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ABSTRACT 

 

 Since the late nineteenth century, central and southern California Neogene basins 

have been recognized as prolific petroleum producers.  One of these, the Salinas Basin, 

features at least seven oil fields containing over half a billion barrels of recoverable oil.  

The mostly uplifted western side of the basin has invited decades of geologic research 

relating to tectonic evolution of the western California margin, whereas economic 

interests have focused study mainly on the subsurface features in the east. Though we 

possess a basic knowledge of the relations between the geology and existence of 

petroleum in Salinas Basin, we can achieve a more complete understanding by 

integrating the geological nuances characterizing basin history with petroleum system 

analysis.  The most notable of these traits include strike-slip tectonism and diagenesis of 

the Miocene Monterey Formation. 

 Late Neogene tectonism associated with the San Andreas Fault led to profound 

changes to the entire western margin of North America.  In the Salinas Basin, this is 

manifested as numerous, dextral strike-slip and oblique slip faults, one of which includes 

the Reliz-Rinconada Fault (RRF), which bisects the main depocenter.  Transpressional 

tectonism induced shortening, taken up by broad and small-scale folds and thrust faults.  

The related partial basin inversion resulted in considerable erosion, including Oligocene 

and Miocene age strata.  In addition to the dynamic tectonism, mechanical and thermal 

properties of a key stratigraphic formation, the Monterey Formation, evolved with burial 

and diagenesis of biogenic silica.  From diagenetic alteration to tectonic thickening of 

overburden, to kilometer-scale transport of a pod of active source rock (POASR), all of 

these processes are intertwined with synchronous petroleum system events.  Past research 

in basin evolution has done little to combine complex tectonism and diagenesis with 

petroleum systems analysis.  Basin and petroleum system modeling (BPSM) is an 

effective approach to linking these geologic processes and integrating them into a 

common framework.  The Salinas Basin is an excellent area to test and develop BPSM 

techniques that address the geological complexities often oversimplified or overlooked in 

standard workflows.   
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 This thesis is divided into three chapters addressing the following overarching 

research objectives:  (1) to address the coupling between tectonism and petroleum system 

formation.  (2) To incorporate silica diagenesis to improve geohistory modeling. (3) To 

reevaluate the Salinas Basin petroleum system(s) in an effort to help explain the oil field 

size distribution.  (4) To integrate historic geologic and petroleum system data and 

concepts into a digital basin-scale framework. 

 

 Chapter 1 explores the interplay between silica diagenesis and basin and 

petroleum system analysis.  X-ray diffraction (XRD) analysis of porcelaneous outcrop 

samples determined that most surface exposures of the Hames Mbr of the Monterey Fm 

are opal-CT phase silica, with few opal-A phase diatomite occurrences rimming basin 

margins in the central and southern parts of the basin.  X-ray fluorescence (XRF) analysis 

of the same samples reveal that relative clay abundances for sampled outcrops near the 

Arroyo Seco Trough (AST) and Hames Valley Trough (HVT) POASRs average 26 wt %.  

Detailed analysis of samples from a continuous section of Hames Mbr strata in Reliz 

Canyon (adjacent to the AST) reveals a systematic increase in stability of opal-CT silica 

with stratigraphic depth.  The classic nomograph of Keller and Isaacs (1985) relating 

diagenetic silica crystallography and clay content to temperature suggests that maximum 

burial temperatures seen by this section range from 56.4-77.5 °C at 30% clay.   

 One-dimensional (1D) and two-dimensional (2D) burial history models 

incorporate a dynamic lithology for the Hames Mbr, capable of adjusting properties upon 

reaching designated temperature thresholds.  Observed silica phases coupled with other 

forms of burial and thermal calibration (porosity, temperature, Tmax, vitrinite reflectance) 

guide erosion estimates.  1D models of the Reliz Canyon outcrop indicate a broader 

maximum temperature range and steeper gradient than indicated from crystallographic 

evidence, suggesting structural tilting of strata prior to uplift.  Based on systematic 

erosion and structural thickening scenario testing of nine wells in the AST and HVT, and 

corroboration of their burial history using silica phase among other calibration sources, 

the magnitude of Pliocene-Recent erosion in the AST area increases to the northwest, and 

ranges from 700-1400 m.   1D and 2D basin models indicate that the eastern part of the 

basin experienced considerably less erosion (typically 0-80 m) than in the west.  
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Collectively, these models show that locally and at basin scale, erosion magnitude 

generally increases from south to north, and from east to west across the RRF.  The 

spatial variability in burial and uplift history resulted in diachronous source rock 

maturation in HVT versus AST: source rock reached 50% transformation ratio (TR; type 

II kinetics) by late Miocene time in the HVT, whereas AST source rock was approaching 

40% TR at present-day. 

 Elements of this chapter will be incorporated into publication of Chapter 3.  Co-

authors will include Dr. Stephan Graham, and those co-authors mentioned for Chapter 3.  

My contributions to this work include project design, sample collection, laboratory 

analysis, results interpretation, collection of data required as modeling parameters and 

boundary conditions, all model construction and interpretation.  Dr. Graham helped with 

initial project design and overall interpretations. 

 

 Chapter 2 presents a new BPSM method that incorporates strike-slip fault motion 

in 3D basin models.  No published literature documents the incorporation of strike-slip 

faulting into basin and petroleum system modeling prior to this work, despite the 

abundance of petroliferous basins influenced by strike-slip faulting.  3D synthetic models 

of a simplified version of Salinas Basin demonstrate the feasibility and value of including 

strike-slip motion in petroleum system analysis.  Model results exemplify potential 

implications for inclusion of strike-slip fault motion in basin models, such as formation of 

alternative migration pathways through time and mixing of petroleum from multiple 

sources in the same accumulation. 

 This chapter was submitted to Marine and Petroleum Geology in spring, 2014, 

and is in review at this time.  Co-authors include Dr. Oliver Schenk, Dr. Carolyn Lampe, 

Dr. Thomas Fuchs and Dr. Stephan A. Graham.  My role in this research was in project 

design, general workflow development, all model construction and testing, and in 

interpretation of model results.  Dr. Schenk and Dr. Lampe provided critical guidance in 

developing specific aspects of the modeling approach, and provided clarification on 

technical details.  Dr. Fuchs clarified technical details related to the modeling simulator.  

Dr. Graham helped with initial project design. 
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 Chapter 3 investigates the interplay of strike-slip tectonism, basin history and 

petroleum system development.   3D modeling of basin and petroleum system evolution 

predicts up to 75 % transformation in the lower Monterey Formation in the main POASR 

(HVT) and up to 35 % transformation in the western POASR (AST) at present-day.  

Models predict the largest petroleum accumulations directly northeast of the HVT pod of 

active source rock, consistent with the location and size of the San Ardo oil field.  Very 

little oil and gas migrated from west to east across the RRF; the little petroleum that is 

transmitted across the fault accumulated in reservoir layers and fine-grained layers in the 

northeastern area of the basin.  Petroleum generation began (10% TR) at ~11 Ma in the 

HVT POASR, and accumulation in sandstone reservoirs began ~5 Ma.  Accumulation 

history of the San Ardo area in detail indicates sequential filling of near-source traps in 

reservoir layers first, followed by accumulation of neighboring traps updip in the last 

million years.   

 Interpretations of seismic reflection data of the HVT suggest four main tectonic 

stages.  These stages include: (I) Oligocene-early Miocene time is characterized by a 

transtensional regional stress regime associated with passage of the Mendocino Triple 

Junction.  Evidence for this includes normal faults that progressively down-step basement 

to the west and north, initiating basin subsidence.  (II) Early-middle Miocene rapid 

subsidence occurred through displacement on high-angle basement normal faults.  I 

suggest this period of subsidence is driven by local transtensional deformation due to a 

right step-over between subparallel strike-slip faults, resulting in formation of a pull-apart 

basin.  (III) Middle Miocene-early Pliocene time is characterized by a shift in 

deformational styles, marked by contractile features including low-angle detachment 

faults within the Monterey Fm, and modest uplift of basin fill in response to this 

shortening.  (IV) Pliocene-Recent shortening associated with the Coast Range Orogeny is 

evident in the three or more NE-SW striking thrust faults uplifting strata in the west and 

north.  Review of petroleum system models in the context of these seismic interpretations 

suggests a number of feedbacks between tectonics and petroleum-related events. 

 Biomarker concentrations in sampled oils including C29 sterane and C31 terpane 

isomers and Ts/Tm ratios indicate relatively low levels of thermal maturity for all oil 

field samples.  An oil produced from much greater depths (~2500 m TVD) appears 
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considerably more mature and less biodegraded than all other samples.  Additionally, 

C27-C29 steranes and monoaromatic steroids suggest a single anoxic marine source with 

probable subtle variability in organofacies.   

 An abbreviated version of this chapter is planned for future publication with co-

authors Dr. J. Michael Moldowan, Dr. Kristian Meisling and Dr. Stephan A. Graham.  

My contributions to this work include project design, collection of data required as basin 

model parameters and boundary conditions, construction and interpretation of all models, 

oil and source rock sample collection, geochemical analyses and interpretation, seismic 

reflection data interpretation, and overall synthesis and interpretation.  Dr. Moldowan 

was critical in geochemical analysis and interpretation, and the geochemistry aspects of 

project design.  Dr. Meisling provided guidance in seismic reflection interpretation and in 

developing conclusions related to tectonic evolution of the basin.  Dr. Graham provided 

copious knowledge and insights regarding basin geology, provided guidance and 

discussions related to basin and petroleum system history, and participated in project 

design. 

 

 Although only minimal fieldwork was necessary to complete this work, given the 

decades of thorough mapping already available, there is no substitute for observing 

aspects of the basin in person.  This is particularly true when the goal is to incorporate 

geological nuances into computational models.  Moreover, scientific inquiry serves little 

value if not dispensed broadly and made accessible to wide audiences.  For these reasons, 

a guide book to the Salinas Basin petroleum system is included as an appendix (Appendix 

B).  Versions of this guide book were informally published for the 2010 Stanford BPSM 

Affiliates meeting, published for use while leading the Pacific Section SEPM Fall Field 

Trip in 2012, and again in spring of 2013 for the AAPG Pacific Section meeting in 

Monterey, CA.  The version included here is the basis for future publication in an AAPG 

volume on petroleum play outcrop excursions.  



 

ix 

 

ACKNOWLEDGEMENTS 

 

 This dissertation represents the culmination of several years of graduate work.  

Although graduate school research and writing is largely an individual endeavor, much of 

this dissertation research would never have been possible without the involvement of 

many other people.  I would like to take the opportunity to recognize and thank these 

individuals here.  

   First and foremost, I want to acknowledge my research advisor, Steve Graham.  I 

am incredibly thankful for his support and mentorship, academically and personally.  

Steve was essential to my navigating this long, winding and pothole-ridden road through 

grad school, and I am forever grateful for his patience and support every step of the way.  

I owe much of my interest in, and understanding of, California geology to Steve’s 

expertise and willingness to dispense his extensive knowledge to his students.  That 

Steve’s continual interest in California geology was met with my interest in basin and 

petroleum system modeling five years ago is what you might call a “happy conspiracy”, 

with this dissertation being the result. 

