP-036 0 2.72 0.87 0.38 0.83 0.45
MP-037 0 1.35 0.77 0.61 2.47 0.71
MP-038 6-7 N/A N/A N/A 0.88 0.47
MP-039 0 2.05 1.26 0.72 1.23 0.55
MP-040 0 1.10 1.11 1.09 14.01 0.93
MP-041 0 2.29 0.88 0.44 1.13 0.53
MP-042 6-7 N/A N/A N/A 2.20 0.69
MP-043 1-2 0.64 1.54 2.28 5.26 0.84
MP-044 6-8 N/A N/A N/A 4.97 0.83
MP-045 0 1.88 1.48 0.91 5.37 0.84
MP-046 0 1.94 0.74 0.46 4.97 0.83

N/A = not applicable

Table 3.2 (continued): The ratios of Pr/Ph, Pr/nC

17

Ph/nC,,, Ts/Tm and Ts/

187

(Ts+Tm) with

biodegradation ranks (based on Peters and Moldowan, 1993) of the oil samples from

the San Joaquin (gray boxes) and Santa Barbara (blue boxes) Basins.
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Samples | Biodegradation rank Pr/Ph Pr/nC,, Ph/nC,, Ts/Tm Ts/(Ts+Tm)
MP-047 0 2.20 1.54 1.15 9.13 0.90
MP-048 8 N/A N/A N/A 4.08 0.80
MP-049 6-7 N/A N/A N/A 0.56 0.36
MP-050 0 1.10 0.68 0.68 21.61 0.96
MP-051 0 0.84 0.63 0.80 40.44 0.98
MP-052 6-8 N/A N/A N/A 13.39 0.93
MP-053 6-8 N/A N/A N/A 12.48 0.93
MP-054 6-8 N/A N/A N/A 0.71 0.41
MP-055 6-8 N/A N/A N/A 80.94 0.99
MP-056 6-8 N/A N/A N/A 30.58 0.97
MP-057 0 0.54 0.65 1.18 16.79 0.94
MP-058 0 1.27 2.45 1.84 12.95 0.93
MP-059 0 0.54 0.64 1.14 44.72 0.98
MP-060 0 1.26 1.52 1.29 16.03 0.94
MP-061 6-8 N/A N/A N/A 2.17 0.68
MP-062 1 0.44 0.66 1.40 25.74 0.96
MP-063 1 1.33 1.53 1.25 33.06 0.97
MP-064 6-8 N/A N/A N/A 0.96 0.49
MP-065 1 1.31 1.29 1.01 0.86 0.46
MP-066 0 0.62 0.27 0.46 0.77 0.44
MP-067 1 1.18 2.15 1.83 4.86 0.83
MP-068 1-2 1.22 6.15 6.62 0.88 0.47
MP-069 1-2 1.19 2.65 2.26 2.18 0.69

N/A = not applicable

Table 3.2 (continued): The ratios of Pr/Ph, Pr/nC

17

Ph/nC,,, Ts/Tm and Ts/

187

(Ts+Tm) with

biodegradation ranks (based on Peters and Moldowan, 1993) of the oil samples from

the San Joaquin (gray boxes) and Santa Barbara (blue boxes) Basins.
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Samples | Biodegradation rank Pr/Ph Pr/nC,, Ph/nC,, Ts/Tm Ts/(Ts+Tm)
MP-070 1 1.23 4.10 4.05 5.36 0.84
MP-071 1 2.20 1.54 0.87 2.50 0.71
MP-072 6-8 N/A N/A N/A 21.39 0.96
MP-073 6-8 N/A N/A N/A 18.33 0.95
MP-074 6-8 N/A N/A N/A 24.18 0.96
MP-075 6-8 N/A N/A N/A 11.03 0.92
MP-076 0 0.93 0.68 0.79 11.16 0.92
MP-077 8 N/A N/A N/A 15.14 0.94
MP-078 1-2 1.25 5.13 4.43 15.00 0.94
MP-079 0 1.38 1.35 1.08 18.28 0.95
MP-080 8 N/A N/A N/A 2.16 0.68
MP-081 8 N/A N/A N/A 1.00 0.50
MP-082 8 N/A N/A N/A 54.83 0.98
MP-083 8 N/A N/A N/A 1.87 0.65
MP-084 0 0.77 0.63 0.86 0.82 0.45
MP-085 0 0.80 0.83 1.05 0.59 0.37
MP-086 0 0.63 0.71 1.13 3.47 0.78
MP-087 1-2 0.79 0.71 1.16 1.34 0.57
MP-088 0 0.59 0.70 1.22 3.13 0.76
MP-089 8 N/A N/A N/A 1.56 0.61