 A number of additional faculty members have influenced my scientific 

development, particularly the members of my research committee.  Mike Moldowan 

opened my eyes to the power of petroleum geochemistry, and taught me concepts that 

will prove incredibly useful well beyond grad school.  Tapan Mukerji made me aware of 

the necessity in and approach to evaluating uncertainty in models, and always offered 

fresh perspectives and suggestions.  Finally, Allegra Hosford Scheirer has been especially 

encouraging and inspiring since the day I arrived at Stanford.  I owe Allegra special 

gratitude for the countless brainstorming sessions and basin modeling discussions, and 

for her willingness to help regardless of how many other balls she was juggling.  I am 

particularly thankful for her mentorship during more challenging periods, and for pushing 

me on through the frustrations and dead ends.   

 One of the best aspects of being part of the Basin and Petroleum System 

Modeling program is the regular availability of brilliant scientists, all of whom are also 

wonderful people!  Carolyn Lampe and Oliver Schenk provided advice and 

encouragement countless times.  Despite being across the globe, they were never more 



 

x 

 

than an email or Skype call away.  Their abilities as basin modelers have been an 

inspiration for my continued interest in the field, and I hope to continue to learn from 

them as colleagues in the future.  Closer to home, Les Magoon, Ken Peters and Noelle 

Schoellkopf have all been key players in my education and experience with this program.   

 Over the past five years I discovered that the depth and breadth of research 

involved in graduate work requires reaching out to the scientific community.  When I 

came to the edge of my comfort zone in exploring the structural history of the basin, Kris 

Meisling offered his abundant expertise in and enthusiasm for strike-slip tectonics.  When 

I encountered limitations in the modeling software, Thomas Fuchs, Thomas Hantschel, 

and Armin Kauerauf at the Schlumberger Aachen Technology Center took the time to 

supply me with solutions.  When I realized I needed to dive into the “world of the 

Monterey Formation” to deepen my understanding of Salinas geology, Rick Behl of 

California State University, Long Beach was a critical resource.  Rick graciously granted 

me use of his lab for several days, and patiently guided me through operating the 

equipment and analyzing results.  This portion of my research was made much easier and 

time-efficient thanks to the assistance of Rick and his graduate students, Rebecca Landers 

and Idu Opral Ijeoma.  Finally, I want to recognize the team of geochemists from the 

former Moldowan lab at Stanford for their guidance and help in analyzing my oil and 

source rock samples; Fred Fago, Shaun Moldowan, David Zinniker and Paul Lipton were 

all critical in helping with this.  

 Conducting graduate research in the state of California has many advantages, 

most notable of which is the large community of geologists that share similar interests.  I 

am grateful for the many encouraging encounters with various California geologists.  In 

particular, I owe tremendous gratitude to Bonnie Bloeser for her mentorship and support 

while I prepared to lead field trips.  I am incredibly thankful to Venoco, Inc. for access to 

beautiful seismic data and an entire library of well reports, and to the geoscientists that 

made this possible including Marc Kamerling, Wayne Tolmachoff, Chris Pelton, and Bob 

Blackmur.  Stan Eschner of Trio Petroleum graciously provided me with wellbore 

samples, and shared his insights on the basin.  The California Well Sample Repository in 

Bakersfield and its staff were instrumental in granting me access to core and well reports.  

A number of residents in the Salinas Valley and surrounding areas were very amenable to 



 

xi 

 

my accessing land for sample collection or for simply a closer look at the rocks.  In 

particular, I am grateful to Susan Clizbe of Fort Hunter Liggett and Bill Cotton for 

graciously inviting me onto restricted or private land.   

 The skills and knowledge I gained during grad school reaches well beyond that 

encapsulated in my dissertation research.  Thanks to the flexibility and open-mindedness 

of my advisor, Steve, I accrued these additional skills and knowledge from experiences 

outside of my research topics, and from interactions with a number of other research 

scientists and technical professionals.  First is Robert Tscherny, who immediately took 

me under his wing to guide me in my development as a basin modeler.  I am grateful to 

Robert for allowing me to ask all the ‘stupid questions’ I needed to until I understood, 

and for somehow managing to understand what my questions were when I couldn’t even 

think how to ask them.  Others in the modeling community who took on mentorship roles 

for me include Chris Crescini, Leslie Nossaman, and Stan Teerman.  I gained skills and 

wisdom from these individuals that I can continue to apply throughout my career.   In the 

sedimentology and stratigraphy realm, key figures in my education include Don Lowe 

and Tim McHargue.  As someone focused mainly on modeling processes at much greater 

scales, I am thankful for the courses taught and field trips led by Don and Tim, as these 

kept me grounded and reminded me of what it is I’m modeling.  I’d like to recognize Cari 

Johnson and Kurt Constenius who were critical in what amounted to be a great adventure 

in my life: field work in Mongolia.  Even though my research focus took a turn away 

from studying Mongolia, I took with me new skills in core logging and field mapping that 

are now safely tucked in my “geological tool belt” for when they are next required.  

Finally, three individuals from previous school experiences were critical to fostering my 

interest in geology: Tom “Doc” Arnold (my high school earth science teacher), Mike 

Arthur (my senior thesis advisor), and Peter Wilf (a particularly enthusiastic and inspiring 

research scientist). 

 Scientific research would not be possible without substantial financial support.  

The generous contributions of all companies that have participated in the Basin and 

Petroleum System Modeling Industrial Affiliates program allowed me to pursue my 

scientific interests without funding concerns.  In particular, I owe tremendous gratitude to 

Chevron for providing my fellowship for the past five years.  I am thankful to have 



 

xii 

 

received the Lawrence W. Funkhouser Named Grant through the AAPG Foundation 

Grants-in-Aid and multiple departmental Shell Grants for travel to technical conferences 

and workshops.  Finally, two extraordinary field trips that I participated in were 

generously funded by Saudi Aramco (to Saudi Arabia) and PetroMatad (to Mongolia). 

 Besides financial needs, this grad school program depends very heavily on the 

reliable, hard work of the Geological and Environmental Sciences Department and 

School of Earth Sciences staff.  I owe much gratitude to the members of the GES office 

staff who handled so many logistical and administrative tasks, probably most 

unbeknownst to me, and allowed me to focus on research.  These rock star administrators 

include: Alyssa Ferree, Lauren Nelson, Yvonne Lopez, Stephanie James, Javier Illueca, 

Daisy Sanchez, Arlene Abucay, Leslie Honda, and Elaine Andersen.  I am also grateful to 

Tom Koos, Sara Cina, Felicia Morales, Roni Holeton, Jenny Saltzman, Phil Farrell, and 

the Branner Library staff, all of whom made my time as a grad student much easier. 

 Grad school presents different challenges for every student, and every student 

handles these differently.  But the most critical aspect, the most key ingredient to 

surviving grad school is the network of students you acquire as colleagues and friends 

along the way.  The Sedimentary Research Group was this key ingredient for me.  I’ll 

forever cherish the field trip adventures to Saudi Arabia, Death Valley and the Book 

Cliffs, planning the Christmas gifts for Steve and Don (“I’ve got rocks in low basins…”), 

and the countless BBQs and parties that occurred just frequently enough to pull you out 

of your research and make you feel like a “normal” person again!  Especially as an 

“outlier” BPSM student, I was always secretly pleased to be misidentified as part of the 

SPODDS family, and am so grateful to have overlapped with all of these great people!  

These folks include: Theresa Schwartz, Blair Burgreen, Glenn Sharman, Matt 

Malkowski, Lizzy Trower, Larisa Masalimova, Nora Nieminski, Lauren Schumaker, 

Inessa Yurchenko, Danielle Zentner, Nadja Drabon, Moy Hernandez, Zach Sickmann, 

Lauren Schultz, Cody Trigg, and Nilay Gungor.  From an earlier era: Julie Fosdick, Lisa 

Stright, Katie Coble, Meng He, Keisha Durant, Zane Jobe, Liz Cassel, and Jon Rotzien.  

And from the greater Sed Group community: Matt Thomas, Sam Johnstone, Kim Lau, 

and Matt Coble.  In addition to the Sed Group, the BPSM group provided me with a 



 

xiii 

 

second family I will cherish as well: Danica Dralus, Yao Tong, Amrita Sen, and again, 

Keisha, Meng, Inessa, Wisam, and Lauren. 

 And finally, I especially want to recognize some of the best office mates one 

could ask for:  Theresa Schwartz, Blair Burgreen, and Glenn Sharman.  In the future, 

when I think of grad school, I will immediately imagine a blur of pretzel chomping, 

spontaneous swearing, light switch flipping, wedding planning, Disney singing, and 

Kleenex box of wine drinking.  The shenanigans in room 319 won’t ever happen quite the 

same again, so I’m glad to have been a part of them. 

 As through any challenging period in one’s life, the greatest support and 

encouragement comes from close friends and family.  I’d like to thank Lauren Tyson and 

her family for cheering me on all five years, and for reminding me that there is life 

outside of research and school.  Bob, Carol, and Ben Janesko have been a constant source 

of support; from their visits to California to their mailed care packages from afar, I am so 

thankful for their steady encouragement and interest.  And I am grateful to my ultimate, 

unconditional cheering squad, my family: Mom, Dad, Franny and Stevie.  Because 

despite being thousands of miles away and probably not really knowing what I was 

researching, they have always been supportive of my goals. 

 Finally, more than any one of these people, I want to thank David Janesko.  Dave 

has been my number one source of encouragement, inspiration and, most of all, food!  

My ability to finally make it to the finish line is largely because of David’s tremendous 

and unwavering support.  His own scientific intrigue and enthusiasm for geology inspired 

me to plug ahead, and I am so grateful for this perfect partner in crime.  In some ways, 

this dissertation represents an achievement for him as much as it does for myself.  

 

 

  



 

xiv 

 

TABLE OF CONTENTS 

 

ABSTRACT .................................................................................................................................... iv 

ACKNOWLEDGEMENTS ............................................................................................................ ix 

TABLE OF CONTENTS .............................................................................................................. xiv 

LIST OF TABLES ...................................................................................................................... xviii 

LIST OF FIGURES ....................................................................................................................... xx 

 

CHAPTER 1 

RELATING SILICA DIAGENESIS AND GEOHISTORY TO PETROLEUM SYSTEM 

DEVELOMENT: AN INTEGRATED APPROACH TO MODELING THE SALINAS 

BASIN, CALIFORNIA.................................................................................................................. 1 

ABSTRACT ................................................................................................................................. 2 

1. Introduction and Motivation .................................................................................................... 3 

2. Geologic Background .............................................................................................................. 4 

2.1. Tectonic and Depositional Setting .................................................................................... 4 

2.2. Diagenetic Alteration of Biogenic Silica .......................................................................... 6 

3. Approach and Available Data .................................................................................................. 8 

4. Siliceous Rock Analyses .......................................................................................................... 9 

4.1. Method .............................................................................................................................. 9 

4.2. Analytical Results ........................................................................................................... 10 

5. Basin Modeling ...................................................................................................................... 11 

5.1. Modeling Approach ........................................................................................................ 11 

5.2. Model Results ................................................................................................................. 16 

6. Discussion .............................................................................................................................. 19 

6.1. Synthesis of Analytical and Model Results .................................................................... 19 

6.2. Addressing Uncertain Parameters in Basin Modeling with Silica Diagenesis ................ 25 

6.3. Basin History and Petroleum System Implications ......................................................... 27 

7. Conclusions ............................................................................................................................ 33 

Acknowledgements .................................................................................................................... 34 

References Cited ........................................................................................................................ 35 

 

 



 

xv 

 

CHAPTER 2 

MODELING STRIKE-SLIP MOTION IN BASIN AND PETROLEUM SYSTEM 

ANALYSIS: A NEW METHOD AND APPLICATIONS USING THE SALINAS BASIN, 

CALIFORNIA .............................................................................................................................. 72 

ABSTRACT ............................................................................................................................... 73 

1.  Introduction ........................................................................................................................... 73 

2. Motivation for Strike-slip Basin Modeling ............................................................................ 75 

3. Geologic Background of the Salinas Basin ............................................................................ 76 

4. Basin and Petroleum System Modeling ................................................................................. 78 

4.1. General Background ....................................................................................................... 78 

4.2. Event-step vs. Paleo-step Models ................................................................................... 78 

5. Method Development............................................................................................................. 80 

5.1 Synthetic Approach and Earth Model (Step 1) ................................................................ 80 

5.2. Event-step Model: Preparation for Paleo-step Models (Steps 2 & 3) ............................. 81 

5.3. Restoration of Strike-slip Fault: Final Preparation for Paleo-step Models (Step 4) ....... 83 

5.4. Paleo-modeling with Strike-slip Fault Offset: TecLink 3D (Step 5) .............................. 84 

5.5. Approximating the Fault Plane ....................................................................................... 84 

6. Synthetic Strike-slip Model Results ....................................................................................... 85 

6.1. Rationale for Model Scenarios ........................................................................................ 85 

6.2. Source Rock Results ....................................................................................................... 86 

6.3. Petroleum Migration and Accumulation Results ............................................................ 88 

7. Discussion .............................................................................................................................. 92 

7.1. Value in Strike-slip Basin Modeling ............................................................................... 92 

7.2. Limitations and Suggested Improvements ...................................................................... 95 

8. Conclusions ............................................................................................................................ 97 

Acknowledgements .................................................................................................................... 98 

References Cited ........................................................................................................................ 99 

 

CHAPTER 3 

INTEGRATING STRIKE-SLIP TECTONISM WITH 3D BASIN AND PETROLEUM 

SYSTEM ANALYSIS OF THE SALINAS BASIN ................................................................ 122 

ABSTRACT ............................................................................................................................. 123 

1. Introduction .......................................................................................................................... 124 

2. Geologic Background .......................................................................................................... 125 



 

xvi 

 

3. Basin and Petroleum System Modeling ............................................................................... 129 

3.1. BPSM Methods ............................................................................................................. 129 

3.2. BPSM Results ............................................................................................................... 144 

4. Oil Geochemistry ................................................................................................................. 151 

4.1. Geochemistry Methods ................................................................................................. 151 

4.2. General Results ............................................................................................................. 151 

4.3. Geochemistry Interpretation ......................................................................................... 152 

5. Discussion ............................................................................................................................ 159 

5.1. Petroleum System Modeling ......................................................................................... 159 

5.2. Relating Geochemistry and Modeled Petroleum Systems ............................................ 166 

5.3. Petroleum System, Basin Evolution and Tectonic History ........................................... 168 

5.4 Future Opportunities ...................................................................................................... 182 

6. Summary .............................................................................................................................. 183 

7. Conclusion ........................................................................................................................... 186 

Acknowledgements .................................................................................................................. 187 

References Cited ...................................................................................................................... 188 

 

APPENDIX A – Supplementary material for Chapter 3............................................................. 259 

 

APPENDIX B - Guidebook 

THE SALINAS BASIN, CENTRAL CALIFORNIA: A PETROLEUM SYSTEM IN 

OUTCROP ................................................................................................................................. 275 

Introduction .............................................................................................................................. 275 

General Access..................................................................................................................... 276 

Equipment & Safety ............................................................................................................. 277 

Regional Geology ................................................................................................................ 277 

Basin Stratigraphy and Structure ......................................................................................... 278 

Overview of the Petroleum System in the Salinas Basin ..................................................... 279 

Part 1: Northern Salinas Basin ................................................................................................. 280 

Arroyo Seco and Reliz Canyon – Source rock stratigraphy, strike-slip fault scarp, and thick 

overburden rock ....................................................................................................................... 280 

Arroyo Seco ......................................................................................................................... 281 

Reliz Canyon ........................................................................................................................ 286 

Part 2: Southern Salinas Basin ................................................................................................. 288 



 

xvii 

 

Nacimiento Dam, San Antonio Dam and San Ardo Oil Field – Structural deformation, 

petroleum migration and accumulation.................................................................................... 288 

Nacimiento Dam .................................................................................................................. 289 

East of San Antonio Dam .................................................................................................... 290 

San Ardo Oil Field ............................................................................................................... 292 

Field Trip Conclusion .............................................................................................................. 294 

References Cited ...................................................................................................................... 295 

 

  



 

xviii 

 

LIST OF TABLES 

 

CHAPTER 1 

RELATING SILICA DIAGENESIS AND GEOHISTORY TO PETROLEUM 

SYSTEM DEVELOMENT: AN INTEGRATED APPROACH TO MODELING 

THE SALINAS BASIN, CALIFORNIA 

Table 1. Silica phases and abundances relative to clay for Monterey Fm outcrop samples.

........................................................................................................................................... 41 

Table 2.  Model scenarios for sections in Reliz Canyon addressing uncertainty in upper 

Monterey Fm ages and thicknesses................................................................................... 42 

Table 3.  Model scenarios for wells in Arroyo Seco addressing uncertainty in amount of 

erosion and structural thickening. ..................................................................................... 43 

Table 4.  Model scenarios for wells in Hames Valley addressing uncertainty in amount of 

erosion and structural thickening. ..................................................................................... 44 

  

CHAPTER 2 

MODELING STRIKE-SLIP MOTION IN BASIN AND PETROLEUM SYSTEM 

ANALYSIS: A NEW METHOD AND APPLICATIONS USING THE SALINAS 

BASIN, CALIFORNIA 

Table 1.  Strike-slip model dimensions and specifications. ........................................... 105 

Table 2.  Model scenarios. ............................................................................................. 106 

Table 3.  Petroleum balance of scenario PS-Stdy-OF. ................................................... 107 

  

CHAPTER 3 

INTEGRATING STRIKE-SLIP TECTONISM WITH 3D BASIN AND 

PETROLEUM SYSTEM ANALYSIS OF THE SALINAS BASIN 

Table 1.  Basin model layer lithologies and ages. .......................................................... 199 

Table 2.  Customizations to basin model lithologies. .................................................... 200 

Table 3.  Oil, seep and source rock sample information. ............................................... 201 

Table 4.  Biodegradation ranks of oil and seep samples. ............................................... 202 

  

APPENDIX A 

Table A-1.  Wells used in 3D basin model construction and calibration. ...................... 259 

Table A-2.  Salinas Basin oil field properties. ............................................................... 262 



 

xix 

 

Table A-3.  Terpane ratios for saturate fractions of oils, seep and source rock extracts.

......................................................................................................................................... 263 

Table A-4.  Sterane and diasterane ratios for saturate fractions of oils, seep and source 

rock extracts. ................................................................................................................... 265 

Table A-5.  Monoaromatic and desmethyl triaromatic steroid ratios for aromatic fractions 

of oils, seep and source rock extracts. ............................................................................. 266 

Table A-6.  Methyl triaromatic steroid ratios for aromatic fractions of oils, seep and 

source rock extracts......................................................................................................... 267 

 
 

 

 

 

  



 

xx 

 

LIST OF FIGURES 

 

CHAPTER 1 

RELATING SILICA DIAGENESIS AND GEOHISTORY TO PETROLEUM 

SYSTEM DEVELOMENT: AN INTEGRATED APPROACH TO MODELING 

THE SALINAS BASIN, CALIFORNIA 

Figure 1. Location map. ................................................................................................... 46 

Figure 2.  Silica phase and d(101)-spacings of Reliz Canyon Monterey Fm (a) and 

implications for burial temperatures (b). .......................................................................... 47 

Figure 3.  Reliz Canyon outcrop stratigraphy, and modeled burial temperatures and 

thermal maturity. ............................................................................................................... 49 

Figure 4.  Schematic illustrating rationale for modeling burial history of Reliz Canyon 

outcrop. ............................................................................................................................. 51 

Figure 5.  Five burial history models of the Reliz Canyon outcrop. ................................ 52 

Figure 6.  Compaction curves for lithologies that were used in modeling the Salinas 

Basin. ................................................................................................................................ 54 

Figure 7.  3D oblique view of well and 2D basin model locations in a) Western Salinas 

Basin and b) Hames Valley. .............................................................................................. 55 

Figure 8.  Five models of thermal maturity in Reliz Canyon and silica phase of the 

Sandholdt-Hames Mbr transition (Luisian age). ............................................................... 56 

Figure 9.  Burial history diagrams documenting a systematic approach to modeling well 

05301354 through incorporation of uncertainty in erosion thickness and structural 

thickening magnitude. ....................................................................................................... 57 

Figure 10.  Burial history diagrams documenting calibrated models of Arroyo Seco area 

and Hames Valley wells.................................................................................................... 59 

Figure 11.  Depth profiles of modeled present-day thermal maturity, temperature, silica 

phase, and porosity for Arroyo Seco area wells: a) 05301354; b) 05301438. .................. 61 

Figure 12.  Depth profiles of modeled present-day thermal maturity, temperature, silica 

phase, and porosity for Hames Valley wells: a) 05321243; b) 05301457. ....................... 62 

Figure 13.  2D basin models demonstrating basin evolution and silica diagenesis since 

middle Miocene time. ....................................................................................................... 63 

Figure 14.  Erosion profiles and the predicted silica phase distributions. ....................... 65 

Figure 15.  Influence of lithology on temperature of Hames Mbr of Monterey Fm. ....... 67 

Figure 16.  Influence of silica diagenesis kinetic parameters on thermal maturity, silica 

phase and porosity versus depth. ...................................................................................... 68 

Figure 17.  Relationship between transformation ratio, Hames Mbr temperature, and 

silica phase through time in Arroyo Seco versus Hames Valley. ..................................... 69 

Figure 18.  2D basin models demonstrating basin evolution and transformation ratio of 

source rock since late Miocene time. ................................................................................ 70 



 

xxi 

 

Figure 19.  Progression of silica diagenesis inferred from temperature history in context 

of thermal maturity and transformation ratio in the Reliz Canyon outcrop (Model C). ... 71 

 

CHAPTER 2 

MODELING STRIKE-SLIP MOTION IN BASIN AND PETROLEUM SYSTEM 

ANALYSIS: A NEW METHOD AND APPLICATIONS USING THE SALINAS 

BASIN, CALIFORNIA 

Figure 1.  Salinas Basin location map. ........................................................................... 108 

Figure 2.  Chronostratigraphy and petroleum system events of Salinas Basin. ............. 109 

Figure 3.  Schematic representation of present-day Salinas Basin geology. ................. 111 

Figure 4.  Event-step and paleo-step burial history modeling explanation. ................... 112 

Figure 5.  Strike-slip basin and petroleum system modeling workflow. ....................... 113 

Figure 6.  Source rock thermal maturity in strike-slip basin as a function of time. ....... 114 

Figure 7.  Distribution of migrated and accumulated petroleum. .................................. 116 

Figure 8.  Basin and petroleum system evolution of an open strike-slip fault model.. .. 118 

Figure 9.  Comparison of fault slip-rate scenarios and resulting accumulations. .......... 119 

Figure 10.  Basin and petroleum system evolution of two fault offset models.............. 120 

 

CHAPTER 3 

INTEGRATING STRIKE-SLIP TECTONISM WITH 3D BASIN AND 

PETROLEUM SYSTEM ANALYSIS OF THE SALINAS BASIN 

Figure 1.  Location map for Salinas Basin, central California, U.S.A. .......................... 203 

Figure 2.  Size distribution of Salinas Basin oil fields. .................................................. 204 

Figure 3.  Stratigraphy of the Salinas Basin................................................................... 205 

Figure 4.  Source rock characteristics of the Sandholdt and Hames Members of the 

Monterey Formation by location. ................................................................................... 207 

Figure 5.  Kerogen types based on modified van Krevelen diagram after Mertz (1984).