N/A = not applicable

Table 3.2 (continued): The ratios of Pr/Ph, Pr/nC,,, Ph/nC,,, Ts/Tm and Ts/(Ts+Tm) with

biodegradation ranks (based on Peters and Moldowan, 1993) of the oil samples from

the San Joaquin (gray boxes) and Santa Barbara (blue boxes) Basins.

3.2.3 Ts/(Ts+Tm)

The ratio of trisnornechopane (Ts, C,,H,,) to trisnorhopane (Tm, C,,H,;) can be used as the

reliable maturity indicator if oils being evaluated are from a common source of consistent organic
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facies. However, Ts and Tm sometimes commonly coelute with tricyclic or tetracyclic terpanes on
the m/z 191 mass chromatogram, so the Ts/(Ts+Tm) ratio should be used carefully. The Ts/(Ts+Tm)
ratio about 1.0 indicate the base of the oil window (Peters and Moldowan, 1993).

Result

A crossplot of Ts/Tm versus Ts/(Ts+Tm) ratio of oil samples from the San Joaquin Basin is
very disperse as shown in Figure 3.3 which suggests that the samples consist of moderate to high
maturity oils. This result may suggest that these oil samples were generated from the same source
rocks in the basin with variation in maturity levels.

For the oil samples from the Santa Barbara Basin, the crossplot is also scattered and has
the same trend line as the samples from the San Joaquin Basin, but the samples from the Santa
Barbara Basin have slightly higher maturity. This result may indicate that these two basins have
fairly the same organic input facies, however, samples with Ts/Tm ratio higher than 20 are not

reliable because they may be coeluted with other compounds.
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Figure 3.3: A Crossplot of Ts/Tm versus Ts/(Ts+Tm).

Page | 32



3.2.4 Oleananes and oleanane index

Oleananes are derived from only some angiosperms (flowering plants), so they are used as
important markers for higher plant inputs. If oleananes are detectable in oil, the source rocks must
be in Cretaceous or younger. In addition, if oleanane index (oleananes/hopane) is greater than 0.2,
the source rock should probably be Tertiary in age (Moldowan et al., 1994).

Result

Oleananes were found in every oil sample from both the San Joaquin and Santa Barbara
Basins indicating that the samples were generated from Cretaceous-Tertiary source rocks.
Oleanane indexes of 5 samples from the San Joaquin Basin (Table 3.3) are greater than 0.2, but
three of them are not reliable because the oils are biodegraded leading to relatively low hopane.
Whereas, 11 oil samples from the Santa Barbara Basin have indexes of more than 0.2 (Table 3.3),
but six of them were severely biodegraded so the indexes are not trustworthy. Therefore, the
oleanane indexes of these two basins merely indicate that the oils originated from the Cretaceous

source rocks.

Samples | Oleanane index | C,,[22S/(22S+22R)] | C,,[22S/(22S+22R)] | Gammacerane | C,, Homohopane
MP-001 0.09 0.59 0.56 Yes Yes
MP-002 0.13 0.57 0.55 Yes Yes
MP-003 0.28 0.57 0.58 Yes Yes
MP-004 0.09 0.57 0.56 Yes Yes
MP-005 0.05 0.53 0.51 Yes Yes
MP-006 0.13 0.59 0.56 Yes Yes
MP-007 0.04 0.59 0.57 Yes Yes
MP-008 0.05 0.58 0.57 Yes Yes
MP-009 0.05 0.53 0.51 Yes Yes
MP-010 0.18 0.44 0.52 Yes Yes
MP-011 0.22 0.52 0.59 Yes Yes