......................................................................................................................................... 208 

Figure 6.  Schematic representation of basin structure and petroleum system elements at 

present-day. ..................................................................................................................... 209 

Figure 7.  Structure map of the base of the Monterey Formation. ................................. 210 

Figure 8.  Maps of present-day layer and facies extents. ............................................... 211 

Figure 9.  Present-day topography and paleobathymetric maps. ................................... 213 

Figure 10.  Basin model boundary conditions. .............................................................. 215 

Figure 11.  Source rock isochore map. ........................................................................... 216 

Figure 12.  Overburden isochore map. ........................................................................... 217 

Figure 13.  Maps of source rock characteristics. ............................................................ 218 



 

xxii 

 

Figure 14.  Source rock thermal maturity through time. ................................................ 219 

Figure 15.  Source rock transformation ratio through time. ........................................... 221 

Figure 16.  Migration models through time. .................................................................. 223 

Figure 17.  Models of petroleum migration within Luisian (left), lower Mohnian (center), 

and upper Mohnian (right) reservoirs. ............................................................................ 225 

Figure 18.  Models of petroleum migration within weathered basement (left) and the 

Vaqueros Fm (center). .................................................................................................... 227 

Figure 19.  Petroleum accumulation by reservoir and carrier layers over time. ............ 229 

Figure 20.  Gas chromatograms of oils and source rock extract. ................................... 230 

Figure 21.  Terpane (m/z 191) mass chromatograms for select oils and seep extract. .. 231 

Figure 22.  Sterane (m/z 217) mass chromatograms for select oils, seep and source rock 

extracts. ........................................................................................................................... 232 

Figure 23.  Petroleum source indicators (Part 1). .......................................................... 233 

Figure 24.  Petroleum source indicators (Part 2). .......................................................... 234 

Figure 25.  Diamondoid versus sterane concentrations in oils. ..................................... 235 

Figure 26.  Biodegradation of oils. ................................................................................ 236 

Figure 27.  Petroleum source indicators (Part 3). .......................................................... 237 

Figure 28.  Thermal maturity indicators (Part 1). .......................................................... 238 

Figure 29.  Thermal maturity indicators (Part 2). .......................................................... 239 

Figure 30.  Thermal maturity indicators (Part 3). .......................................................... 240 

Figure 31.  Petroleum a) generation, b) expulsion and c) source accumulation through 

time. ................................................................................................................................ 241 

Figure 32.  Transformation ratios through time. ............................................................ 242 

Figure 33.  Tectonostratigraphic chart. .......................................................................... 243 

Figure 34.  Effect of kerogen kinetics on source rock transformation ratio. ................. 245 

Figure 35.  Petroleum from the western POASR that migrated east of the RRF........... 247 

Figure 36.  Western oil component masses in eastern basin through time. ................... 248 

Figure 37.  Western gas component masses in eastern basin through time. .................. 250 

Figure 38.  Field-specific petroleum accumulations through time. ............................... 251 

Figure 39.  Reservoir filling at San Ardo field. ............................................................. 252 

Figure 40.  Comparison of petroleum migration models with different approaches to 

modeling Reliz-Rinconada Fault. ................................................................................... 253 

Figure 41.  Biodegradation susceptibility based on reservoir temperature. ................... 254 

Figure 42.  Seismic reflection profiles from Hames Valley (Part 1). ............................ 255 

Figure 43. Seismic reflection profiles from Hames Valley (Part 2). ............................. 257 

 

 

 



 

xxiii 

 

APPENDIX A 

Figure A-1.  Mendocino Triple Junction and Salinian block migration from Graham 

(1978). ............................................................................................................................. 268 

Figure A-2.  Global sediment-water interface temperature history. .............................. 269 

Figure A-3.  Migration models assuming fault-specific lithology for the Reliz-Rinconada 

Fault through time. .......................................................................................................... 270 

Figure A-4.  Migration models assuming type II-S kerogen and fault-specific lithology 

for the Reliz-Rinconada Fault through time. .................................................................. 272 

Figure A-5.  Schematic representations of the evolution of wrench systems. ............... 274 

 

APPENDIX B 

Figure B-1.  Petroleum system elements and processes, stratigraphy and structure of the 

Salinas Basin and field trip stop locations. ..................................................................... 299 

Figure B-2.  Geologic and Monterey Fm depth maps.................................................... 300 

Figure B-3.  Location map of field trip route, stops and key geographic localities. ...... 301 

Figure B-4.  Generalized stratigraphy of the Salinas Basin. .......................................... 302 

Figure B-5.  Cross-section of Salinas Basin stratigraphy. ............................................. 304 

Figure B-6.  Pseudo-van Krevelen diagram demonstrating the range of Monterey Fm 

source rock kerogen types in Salinas Basin. ................................................................... 305 

Figure B-7.  Stratigraphy of the Sandholdt Mbr of the Monterey Fm based on outcrops in 

the Arroyo Seco area, including the section at Stop 1.1. ................................................ 306 

Figure B-8.  Images of the Sandholdt Mbr of the Monterey Fm lithofacies, seen at Stop 

1.1.................................................................................................................................... 307 

Figure B-9.  Images of Neogene structural deformation. .............................................. 308 

Figure B-10.  One-dimensional basin models of burial history and source rock 

maturation in the a) Hames Valley and b) Arroyo Seco depocenters. ............................ 310 

Figure B-11.  Images of biodegraded migrated oil in outcrops at Stop 1.5. .................. 311 

Figure B-12.  Petroleum system and tectonic events chart for the Salinas Basin. ......... 313 

Figure B-13.  Three-dimensional oil migration and accumulation model demonstrates 

filling of San Ardo field with oil generated from the Hames Valley source rock. ......... 314 

 

 



 

1 

 

 

 

 

 

 

 

CHAPTER 1 

RELATING SILICA DIAGENESIS AND GEOHISTORY TO PETROLEUM 

SYSTEM DEVELOMENT: AN INTEGRATED APPROACH TO MODELING 

THE SALINAS BASIN, CALIFORNIA 

 

 

  



 

2 

 

RELATING SILICA DIAGENESIS AND GEOHISTORY  

TO PETROLEUM SYSTEM DEVELOPMENT:  

AN INTEGRATED APPROACH TO MODLEING THE SALINAS BASIN, 

CALIFORNIA 

 

Tess Menotti and Stephan A. Graham  

 

Department of Geological and Environmental Sciences, Stanford University, Stanford, 

California, 94305 U.S.A., tmenotti@stanford.edu, sagraham@stanford.edu 

 

ABSTRACT 

 

 This paper integrates diagenetic processes and properties with basin burial, uplift 

and deformation to better understand petroleum system development.  We present new 

data characterizing the silica crystallography of uplifted Miocene Monterey Formation in 

the Salinas Basin, central California, U.S.A.  X-ray diffraction (XRD) and x-ray 

fluorescence (XRF) analyses determine that most sampled outcrop exposures are 

composed of opal-CT phase of diagenetic silica, and clay abundances average 26 wt % 

relative to silica.  Detailed analysis of the Reliz Canyon outcrop yields d(101)-spacing 

measurements of 4.0707-4.0930 Å.  Accounting for relative clay content, this 

corresponds to estimated maximum burial temperatures of 56.4-77.5 °C.  Diagenetic 

silica properties guide numerical models of burial and uplift history, and estimates of 

petroleum source rock maturation.  We focus on three areas in the Salinas Basin, each in 

a different stage of burial/uplift: (1) outcrop exposures of Monterey Fm in Reliz Canyon, 

(2) subsurface sections of Monterey Fm in the structurally deformed Arroyo Seco area, 

and (3) subsurface sections of Monterey Fm in a relatively undeformed area in Hames 

Valley.  All three areas are in key locations for understanding the petroleum systems in 

Salinas Basin because they are located either in or adjacent to pods of active source rock.  

By combining analytical data with one-dimensional (1D) and two-dimensional (2D) 

numerical basin models, we demonstrate that modeling overburden rock composed of 
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diagenetically susceptible biosiliceous sediments facilitates basin history estimates and 

reveals implications for hydrocarbon charge.  Calibrated models estimate 700-1400 m of 

erosion in the Arroyo Seco area, and typically between 0-80 m of erosion in Hames 

Valley.  These models calculate 50% transformation ratio (type II kerogen) for the Hames 

Valley source rock by late Miocene time, and only 40% transformation ratio for the 

subsurface source rock at Arroyo Seco by present-day. 

 

1. Introduction and Motivation 

 Biosiliceous sediments are a major source of Neogene basin fill around the 

Northern Pacific Rim: in offshore Japan, the Bearing Sea and California (Ingle, 1981).  

Many of these locations are also petroleum prospective (e.g., all coastal California 

basins), and in some cases owe their hydrocarbon production success to the diagenetic 

properties of these siliceous deposits (e.g., Reid and McIntyre, 2001).  These properties 

refer to the metastable nature of biogenic silica, which undergoes a sequence of 

dissolution-precipitation reactions that progressively increase the stability of the mineral 

(Bramlette, 1946; Murata and Larson, 1975; Isaacs, 1981; Pisciotto, 1978; Williams, 

Parks and Crerar, 1985; Eichhubl and Behl, 1998).  In basins where this type of 

biosiliceous deposit is abundant, such as those of coastal California, silica diagenesis is 

an important process in the evolution of the basin, and should be integrated into analyses 

of basin and petroleum systems. 

  To explore the role of silica diagenesis in the evolution of petroleum systems, we 

focus on the Salinas Basin of central California (Fig. 1a), of which the majority of its fill 

comprises the biosiliceous Hames Mbr of the Miocene Monterey Fm.  Despite the 

abundance of this type of deposit and the prevalence of its diagenetic alteration, we lack 

understanding of how diagenesis relates to basin evolution.  Moreover, the Salinas Basin 

contains seven oil fields, the reservoirs for which are within the near-shore facies of the 

Monterey Fm.  However, little work has been done to understand how diagenesis relates 

to oil field occurrence. 