Table 3.3: Oleanane index, homohopane isomerization ratios, gammacerane and C,, homohopane

of the oil samples from the San Joaquin (gray boxes) and Santa Barbara (blue boxes) Basins.
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Samples | Oleanane index | C,,[22S/(22S+22R)] | C,,[22S/(22S+22R)] | Gammacerane | C,, Homohopane
MP-012 0.17 0.50 0.53 Yes Yes
MP-013 0.18 0.47 0.53 Yes Yes
MP-014 0.15 0.57 0.56 Yes Yes
MP-015 0.15 0.57 0.55 Yes Yes
MP-016 0.10 0.58 0.56 Yes Yes
MP-017 0.09 0.58 0.56 Yes Yes
MP-018 0.18 0.56 0.53 Yes Yes
MP-019 0.83 0.63 0.48 Yes Yes
MP-020 0.82 0.69 0.52 Yes Yes
MP-021 0.16 0.55 0.52 Yes Yes
MP-022 0.10 0.57 0.51 Yes Yes
MP-023 0.09 0.58 0.56 Yes Yes
MP-024 0.09 0.69 0.51 Yes Yes
MP-025 0.73 0.55 0.57 Yes Yes
MP-026 0.13 0.58 0.55 Yes Yes
MP-027 0.20 0.47 0.54 Yes Yes
MP-028 0.21 0.44 0.55 Yes Yes
MP-029 0.10 0.58 0.59 Yes Yes
MP-030 0.05 0.59 0.59 Yes Yes
MP-031 1.56 0.52 0.55 Yes Yes
MP-032 0.03 0.57 0.57 Yes Yes
MP-033 0.10 0.58 0.56 Yes Yes
MP-034 0.08 0.57 0.57 Yes Yes
MP-035 0.18 0.58 0.52 Yes Yes
MP-036 0.25 0.59 0.58 Yes Yes
MP-037 0.15 0.59 0.58 Yes Yes

Table 3.3 (continued): Oleanane index, homohopane isomerization ratios, gammacerane and C,,

homohopane of the oil samples from the San Joaquin (gray boxes) and Santa Barbara (blue boxes) Basins.
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Samples | Oleanane index | C,,[22S/(22S+22R)] | C,,[22S/(22S+22R)] | Gammacerane | C,, Homohopane
MP-038 0.50 0.60 0.57 Yes Yes
MP-039 0.14 0.58 0.56 Yes Yes
MP-040 0.15 0.58 0.58 Yes Yes
MP-041 0.17 0.58 0.56 Yes Yes
MP-042 0.11 0.56 0.54 Yes Yes
MP-043 0.10 0.55 0.55 Yes Yes
MP-044 0.08 0.56 0.54 Yes Yes
MP-045 0.10 0.56 0.55 Yes Yes
MP-046 0.11 0.57 0.56 Yes Yes
MP-047 0.23 0.63 0.62 Yes Yes
MP-048 0.59 0.59 0.57 Yes Yes
MP-049 0.05 0.56 0.57 Yes Yes
MP-050 0.08 0.56 0.57 Yes Yes
MP-051 0.06 0.58 0.56 Yes Yes
MP-052 0.11 0.58 0.58 Yes Yes
MP-053 0.07 0.56 0.56 Yes Yes
MP-054 0.04 0.57 0.55 Yes Yes
MP-055 0.06 0.56 0.59 Yes Yes
MP-056 0.06 0.56 0.56 Yes Yes
MP-057 0.06 0.58 0.58 Yes Yes
MP-058 0.10 0.56 0.55 Yes Yes
MP-059 0.08 0.59 0.59 Yes Yes
MP-060 0.11 0.56 0.56 Yes Yes
MP-061 0.07 0.58 0.56 Yes Yes
MP-062 0.10 0.58 0.59 Yes Yes
MP-063 0.07 0.57 0.59 Yes Yes

Table 3.3 (continued): Oleanane index, homohopane isomerization ratios, gammacerane and C,,

homohopane of the oil samples from the San Joaquin (gray boxes) and Santa Barbara (blue boxes) Basins.
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Samples | Oleanane index | C,,[22S/(22S+22R)] | C,,[22S/(22S+22R)] | Gammacerane | C,, Homohopane
MP-064 0.05 0.58 0.56 Yes Yes
MP-065 0.22 0.43 0.40 Yes Yes
MP-066 0.13 0.55 0.56 Yes Yes
MP-067 0.28 0.53 0.52 Yes Yes
MP-068 0.15 0.56 0.55 Yes Yes
MP-069 0.08 0.54 0.58 Yes Yes
MP-070 0.10 0.59 0.54 Yes Yes
MP-071 0.10 0.56 0.53 Yes Yes
MP-072 0.09 0.58 0.60 Yes Yes
MP-073 0.47 0.58 0.57 Yes Yes
MP-074 0.08 0.58 0.59 Yes Yes
MP-075 0.09 0.56 0.58 Yes Yes
MP-076 0.08 0.58 0.60 Yes Yes
MP-077 0.06 0.58 0.61 Yes Yes
MP-078 0.07 0.59 0.58 Yes Yes
MP-079 0.05 0.57 0.61 Yes Yes
MP-080 0.37 0.48 0.52 Yes Yes
MP-081 0.31 0.45 0.45 Yes Yes
MP-082 0.05 0.57 0.58 Yes Yes
MP-083 0.21 0.57 0.54 Yes Yes
MP-084 0.13 0.59 0.58 Yes Yes
MP-085 0.15 0.59 0.59 Yes Yes
MP-086 0.12 0.58 0.57 Yes Yes
MP-087 0.07 0.58 0.56 Yes Yes
MP-088 0.89 0.59 0.56 Yes Yes
MP-089 0.07 0.57 0.57 Yes Yes

Table 3.3 (continued): Oleanane index, homohopane isomerization ratios, gammacerane and C,,

homohopane of the oil samples from the San Joaquin (gray boxes) and Santa Barbara (blue boxes) Basins.
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3.2.5 Homohopane isomerization

Hopanes are classified as pentacyclic hydrocarbons. The origin of the hopanes is the most
abundant hopanoid in prokaryotes. The C-22 position in the C,, to C,, is chiral carbon which is
characteristic as R and S doublets in m/z 191 mass chromatogram. Homohopane isomerization
ratios [22S/(22S+22R)] are often used to determine maturity levels, especially C,, and C,,
homohopanes. When the samples have the ratios in the range 0.50-0.54, this suggests the maturity
level of the top of the oil window. Whereas, the ratios in the range 0.57-0.62 suggest that they
already reached the peak of the oil window (Seifert and Moldowan, 1986).

Result

A crossplot of C,,[225/(225+22R)] and C,,[22S/(22S+22R)] ratios of the oil samples from
both San Joaquin and Santa Barbara Basins (Figure 3.4) indicates that most oil samples are of fairly
high maturity and nearly reach the peak of the oil window. Intensely cracked oil samples do not
have a difference in the ratios from the others. This result may suggest the intensely cracked oils

migrated from more than one source with at least one of them consisting of non-cracked oils.
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Figure 3.4: A crossplot of C,,[225/(225+22R)] versus C,,[225/(225+22R)]. Page | 37




3.2.6 Gammacerane

Gammacerane is a pentacyclic triterpane with formula C, H., and can be measured on m/z
191 mass chromatogram. It is often used to represent hypersaline depositional environments. It is
also found in many lacustrine oils and bitumen as a main biomarker. Although oils and bitumen with
high gammacerane can point to a hypersaline depositional environment, this environment does not
always need to have high gammacerane (Moldowan et al., 1985; Peters and Moldowan, 1993).

Result

All oil samples from both San Joaquin and Santa Barbara Basins contain gammacerane as
shown in Table 3.3. This result may indicate that source rocks of both basins were deposited in
hypersaline marine or lacustrine environment.

3.2.7 C,, homohopane

C,; homohopane can indicate the degree of oxicity which sediments were deposited. When
oil and bitumen samples contain high C,. homohopane, it suggests that those samples were
generated from the source rocks which were likely deposited in hypersaline environment (Peters et
al., 2005).