 Controls on diagenetic reactions of silica are relatively well-studied individually 

(e.g., Isaacs, 1982; Behl and Garrison, 1999), and mechanical responses of siliceous 

rocks to diagenesis and stresses have been studied (Gross, 1995), however relating these 



 

4 

 

processes to petroleum generation-migration-accumulation in integrated basin models is 

much less explored.  Eichhubl and Behl (1998) offer an overview of the importance of 

integrating silica diagenesis, basin history and petroleum system evolution.  We take this 

further in this study by presenting an approach in synthesizing aspects of all three 

phenomena through 1D and 2D numerical basin and petroleum system modeling.  We 

address how silica diagenesis impacts generation timing due to difference in thermal 

properties of overburden rock and changes in bulk mechanical properties, which change 

the burial history and uplift and erosion estimates.  

 Partially inverted basins, such as the Salinas Basin, prove problematic when 

modeling burial history because of the relatively large uncertainty in missing section 

thicknesses.  In the Arroyo Seco area (Fig. 1a), much of the sedimentary section is 

missing, yet a potential hydrocarbon source lies beneath this region.  Thus, although the 

history of sedimentation and erosion is essential for understanding the petroleum system, 

modeling these processes is made more complicated by significant, unknown magnitudes 

of erosion.  However, the dominant lithology filling this basin comprises rocks derived 

from biogenic silica prone to diagenetic alteration.   Because silica diagenesis is 

interconnected with burial history (Isaacs, 1981), careful geohistory modeling with silica 

diagenesis can improve our understanding of the timing and degree of burial and 

exhumation.   

 In light of this background, the specific objectives of this study are to: 

1. Determine diagenetic grade of Monterey Fm outcrops in Salinas Basin. 

2. Integrate silica diagenesis in burial history models (1D & 2D). 

3. Estimate erosion by calibrating models with silica phase, and conventional 

calibration techniques. 

4. Infer source rock generation potential based on calibrated models. 

 

2. Geologic Background 

2.1. Tectonic and Depositional Setting 

 The Salinas Basin is a strike-slip basin in the Coast Ranges of central California.  

Its sedimentary basin fill comprises primarily Neogene marine deposits that accumulated 

in an elongate, northwest-southeast oriented basin.  The basin floor sloped abruptly 
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upward from bathyal water depths in the west to a shelfal setting on the eastern basin 

margin known as the Gabilan Shelf (Durham, 1974; Graham, 1976).  During middle and 

late Miocene time, transform-related tectonism controlled rapid subsidence that created 

accommodation for deposition of the Monterey Fm (Nilsen and Clark, 1975; Graham, 

1976; 1978; Dickinson et al., 1979).  Tectonic uplift of the basin during Pliocene through 

Quaternary times led to a progressive transition from deep to shallow marine, then non-

marine depositional settings (Compton, 1966; Graham, 1976; 1978).  These younger 

deposits however, are dwarfed in thickness by the older Monterey Fm.  The Monterey Fm 

is composed of two main members: the older Sandholdt Mbr is a calcareous, organic-rich 

shale, and is the source rock for Salinas Basin oil (Graham, 1976; Mertz, 1984; Marion, 

1986; Menotti and Graham, 2012); the younger Hames Mbr comprises primarily siliceous 

deposits that originated as diatomite, and have been diagenetically altered to either 

porcelanite or chert (Kleinpell, 1938; Pisciotto, 1978).  The Monterey Fm blankets nearly 

the entire Salinas Basin, including the bathyal and shelfal zones.  Whereas the calcareous 

and siliceous deposits of the Monterey Fm are nominally devoid of coarse-clastic 

deposits in the basinal settings, stacked shoreface sandstones with interbedded fine-

grained units are present within the basal Monterey Fm along the Gabilan Shelf (Durham, 

1974; Graham, 1976; 1987).  Oil accumulations occur in these shelf sandstones, and have 

been produced as seven oil fields, the largest being ~half-billion barrel San Ardo oil field 

(DOGGR, 2010).  Thus, the Monterey Fm serves as not only source rock, but reservoir 

rock, seal rock and overburden rock for the petroleum system (Menotti and Graham, 

2012).  The age of the Monterey Fm is typically subdivided into stages defined by 

benthic foraminifera (Kleinpell, 1938).  As these stage names are embedded in much of 

the literature related to the Monterey Fm, we briefly review stages that are relevant to this 

study: Saucesian stage (early Miocene, ~22.9-17.5 Ma); Relizian stage (early-middle 

Miocene, ~17.5-14.9 Ma); Luisian stage (middle Miocene, ~14.9-13.5 Ma); Mohnian 

stage (middle-late Miocene, ~13.5-8.6 Ma); Delmontian stage (late Miocene, ~8.6-5.2 

Ma; all absolute ages after McDougall, 2008). 

 Important physiographic and geologic features are illustrated in Fig. 1a.  The 

Reliz-Rinconada Fault (RRF) is a dextral strike-slip fault that bisects two depositional 

and structural troughs underlying Arroyo Seco in the northwest and Hames Valley in the 
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southeast.  Approximately 40 km of displacement has occurred on the fault since middle 

Miocene time (Dibblee, 1976; Graham, 1976).   Source rock in the Hames Valley Trough 

(HVT) is buried over 3 km, and is the hydrocarbon source for San Ardo oil field (Marion, 

1986).  The source rock in the lower Monterey Fm reached slightly shallower depths 

(~2.5 km) in the Arroyo Seco Trough (AST), and is immature to marginally mature in 

this location (Marion, 1986). 

2.2. Diagenetic Alteration of Biogenic Silica 

 The siliceous shells of planktonic microorganisms, such as diatoms and 

radiolarian, are composed of a thermodynamically unstable silica polymorph known as 

opal-A.  This metastable silica potentially undergoes two full dissolution-precipitation 

reactions over time, forming increasingly stable polymorphs with reordered crystal 

lattices.  Biogenic opal-A silica is a hydrous, crystallographically amorphous form of 

silica (i.e., it lacks a systematic crystal structure).  With diagenesis, opal-A dissolves and 

silica re-precipitates as a more stable silica form, comprising cristobalite and tridymite.  

Combined, these minerals are commonly referred to as opal-CT.  The order and stability 

of opal-CT silica varies depending on formation conditions, and is most typically 

quantified by d(101)-spacing between crystal lattice planes.  Values for d(101)-spacing of 

opal-CT lattice planes range from 4.06-4.12 Å (Murata and Larson, 1975; Keller and 

Isaacs, 1985).  The second silica transformation is from opal-CT to crypto- or 

microcrystalline, or chalcedonic quartz. 

 Given its susceptibility to diagenetic alteration, opal-A silica is infrequently 

preserved in the rock record, and exists only where burial of biosiliceous deposits is 

minimal (Bramlette, 1946; Murata and Larson, 1975).  The rock type associated with the 

least-altered form of biosilica is diatomite, named for the organism of which it is 

composed.  Due to heating associated with ~0.5-2 km of burial (equivalent to 

temperatures of ~40-50 °C), opal-A converts to opal-CT (Pisciotto, 1981; Keller and 

Isaacs, 1985; Behl, 1999), and diatomite compacts, dewaters and cements into siliceous 

mudstone, porcelanite, or chert, depending on clay abundance (MacKinnon, 1989; Fig. 

2a).    Approximately 1.5-3 km of burial (temperatures of ~65-80 °C) is required before 

silica converts completely to crypto- and microcrystalline quartz (Pisciotto, 1981; Keller 

and Isaacs, 1985; Behl, 1999).  Depth of burial required for mineral conversion is only a 
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guideline, however.  In detail, a number of factors influence the degree to and rate at 

which silica is altered.  Porewater chemistry (Eichhubl and Behl, 1998), calcium 

carbonate presence (Isaacs 1982, Williams and Crerar, 1985), kinetics (Ernst and Calvert, 

1969; Dralus, 2013), and permeability (Eichhubl and Behl, 1998) can influence mineral 

dissolution-precipitation reactions, but chief among factors controlling these reactions are 

temperature and detrital clay content (Murata and Larson, 1975; Isaacs, 1981; 1982; Behl 

and Garrison, 1994).  Keller and Isaacs (1985) encapsulate the temperature-clay-silica 

relationship in a seminal nomograph (further modified by Behl and Garrison, 1994; Fig. 

2a) based on the Monterey Fm exposed along the Santa Barbara coast.  Assuming this 

empirically-derived nomograph is generally applicable to similar successions of 

Monterey Fm, the relationship documented here provides a powerful tool for estimating 

maximum temperature, from which maximum burial can be inferred (Keller and Isaacs, 

1985). 

 Because of the reordering, there is a significant reduction in porosity with the 

conversion of opal-A to opal-CT, and a second, lesser porosity reduction from opal-CT to 

quartz.  Diatomite matrix porosity can be as high as 55-60%.  In highly siliceous rock, 

opal-CT phase matrix porosity ranges from 25-35%, whereas quartz phase porcelanite 

and chert porosity is only 10-20% (Isaacs, 1981).  The extremely high porosity of opal-A 

diatomite makes it a successful reservoir lithology, production from which is often 

enhanced by natural or stimulated fracturing (Behl, 1999).  However, naturally fractured 

brittle siliceous and porcelaneous rocks also prove to be good hydrocarbon reservoirs.  

Unusual cases, such as the Elk Hills field in the San Joaquin Basin, contain quartz phase 

reservoir rock of higher matrix porosity than would normally be expected for opal-CT 

phase rocks; Reid and McIntyre (2001) explain this by hydrocarbon migration that 

occurred prior to quartz phase cementation, thereby preserving the opal-CT phase 

porosity network. 

 The opal-A to opal-CT conversion is also a dehydration reaction, thus the 

diagenetic alteration of diatomite to siliceous mudstones, porcelanite, and chert not only 

expels water through physical compaction but through release of chemically bound water, 

as well.  Eichhubl and Behl (1998) describe the hydraulic fracturing that occurs in 
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association with water expulsion during the dehydration reaction that converts opal-A to 

opal-CT, and opal-CT to quartz. 

 

3. Approach and Available Data 

 Our approach combines analytical and computational modeling techniques to 

improve our understanding of basin history.  We focus our interests primarily on the 

western Salinas Basin (Fig. 1), where late Miocene to Recent tectonism exhumed lower 

to upper Miocene Monterey Fm of varying diagenetic grade.  Despite the partial tectonic 

inversion of the basin, mature source rock in the basal Monterey Fm is also present at ~2 

km burial depth in this area (Kablanow, 1986; Marion, 1986).  We utilize Rock-Eval 

pyrolysis Tmax data from wellbores and outcrop samples (Mertz, 1984; Marion, 1986) and 

diagenetic grade of siliceous outcrop rocks (Pisciotto, 1981; this study) for model 

calibration.  Additional subsurface data comprise spontaneous potential (SP) and 

resistivity electric logs, approximate bedding dip data (described on dipmeter or core 

logs), and micropaleontologically-derived age and paleobathymetric data.  Wells in this 

vicinity lack density-porosity logs, and pore pressure data are unavailable.  No seismic 

surveys were shot in the western Salinas Basin, including the Arroyo Seco and Reliz 

Canyon area, which overlie a ~2-3 km depocenter.  Abundant lithologic and 

biostratigraphic data of surface exposures are also available (Kleinpell, 1938; Graham, 

1976; Baldauf and Barron, 1982; Barron, 1986; Barron and Isaacs, 2001). 

 We highlight a second area in Salinas Basin: the eastern side of the Reliz-

Rinconada Fault (Fig. 1), including the HVT and the San Ardo oil field area.  For the 

most part, the Monterey Fm is still buried here, and recent wells penetrate the flanks of 

the depocenter, from which samples were analyzed for silica phase and thermal maturity.  

Additionally, calibration data including temperature, porosity and Tmax pyrolysis data are 

also available here, as well as a modern 3D seismic survey over the primary depocenter 

(Menotti et al., 2013). 
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4. Siliceous Rock Analyses 

4.1. Method 

 We collected samples of the Hames Mbr of the Monterey Fm from outcrops in 

four locations across the Salinas Basin (Fig. 1a; Table 1).  These locations were chosen 

to either sample a complete Hames Mbr section (samples RC-02 to RC-12), to cover an 

expansive section crossing the Reliz-Rinconada Fault (samples QC-01 to QC-10), or to 

cap the overburden section over the hydrocarbon fetch areas (samples HV-01b to HV-

10b, and RC samples).  Samples were also derived from outcrops in southern San 

Antonio Valley (samples SV-01 and SV-04b) to provide a more regional assessment.  

Using powder x-ray diffraction (XRD), we identified silica phase (opal-A, opal-CT or 

quartz) of 35 samples, and the d(101)-spacing of cristobalite in each opal-CT sample.  

We processed powered samples in order to ensure grains are randomly oriented.  The 

XRD process involves the emission of x-rays of known wavelengths toward the 

powdered sample, which penetrate the sample.  The x-ray beam diffracts back toward a 

sensor at an angle dictated by the spacing within the silica crystal lattice.  The particular 

lattice direction measured is the d(101) crystallographic direction.  The narrower the 

d(101)-spacing, the more ordered and stable the crystal form.  Opal-CT silica phase has a 

d(101) spacing range from over 4.11 Å at the less stable end, to less than 4.07 Å at the 

more stable end.  An x-ray diffractogram records the relative abundance of diffracted x-

rays relative to the angle at which the x-ray beam bombards the sample.  Using Bragg’s 

Law, which defines the relationship between d-spacing, x-ray wavelength and incident 

angle, we calculate the d(101)-spacing.  If the sample is not mounted perfectly level, this 

can shift the measured angle expected for each mineral.  This can be corrected by 

identifying the quartz peak, and bulk shifting the spectrum to measure the angle 

corresponding to cristobalite. 

 We used Fourier-transform infrared spectroscopy (FTIR) and x-ray fluorescence 

(XRF; on Reliz Canyon and Hames Valley transects only) to determine clay abundance.  

In the FTIR technique, compounds are exposed to and absorb infrared radiation (IR), 

generating an absorption spectrum.  As IR transmits through the sample, some IR is 

absorbed, and some passes through.  The spectrum represents the molecular composition 

of the sample material.  Calibration of the equipment for common Monterey Fm minerals 
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(i.e., quartz, calcite, dolomite, barite, illite, and montmorillonite; per Behl, R., 2013, 

personal commun.) allowed us to infer clay content.  Of the two techniques, XRF is more 

reliable.  We found a 20-35% discrepancy between FTIR- and XRF-derived clay 

percentages (Table 1; 20-33% for RC samples; 25-35% for HV samples), and therefore 

adjust FTIR-estimates to the mean differences of 27 and 30% less for RC and HV, 

respectively.  Using the Keller and Isaacs (1985) nomograph, we utilize d(101)-spacing 

and clay content to estimate burial temperature for each sample (Fig. 2a and b). 

 

4.2. Analytical Results 

 The results from these analyses indicate that the most stable form of silica present 

in all five Monterey Fm transects is opal-CT (Table 1).  In none of our measurements do 

we encounter diagenetic quartz in outcrop.  This does not preclude the presence of quartz 

phase at depth, however, on the basis of their mineralogy, the uplifted sections we 

targeted were never buried deeply enough to reach the opal-CT–quartz transition.  The 

most informative transect we measured is the Reliz Canyon section, located in the 

northern region of the basin, between 0.5-4 km west of the Reliz-Rinconada Fault (Fig. 

1b).  Reliz Creek has incised through uplifted basin fill to expose a continuous, complete 

stratigraphic section from below the Oligocene-lower Miocene Vaqueros Formation (Fig. 

3), through both the calcareous and siliceous members (Sandholdt and Hames, 

respectively) of the Monterey Fm, to above the Pliocene Pancho Rico Formation.  The 

stratigraphy of this section is relatively well documented (Kleinpell, 1938; Fig. 3), and is 

in fact the location of the type section of the Relizian benthic foram stage, used 

throughout coastal California (Kleinpell, 1938; McDougall, 2008).  The Reliz Canyon 

section is of additional significance in this study because it represents the uplifted section 

equivalent to the stratigraphy filling the northwestern depocenter.  The Shell Texas 

Beedy-1 (API 05301354) is the deepest exploratory well to penetrate the northwestern 

depocenter (i.e., Arroyo Seco Trough) and is positioned ~1.5 km east of the Reliz Creek 

(well 2 in Fig. 1b).  Despite the close proximity of well 05301354 to the outcrop 

exposure of Monterey Fm, there is a significant (~1400 m) difference between 

stratigraphic thickness measured in outcrop and the subvertical thickness captured in logs 
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of the well.  We discuss this thickness discrepancy and model implications in more detail 

below. 

 D(101)-spacings of 10 opal-CT Reliz Canyon samples range from 4.0707-4.0930 

Å (Table 1; Fig. 2a).  These measurements are consistent with the d(101)-spacings 

determined for Reliz Canyon by Pisciotto (1978), which range from 4.072-4.097 Å
1
.  

Clay content determined using XRF analysis ranges from 17-51%, with a mean of 30%.  

Following the Keller and Isaacs (1985) nomograph, we calculate estimated burial 

temperatures for each sample (Fig. 2a and b).  Plotting the burial temperature estimates 

in stratigraphic context, we find a systematic trend in the data: estimated burial 

temperatures increase with increasing stratigraphic depth.  This thermal trend in Reliz 

Canyon provides a unique opportunity to more carefully test maximum burial scenarios 

using 1D models.  By collapsing the outcrop section into a synthetic, composite vertical 

section, we model burial history scenarios that honor this diagenetic signature (Fig. 4).   

 

5. Basin Modeling 

5.1. Modeling Approach 

 We target three areas for 1D modeling, each in a different stage of burial or uplift: 

(1) outcrop exposures of Monterey Fm in Reliz Canyon, (2) subsurface sections of 

Monterey Fm in the structurally deformed Arroyo Seco area, and (3) subsurface sections 

of Monterey Fm in a relatively undeformed area in Hames Valley.  All three areas are 

located either in or adjacent to the two pods of active source rock: the Hames Valley 

Trough or the Arroyo Seco Trough.  Our approach uses one-dimensional (1D) and two-

dimensional (2D) numerical basin models, and evaluates these in light of our analytical 

results, to calculate magnitude of burial and erosion, and petroleum generation potential 

of the source rock.  We describe our methods in the following order: (1) 1D models based 

on Reliz Canyon outcrops, (2) 1D models subsurface models of the Arroyo Seco and 

Hames Valley areas, and (3) 2D models subsurface models of the Arroyo Seco and 

Hames Valley areas.  In presenting our findings, we describe them based on location: (1) 

                                                      
1
 Although d(101)-spacings were determined for the Reliz Canyon section by Pisciotto (1978), these data 

were not interpreted further nor were basin history inferences published using these data. 
2
 Chaika and Williams (2001) observe a shift of only 7% porosity: from 53% in opal-A to 45% in opal-CT. 

3
 Chapter 1 describes the systematic modeling approach to burial history in more detail. 

4
 Porosities range from 27-36% at the opal-CT – quartz interface in the North Shafter Field in the San 
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Reliz Canyon area, (2) the basin west of the Reliz-Rinconada Fault, including the Arroyo 

Seco area, and (3) the basin east of the fault, including Hames Valley. 

 

5.1.1. Outcrop Modeling 

 We utilize the full stratigraphic exposure of the Monterey Fm in Reliz Canyon 

(Fig. 1b) as the basis for 1D basin models for this area.  We model burial history from the 

top of the Monterey Fm at the canyon floor, neglecting younger overburden; this affords 

easier comparison with models of neighboring well 05301354, which penetrates the 

uppermost Monterey Fm at ground level.  Depositional ages are primarily based on 

benthic foraminiera in deep marine units and macrofossils in shallow marine strata 

(Kleinpell, 1938; Fig. 3).  Even though the stratigraphic section measured by Kleinpell 

(1938) is the most complete documentation for Reliz Canyon, it is not without problems.  

Relying solely on benthic foraminera-based depositional ages in this location can be 

problematic due to (1) diagenetic alteration effacing forams and other microfossils (i.e., 

“barren” zones in Fig. 3), and (2) disagreement in the age classification of the section that 

Kleinpell (1938) identifies as belonging to the Delmontian benthic foram stage (8.6-5.2 

Ma) in Reliz Canyon.  Alternative interpretations suggest the upper portion of the 

Monterey Fm in Reliz Canyon is actually Mohnian (13.5-8.6 Ma) in age (Pierce, 1972; 

Barron, 1976).  This disparity has implications for hydrocarbon source rock maturation.  

To honor these conflicting data, we consider both interpretations (Table 2; Fig. 5).  In 

addition, the broad syncline-anticline pair mapped by Dibblee (1976; Fig. 1b) is not 

considered in Kleinpell’s interpretation of Reliz Canyon stratigraphy.  We entertain an 

alternative section thickness to account for this in Model C (Table 2; Fig. 5). 

 To model the burial history of the Reliz Canyon section, we generate a synthetic 

stratigraphic column equivalent to the ~2 km lateral exposure, hung from the top of the 

Monterey Fm in outcrop (Fig. 1b; Fig. 4).  Thus, we assume no erosion of the Monterey 

Fm for these outcrop-based models hung from this location.  This assumes that the uplift 

and erosion that exposed rocks downsection from this location occurred rapidly and 

recently, and burial and erosion histories can otherwise be considered uniform across the 

section.  Based on regional observations, the deformation responsible for this uplift and 

exposure occurred within the last 3-8 m.y (e.g., Compton, 1966; Graham, 1978; Argus 
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and Gordon, 2001; Ducea et al., 2003).   Moreover, we assume erosion of the overlying 

Pliocene Pancho Rico Fm occurred synchronously with this uplift event.  We base our 

estimate of eroded thickness on observed thicknesses of existing Pancho Rico Fm 

upsection (Durham, 1974).   

 We use PetroMod
®
 basin modeling software (version 2012.2) for these 1D 

models, as well as for all other models discussed in this paper.  For all models, we apply 

lithologic properties based on lithologies cataloged in PetroMod
®
.  We generalize rock 

types for each formation using the dominant lithology, but we also tailor some of these 

lithologies (mainly the Hames Mbr of the Monterey Fm) to better approximate Salinas 

Basin rock types and properties.  Details of the changes made to the Hames Mbr are 

described below, but properties adjusted include porosity, permeability, and clay content.  

Source rock characteristics are based on Rock-Eval pyrolysis analyses of outcrop and 

subsurface samples of the Sandholdt Mbr of the Monterey Fm (Mertz, 1984; Marion, 

1986). 