Result

Table 3.3 shows that C,, homohopane is commonly found in every oil sample from both San
Joaquin and Santa Barbara Basins. This result may suggest that source rocks in these two basins
were deposited in hypersaline environment.

3.2.8 n-alkane distributions

The n-alkane chromatographic profile has been used primarily as a marker for source rock'’s

depositional environment and source of organic inputs. nC,., nC,,, and nC,4 are mostly originated

157

from algae in lacustrine and marine environments. Whereas, land plants in terrestrial environment

produced generally nC,,, nC,,, and nC,,. Moreover, if the distribution is dominated by nC,,, nC

23’ 257

nC,,, nC,, and nC,,, it suggests that source is from non-marine algae in lacustrine environment

271

(Volkman, 1988). The n-alkane distribution can be identified in GC-FID.

297 31
Result

The n-alkane distributions of all samples from the San Joaquin Basin are in range from C,,

C. C

137 15 17

to C,, and mostly in C and C,4 as shown in Figure 3.5. Therefore, they may indicate that
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the major organic input in this basin is algae. In addition, they also contain some inputs from land
plants which may indicate that source rocks of the San Joaquin Basin were deposited in shallow

marine environment not far from the continent.

30.0

250 NN

% Normal alkanes

13 15 17 19 21 23 25 27 29 31

Carbon atoms of normal alkanes (odd)

Figure 3.5: n-alkane distributions of non-biodegraded oil samples from the San Joaquin Basin.
All samples from the Santa Barbara Basin have n-alkane distributions ranging from C,, to
C,, and maximize in C,,, C,, C,,, and C,, (Figure 3.6) which is similar to oils from the San Joaquin
Basin. In comparison, it is noticeable that oil samples from the Santa Barbara Basin have more
algae and less land plant inputs than the San Joaquin Basin’s oil. Therefore, they may suggest that
the Santa Barbara Basin’s source rocks were deposited deeper part of shallow marine environment

than those of the San Joaquin Basin.

Page | 39



% Normal alkanes

13 15 17 19 21 23 25 27 29 31

Carbon atoms of normal alkanes

Figure 3.6: n-alkane distributions of non-biodegraded oil samples from the Santa Barbara Basin.

3.2.9 C,,-C,,-C,, steranes

The C,,-C,,-C,, steranes ternary diagram is often used to distinguish groups of petroleum
from different source organic inputs and their depositional environment. Steranes inherited directly
from land plants, animals, and algae are 20R epimers of the C,,, C,;, C,,, and C,, steranes. Relative
proportions of the C,,-C,, steranes in organisms relate to their specific environments. When majority
of sterane in oil is C,y compared to C,, and C,, it may indicate terrestrial or land plant inputs.
Higher proportions of C,, and C,, in oils can indicate that their source rocks were deposited in
marine and lacustrine environments with mainly algae inputs, respectively. All these parameters can
be measured on m/z 217 mass chromatogram (Moldowan, et al., 1985).

Results

High concentrations of C,, compared to C,; and C,4 of most oil samples from the San

Joaquin Basin (Figure 3.7) may suggest that the source rocks’ depositional environments are
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estuarine with generally plankton and marine algae inputs, and have occasional inputs from

terrestrial organisms.

Figure 3.7: C,,-C,.-C,, steranes ternary diagrams of oils from the San Joaquin Basin.

For the oil samples from the Santa Barbara Basin, the relative proportions of C,,, C,,, and
C,, steranes (Figure 3.8) indicate that the source rocks’ depositional environments are estuarine,
the same as those of the San Joaquin Basin. Observably, the Santa Barbara Basin's source rocks
have relatively more plankton and marine algae inputs which suggest that these source rocks were

deposited in deeper marine and further from the continent than the San Joaquin Basin’s source

rocks.
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Figure 3.8: C,,-C,,-C,, steranes ternary diagrams of oils from the Santa Barbara Basin.