 Most important is how we define the Hames Mbr of the Monterey Fm.  Given its 

propensity for diagenesis, the Hames Mbr is simulated using a lithology with dynamic 

properties.  Initially, this unit is deposited as diatomaceous sediment.  Assuming a clay 

abundance of 30%, the diatomite lithology changes to an opal-CT-rich siliceous shale 

lithology at ~45 °C burial temperature, following Keller and Isaacs (1985).  A second 

lithology change occurs at ~80 °C, where the opal-CT lithology transforms into a quartz-

dominated lithology.  These lithology changes serve a dual purpose: (1) the rock 

properties change, and (2) the prediction of diagenetic phases can be used as calibration.   

 The key property difference between opal-A and opal-CT-based lithology is the 

bulk porosity; there is as much as a 35% porosity reduction as a consequence of these 

reactions (Isaacs, 1981)
2
.  Porosity reduces further in the transition from opal-CT to 

quartz, although the reduction is much more gradual: opal-CT porosities can range from 

25-35% in a porcelanite, and drop to 10-25% in the quartz phase equivalent of the same 

rock (MacKinnon, 1989).  Thermal properties of the bulk rock types also change, 

controlled mainly by the porosity reduction, and less so by the change in crystallography 

of the silica itself.  Figure 6 demonstrates the porosity trends applied to the custom 

                                                      
2
 Chaika and Williams (2001) observe a shift of only 7% porosity: from 53% in opal-A to 45% in opal-CT. 
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lithologies.  We apply the same compaction curve for the quartz phase lithology as we do 

the opal-CT lithology, given that the porosity shift associated with this transition is 

indistinguishable from the porosity reduction due to standard compaction at the vertical 

scale of the model layers (~100 m). 

 The boundary conditions assigned to these outcrop-based models, as well as all 

others in this study, are based on previous researchers’ data, observations and 

interpretations from the region’s stratigraphy and tectonic setting.  Paleowater depth 

estimates are based on biostratigraphic observations and lithofacies-based interpretations 

of outcrop (Graham, 1976) and subsurface strata (Mertz, 1984; Kablanow, 1986; Marion, 

1986).  Sediment-water interface temperatures adopt the Wygrala (1989) model of 

paleothermometry, assuming a latitude of 35° N in North America.  Basal heat flow is 

approximated based on the evolving tectonic setting in central California: lower (25 

mW/m
2
) heat flow values in late Oligocene time reflect the remnant influence of the 

Mesozoic forearc setting.  Relatively low values were maintained until the Mendocino 

Triple Junction migrated past the Salinas Basin and crustal thinning and upwelled 

asthenosphere increased basement temperatures; heat flow peaked in earliest Miocene 

time at 130 mW/m
2
.  As the triple junction moved northwestward, temperatures reduced, 

and we assign heat flow values as low as 47-55 mW/m
2
 by present-day.  This Miocene to 

Recent heat flow trend is comparable to previous estimates of the paleothermal state in 

the Salinas Basin (Kablanow, 1986; Marion, 1986). 

 

5.1.2. Subsurface Modeling – 1D 

 Three wells in the Arroyo Seco area and six wells in Hames Valley (Fig. 1a) are 

the basis for 1D burial history models of the main basin depocenters.  Given the 

uncertainty in geologic history, particularly the origin of overburden thickness (i.e., 

purely depositional versus structurally-enhanced) and pre-erosion overburden 

thicknesses, we systematically modeled each well to test a range of scenarios that bracket 

this uncertainty (Tables 3 and 4).  Considerable erosion likely occurred in the Arroyo 

Seco area, given the mid-late Miocene age of rocks at the surface in all three Arroyo Seco 

wells.  Moderate erosion is assumed for well Texaco Shell NCT-1 (API 05301457), 

located in the upper Monterey Fm hillsides flanking the west side of Hames Valley (well 
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7 in Fig. 1a).  Pre-erosion thicknesses tested are outlined in Tables 3 and 4.  Erosion 

estimates in all models are based on known formation thicknesses from nearby wells or 

outcrops.  Systematically modeling a range of possible erosion scenarios addresses the 

uncertainty in these estimates.  Amount of structural thickening of overburden is also 

systematically considered.  Estimates of structural thickening are based on records of 

subsurface structural dips of strata (dipmeter or descriptions from cores).
3
  Calibration is 

accomplished using combinations of porosity (in Hames Valley only), bottom-hole 

temperatures, Rock-Eval pyrolysis Tmax, and vitrinite reflectance (Ro; Tables 3 and 4)).  

Diagenetic silica phase of the Hames Mbr provides an independent means of thermal 

calibration.  Alone, the diagenetic grade does not suffice as a source of thermal 

calibration, but in concert with additional sources such as bottom-hole temperatures and 

thermal maturity, diagenetic silica can improve model calibration.  This is particularly 

useful in sections of strata where there is an absence of organic geothermometers.  Such 

is the case with the ~1-2 km Hames Mbr Formation in the Salinas Basin kitchens.  Unlike 

the Reliz Canyon outcrop models, we lack d(101)-spacing data in all but two wells 

(Hames Valley 1-34, API 05321243, well 9 in Fig. 1a and Bradley Minerals 1-2, API 

05321211, well 11 in Fig. 1a).  However, based on analytical results of Hames Valley 

and Reliz Canyon outcrops, we know the silica phase at the surface, and this also proves 

useful in independently calibrating erosion thickness. 

 Particularly in the Arroyo Seco area, the presence of steeply-dipping, folded or 

faulted strata is an added challenge in burial history modeling of vertical wellbores.  

Whereas the stratigraphic thickness of Monterey Fm is well exposed in the Reliz Canyon 

section, the true stratigraphic thickness of the section penetrated by well 05301354 is 

more ambiguous.  A likely explanation for this thickness discrepancy is that tectonic 

forces during the Pliocene-Recent times led to tilting and tight folding of the Salinas 

Basin strata, particularly in the vicinity of the Reliz-Rinconada Fault.  This structural 

deformation effectively adds overburden load to source rock that may be present at the 

base of the section.  Evoking this late-stage, rapid process for adding overburden to the 

section produces a model of burial history that differs from one in which loading is 

                                                      
3
 Chapter 1 describes the systematic modeling approach to burial history in more detail. 
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caused by early deposition alone.  Dipmeter data and dip documentation in core reports 

provide insight into the degree of deformation penetrated by well 05301354 and others. 

 

5.1.3. Subsurface Modeling – 2D 

 We selected two transects along which to build 2D models (Fig. 1b; Fig. 7).  One 

transect extends ~N-S, entirely west of the Reliz-Rinconada Fault, and highlights the 

basin depocenter in the Arroyo Seco and Reliz Canyon areas (Fig. 7a).  A second transect 

runs ~E-W, crossing Hames Valley and continuing eastward across the Gabilan Shelf 

(Fig. 7b).  In both cases, these sections are pinned by wells for stratigraphic depth 

control, including many of the wells used for 1D modeling.  Using the calibrated 1D 

models as guides, we implemented variable erosion across the 2D model transects.  

Similarly, we incorporated structural thickening in the western model in the ~10 km 

region south of well 05301354 (well 2 in Fig. 7a).  We apply boundary conditions and 

lithologic and source rock parameters that are identical to those used in the 1D models.  

This includes variability in clay content across the Hames Valley transect, according to 

the 1D model findings: clay content in the Hames Mbr decreases from 60% in the east to 

30% in the west.  In the western basin model, we assume 30% clay content for the Hames 

Mbr across the entire model. 

 

5.2. Model Results  

5.2.1. Reliz Canyon Outcrop Models 

 We highlight five possible models for burial history of the Reliz Canyon outcrop 

section (Table 2; Fig. 5) and evaluate their viability in the context of the estimated 

paleothermometrics from silica crystallography along the same section (Fig. 3).  Silica 

phase and paleo-temperature profiles are predicted for all models, thus evaluation 

requires comparison with temperatures estimated from measured d(101)-spacings from 

the outcrop rocks, rather than directly to the d(101)-spacing values.  Additionally, we 

place our models in the context of previously-measured thermal maturity values from 

lower Monterey Fm samples derived from outcrops ~5.5 km NW of this model location 

(Mertz, 1984; Fig. 1b; Fig. 3).   
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 The majority of the Hames Mbr is predicted as opal-CT phase at present-day in all 

five models (Fig. 3; Fig. 5); this is consistent with analytical results on this section.  

However, in all cases, our simulations mis-predict silica phase at both the very top and 

the base of the Hames Mbr.  The closest approximation of paleo-thermal gradient (Model 

C) predicts quartz phase silica in the Luisian age (lower; see Fig. 3 for benthic 

foraminifera stage names) section of the Hames Mbr (all other models predict quartz for 

the younger Mohnian age section, as well).  The attenuated thermal gradient in Model C 

is an artifact of assuming ~300 m of stratigraphic section measured by Kleinpell (1938) is 

perhaps redundant due to unidentified structural folding.  Additionally, in all cases, 

predicted temperatures at the top of the Monterey Fm are ~15 °C too low in comparison 

with estimated temperatures based on our silica analyses.  With generally low d(101)-

spacings (4.0707-4.0930 Å) and relatively low clay content (mean=30%), our analyses 

suggest the porcelanite and porcelaneous mudstone exposed in Reliz Canyon is well into 

the opal-CT stage of diagenesis.   

 Regardless of the depositional age scenario for the upper Monterey Fm, the 

Relizian and Luisian stages of the section are immature to marginally mature (Ro=~0.4-

0.6%; Fig. 3 – note benthic foraminifera stage names).  In most cases (all but Model C), 

the Saucesian (lowest) stage interval is just into the oil window (>0.55 % Ro at present-

day).  In contrast with Rock-Eval estimates of thermal maturity of the Luisian-Relizian 

age intervals upsection, these models all potentially over-estimate source rock maturity.  

We bear in mind, however, that these Rock-Eval pyrolysis data are ~5.5 km from the 

outcrop location, and it is possible that the Sandholdt Mbr in the Rock-Eval data location 

experienced less burial than the model location.  Although a scenario incorporating lower 

heat flow, reduced overburden or lower clay content may be more realistic, we also 

consider the silica-based thermometric evidence for potentially higher temperatures 

upsection, as suggested by the underestimated simulated temperatures in the upper third 

of the Hames Mbr.  Nevertheless, the similarity in both temperature gradient and thermal 

maturity trends predicted by these models suggests that the uncertainty in depositional 

ages of the upper Hames Mbr strata is of minor significance (Fig. 3).  Rather than age 

uncertainty, the factor that impacts calibration more is the ~300 m of excess stratigraphic 

section included in Kleinpell’s (1938) measured section, even though this is structurally 



 

18 

 

repeated section.  Subtracting this 300 m from the burial history (i.e., Model C) yields a 

greater temperature range estimate than any of the scenarios testing age uncertainty.  

Given that one ultimate objective is to assess the level of transformation of kerogen to oil 

and gas (i.e., transformation ratio) in light of calibrated burial history models, the age 

uncertainty is even less of a concern in contrast with the uncertainty in kerogen kinetics.  

In other words, regardless of the burial scenario, transformation ratio will vary the most 

due to alternative kerogen kinetics. 