3.2.10 C,-C,,-C,, triaromatic steroids

Similar to the C,,-C,,-C,, steranes, the C,,-C,,-C,; triaromatic steroids ternary diagram can
also be used to discriminate source organic inputs and depositional environment of the source
rocks generating petroleum. High concentrations of C,, triaromatic steroids compared to C,, and
C,, may indicate mostly land plant inputs in terrestrial environments. When greater proportions of
triaromatic steroids are C,, and C,,, they may suggest marine and lacustrine environments with
predominant algae inputs. These compounds can be investigated on m/z 231 mass chromatogram
in aromatic hydrocarbon fractions. The triaromatic steroids ternary diagram is much more reliable
than the sterane ternary diagram because triaromatic steroids are more thermally stable than

steranes and are not readily lost to biodegradation (Peters, et al., 2005).
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Result

High concentrations of C,, compared to C,, and C,, of all oil samples from the San Joaquin
Basin (Figure 3.9) may imply that the source rocks’ depositional environments are estuarine with

mainly input from plankton and marine algae with less contribution from terrestrial organism.

Figure 3.9: C,,-C,,-C,, triaromatic steroids ternary diagrams of oils from the San Joaquin Basin.
Similar to oils from the San Joaquin Basin, the relative concentrations of C,,, C,,, and C,,
triaromatic steroids (Figure 3.10) suggest that the depositional environments of the source rocks are
an estuarine as same as those of the San Joaquin Basin. Noticeably, the Santa Barbara Basin’s
source rocks have relatively more plankton and marine algae inputs which may indicate that these
source rocks were deposited in deeper conditions and further from the continent than the San

Joaquin Basin's source rocks.
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Figure 3.10: C,-C,,-C,, triaromatic steroids ternary diagrams of oils from the Santa Barbara Basin.
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CHAPTER IV
DISCUSSION, CONCLUSION AND RECOMMENDATION

4.1 Discussion

All oil samples from the San Joaquin and Santa Barbara Basins were analyzed by using the
geochemical techniques in order to discover possible previously overlooked cracked oil inputs from
deeper sources composing of high diamondoid concentrations and to evaluate the biomarker data
in terms of types of oil, maturity levels, depositional environment, source of organic inputs, and
biodegradation. In this research, many parameters acquired from oil sample extracts are used to
accomplish all these prospects.

Diamondoid-biomarker method (Dahl, et al, 1999) is an indicator used for identifying types
of oil, and cracked oil inputs from deeper sources. The result suggests that both basins likely have
important contributions from both shallow and deep sources because most of the samples are
mixed oil containing slightly to extremely cracked sources. The types of oil can be classified into 4
major groups: (1) moderate to high maturity uncracked oils, (2) slightly cracked oils mixed with high
maturity uncracked oils, (3) extremely cracked oils mixed with high maturity uncracked oils, and (4)
extremely cracked oil mixed with very low maturity uncracked oil.

Many parameters are used to determine the maturity levels including Ts/(Ts+Tm) ratio and
homohopane isomerizations. The results from these parameters suggest that oil samples from both
basins are of relatively moderate to high maturity (nearly reach the peak of oil window).

The ternary diagrams of C,,-C,,-C,, steranes and C,-C,,-C,, triaromatic steroids are
important parameters to specify the depositional environments and source inputs. The results
indicate that the San Joaquin and Santa Barbara Basins’ source rocks were deposited in shallow
marine environments which have dominant algae and plankton inputs with occasional input of land
plants. These results are supported by Pr/Ph, Pr/nC,,, and Ph/nC,, ratios and n-alkane distributions.
Gammacerane and C,. homohopane can be found in every oil sample which may imply that the
source rocks were deposited in anoxic to sub-oxic conditions or in hypersaline environments.

Biodegradation can be examined on hydrocarbon distributions in GC-FID chromatograms.
Based on Peters and Moldowan (1993) ranking system, the samples from both basins are varied in

biodegradation rank ranging from 0-8.

Page | 45



4.2 Conclusion

4.2.1 Cracked oils’ platform

Cracked oils in this research can be discriminated by using diamondoid-biomarker method.
Many oil platforms of the San Joaquin and Santa Barbara Basins reserve oils with significantly high
diamondoid concentrations. Oils with 10 ppm of diamondoids were classified as intensely cracked

oils which are very interesting to study. Intensely cracked oils found in these platforms as shown in

Table 4.1.
San Joaquin Basin Santa Barbara Basin
F&I Well Platform Holly
Oil City Field, Fresno Ojai Silverthread
Old Joel Flat, Petrolia Hidden Valley Platform B
Coalinga Oil Field

Table 4.1: Intensely cracked oils’ platform of the San Joaquin and Santa Barbara Basins.
4.2.2 Types of ol

The diamondoid-biomarker method is also used to categorize oils of both basins. Three and
four types of oil can be classified from the San Joaquin and Santa Barbara Basins’ oils, respectively

as shown in Figure 4.1.

San Joaquin Basin Santa Barbara Basin

B Moderate-high maturity uncracked oils

B Slightly cracked oils + high maturity uncracked oils

B Intensely cracked oils + high maturity uncracked oils
Intensely cracked oils + low maturity uncracked oils

Figure 4.1: Pie charts showing the types of oil of the San Joaquin and Santa Barbara Basins.
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4.2.3 Maturity levels

Ts/(Ts+Tm) ratio and homohopane isomerization ratios suggest that source rock generating
oils in these two basins are of relatively moderate to high maturity and nearly reach the peak of the
oil generative window (Figure 4.2). N-alkane distributions may also suggest the same level of
maturity but they are possibly affected by source organic inputs. Therefore, they are not as useful to

determine maturity levels in this research.

Figure 4.2: Biomarker parameters respond in different maturity levels. Parameters shown include
Ts/(Ts+Tm) ratio and homohopane isomerization ratios used in this research (Peters et al., 2005).
4.2.4 Depositional environment and source inputs
Biomarker parameters of oil samples from the San Joaquin and Santa Barbara Basins which
were analyzed indicate that their source rocks were deposited in hypersaline marine with very low

oxygen (as shown by appearance of gammacerane and C,, homohopane, and n-alkane
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distributions maximizing C,,, C,, and C,,). The organic matter inputs were mainly derived from
algae and plankton with occasional land plants which may suggest that the San Joaquin and Santa
Barbara Basins source rocks were likely deposited in continental shelf and slope, respectively but
the result may still have some uncertainties due to lacking of oil-source correlation study. When
comparing to their lithostratigraphy, these major source rocks should be Tertiary in age and other
source rocks deposited deeper in Cretaceous time may be the sources contributing to oils with high
diamondoid concentrations.

4.2.5 Biodegradation

Hydrocarbon distributions were investigated to determine biodegradation level of oil
samples from the San Joaquin and Santa Barbara Basins. It can be noticed that oil samples from
the Santa Barbara Basin were more severely biodegraded than oil samples from the San Joaquin

Basin as shown in Figure 4.3 because they are mostly seeps.

Figure 4.3: Pie charts showing proportions of oils with different biodegradation ranks (based on

Peters and Moldowan, 1993) of oil samples from the San Joaquin and Santa Barbara Basins.

4.3 Recommendation

1) Analyzing more non-biodegraded oil samples from the San Joaquin and Santa Barbara
Basins because biodegradation can affect some parameters.
2) Analyzing more biomarker parameters in oil samples from these two basins and studying

more oil-source correlation.
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Appendix |

Biodegradation ranking

Biodegradation

Ranking N-alkanes Isoprenoids Steranes Hopanes Diasteranes Aromatic steroids
1 —
2 ——
3 <
4 < >
5 < >
6 < > P \Vith |25-norhopanes
/ <
8 < » With ho 25-norhopangs
2] < >
10 < >

Table A-1: Biodegradation ranking based on Peters and Moldowan (1993), double arrow means disappear.
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Appendix I

Tectonic evolution of the San Joaquin Basin

Late Miocene, 5-10 Ma
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Figure A-1: Tectonic evolution of the San Joaquin Basin. Topography- and compaction-driven flow
are shown as arrows. The active tectonics include uplift of the Sierra Nevada beginning 5-10 Ma,
the rise of the Coast Ranges above sea level (S.L.) and the last marine regression starting on 2 Ma.
Dashed, gray, dark stippled, light stippled, and hachured units represent Post-Pliocene, Pliocene,

Miocene, Pre-Miocene, and Sierran rocks, respectively (Wilson et al., 1999).
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