 Although the five models of thermal maturity do not differ much at present-day, 

there is greater divergence in the past.  This is evident, for example, in the basal layer of 

the Hames Mbr section, which demonstrates variability in temporal trends in both 

thermal maturity and temperature-based silica phase change estimates (Fig. 5; Fig. 8).   

Models D and E (which assume there is no true Delmontian age strata in Reliz Canyon; 

see stratigraphic section in Fig. 3 for ages and Table 2 for model depositional age 

scenarios) matured more quickly compared with the other models, and by middle 

Miocene time were ~0.15 %Ro higher than the others.  Likewise, Models D and E 

underwent both opal-A to opal-CT and opal-CT to quartz phase transitions earlier (~2-3 

m.y. earlier for the transition to quartz) compared with Models A, B and C.  By present-

day, the faster-maturing Models D and E are in the very earliest oil window, whereas the 

others remain immature.  Model C tracked with Models A and B initially, but deviated 

during late Miocene time, when deposition slowed in contrast with Models A and B.  The 

reduced sedimentation rate in Model C (Fig. 5) resulted from incorporation of the folded, 

repeat section. 

 

5.2.2. Subsurface Models 

 Models of subsidence and uplift in both Arroyo Seco and Hames Valley 

depocenters vary in detail across all scenarios for individual models, and from one 

location to the next (Fig. 9; Fig. 10).  For example, in a single location (well 05301354), 

the duration for which the source rock is at maximum burial in Models a, b and c is 7-9 

m.y. longer than it is for the remaining six models (Fig. 9).  Models in Arroyo Seco area 

experience both less subsidence and more uplift and erosion compared with Hames 

Valley wells (Fig. 10).   
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 Arroyo Seco model calibration relies on a combination of vitrinite reflectance 

(calculated from Tmax values following Jarvie et al., 2001), bottom hole temperatures, and 

observed silica phase at the surface.  Hames Valley wells benefit from additional 

calibration sources of porosity and subsurface measurements of d(101)-spacing in the 

Hames Mbr section.  The range of basin history scenarios yields a variety of thermal 

maturity and porosity trends, but has little impact on modeled temperature profiles (Fig. 

11; Fig. 12).  In wells with present-day Hames Mbr thickness in excess of ~500 m, the 

silica phase-depth relationship also fluctuates with the scenario.  To simplify discussion, 

we select a common basin history that best satisfies all available calibration sources and 

is geologically reasonable in the context of neighboring models.  Henceforth, we refer to 

one model per location (e.g., Fig. 10), which best fit calibration data.  Erosion estimates 

in these calibrated 1D models are the basis for erosion in the 2D models. 

 The 2D models further illustrate lateral variability in burial and uplift history (Fig. 

13).  They reflect similar basin evolution in areas surrounding wells modeled previously, 

and predict burial history tens of kilometers beyond these controls points on the 2D 

transects.  In the Western Salinas Basin, northern and central subsidence and deposition 

persisted from middle Miocene to late Pliocene time, followed by uplift until present-day 

(Fig. 13a).  Even greater subsidence and deposition is observed in the western side of the 

Hames Valley model (Fig. 13b).  Here, the eastern side has maintained structural relief of 

at least 2 km since middle Miocene time.  Both models demonstrate the progression of 

silica diagenesis in the Monterey Fm, beginning with dominantly opal-A phase sediments 

in middle and late Miocene time (13.5-8 Ma in Fig. 13), which transitioned to 

increasingly more opal-CT phase, and eventually quartz with burial (8-0 Ma in Fig. 13).  

The progression ceased when uplift occurred (4-0 Ma in Fig. 13). 

 

6. Discussion 

6.1. Synthesis of Analytical and Model Results 

6.1.1. Reliz Canyon Area 

 Comparison of the Reliz Canyon models with analytical results demonstrates the 

reliability of modeling silica phase with this approach.  Generally, the modeled opal-CT 
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window is narrower than what is inferred from measured d(101)-spacings of samples 

along the Reliz Canyon section.  In the best case, the opal-CT to quartz transition is 

modeled at a stratigraphic position that is ~100 m up-section from the lowest measured 

sample in Reliz Canyon (Fig. 3), which suggests a maximum burial temperature of 77.5 

°C (3.3 °C shy of the transition to quartz at 30% clay).  In all cases, the modeled opal-A 

to opal-CT transition (corresponding to 45 °C at 30% clay) falls at the stratigraphic 

position equivalent to ~60 °C.  The simulated opal-CT interval, representing a 35.8 °C 

range of peak burial temperatures, corresponds to an outcrop interval which spans an 

estimated temperature range of only 14 °C (from ~60-74 °C).  The inferred temperature 

trend in Reliz Canyon requires a geothermal gradient that is less steep than the modeled 

gradient and elevated burial temperatures in the uppermost section of the Hames Mbr.  

Higher bulk thermal conductivities through the Hames Mbr section could accomplish this 

because temperature gradients are partially dependent on the effective thermal 

conductivity of the rock.  However, given the degree of tectonic deformation in this area, 

an additional possible explanation is that the section was at least partially tilted prior to 

exhumation.  This would effectively “smear out” the thermal gradient across stratigraphy, 

while maintaining a steeper vertical gradient, (assuming thermal equilibration occurred in 

pace with tilting).  If this is the case, we expect the opal-CT window to appear narrower 

for undeformed strata.  This also implies that tectonic tilting is in part responsible for the 

lower Monterey Fm reaching maximum burial, and confirms the timing of tilting as 

occurring prior to uplift.  This “smearing” effect of the paleothermal gradient due to early 

tilting is less of a concern for models based on subvertical wellbores, as both predicted 

and observed silica phases are based on the same vertical profile; the ~5 km lateral 

expanse of section exposure that is collapsed into a single vertical profile in the Reliz 

Canyon models is potentially the reason we observe the discrepancy in opal-CT 

windows.  With well-based models, the reverse may be a concern: tilting of strata after 

peak burial temperatures are achieved may also have the effect of “smearing out” the 

paleothermal record, just as the apparent layer thicknesses are increased through tilting.  

These explanations assume confidence in the silica crystallography-burial temperature 

relationship of Keller and Isaacs (1985).  However, the position of both phase transitions 

can also be controlled by additional factors and/or processes that are not accounted for in 
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the models, such as those described previously (refer to Section 2.2).  Nevertheless, we 

can be certain that quartz phase silica is present at depth in Arroyo Seco, given that the 

uplifted section in Reliz Canyon nearly reached this transition at the base of the Hames 

Mbr. 

 The organic paleothermometers align relatively well with both the d(101)-

spacing-based and modeled temperatures (Fig. 3).  Mertz (1984) estimates that almost all 

outcrops of the Sandholdt Mbr west of the Reliz-Rinconada Fault reached 80-105 °C 

prior to uplift.  Model C of the Reliz Canyon predicts maximum burial temperatures of 

95-105 °C for the Sandholdt Mbr.  All five Reliz Canyon models overestimate maturity 

of the Sandholdt Mbr, as compared with the Tmax values projected onto the Reliz Canyon 

section from 5.5 km distance (Fig. 1b; Fig. 3).  We refrain from precisely honoring these 

data however, as their reliability is questionable given that they are derived from outcrop 

exposures, and given the uncertainty in projecting these data onto the appropriate 

stratigraphic level in the modeled section. 

 

6.1.2. Western Salinas Basin, Including Arroyo Seco Area 

 Burial history models of wells in the Arroyo Seco area predict opal-CT phase 

silica at the surface.  For well 05301354, this is consistent with observations of the 

nearby Reliz Canyon outcrops.  Other Arroyo Seco wells are not positioned near outcrops 

for which we have confirmed silica phase; however, there is no diatomite at the surface 

near the other Arroyo Seco wells, precluding the possibility for opal-A.  Silica phase 

information from wells City Services Wallace 1 (API 05320455) and Phillips Collier 

1(API 05320964; wells 3 and 5 in Fig. 1a, respectively) provide limited guidance on 

burial histories: previous work (Kablanow, 1986) documents that only quartz phase is 

observed in both wells.  In combination with this silica phase control, we rely on Tmax and 

temperature calibration points (Fig. 11).  Models of 05301354 (Fig. 11a) suggests that 

maximum erosion (models c, f and i) is required to predict the opal-CT – quartz transition 

depth observed in neighboring well 05320455 (i.e., no deeper than 400 m below sea 

level).  The magnitude of erosion suggested by these models increases to the northwest, 

as demonstrated by contrasting 05301354 with 05301438 (Fig. 10; Fig. 11b; Table 3). 
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 We explore variability in erosion with our 2D models.  The Western model 

implies that between 700 and 1400 m of exhumed Miocene and Pliocene strata was 

eroded from the northern end of the basin in Pliocene to Recent time (Fig. 14a).   Erosion 

is considerably less at the southern end of the Western model, where we estimate 200 to 

500 m of section is missing.  The degree of predicted silica diagenesis relates to these 

erosion estimates: the Monterey Fm at the surface of much of the Western model is opal-

CT phase, nearly quartz (but still opal-CT) in the central part of the model, and opal-A 

phase diatomite to the south.  That the central zone in the Western model is nearly at 

quartz phase at the surface suggests that the basin has been partially inverted.  Maximum 

burial was reached in Pliocene time, following the last gasp of marine deposition in the 

form of the Pancho Rico Fm (lavender shading above the Monterey Fm at 4 and 2 Ma, 

Fig. 13a).  Uplift and exhumation occurred to the north as well, but structural thickening 

of overburden also exaggerated its stratigraphic thickness, effectively suppressing the 

depth at which we expect the opal-CT – quartz transition (compare 2 Ma and Present-day 

in Fig. 13a).  The presence of diatomite in the southern end of the model is consistent 

with the minimal subsidence, deposition, and uplift that occurred here.  Quaternary to 

Recent tectonic configurations have reversed the situation for the San Antonio Valley 

however, as it presently houses a flooded river valley water reservoir, which collects 

detritus shed from adjacent mountain ranges, tallest of which lies just south of Arroyo 

Seco. 

 Silica phase results of outcrop samples from the western Salinas Basin 

corroborate our 2D basin history models.  The Quinado Canyon samples are 

approximately 20 km from the southern end of the model: the lower-ordered opal-CT 

phase (4.063-4.097 Å) of these samples is consistent with predicted opal-CT phase at the 

corresponding location in the model, and quartz phase only ~200 m below the surface 

(Fig. 14a).  San Antonio Valley yields both opal-A diatomite samples or highest-ordered 

opal-CT phase silica (4.12 Å); these analytical results also support modeled burial 

history, given the opal-A predicted at the southern end.  As described above, the Reliz 

Canyon samples suggest lower-ordered opal-CT phase silica, which is also predicted for 

this area in the Western model. 
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6.1.3. Hames Valley and San Ardo Area 

 In contrast with the Arroyo Seco and Reliz Canyon region, our models 

demonstrate that Hames Valley has experienced much less erosion and structural 

thickening (Fig. 10; Table 3 and 4.)  Consequently, our preferred models in the central 

and eastern part of the valley predict opal-A as deep as ~800 m below ground level.  

Based on the silica phases of Monterey Fm measured in wells including 05321243, the 

opal-CT window in Hames Valley is ~400-600 m to ~900-1200 m below sea level.  

Iterative modeling of multiple Hames Valley wells indicates that minimal erosion 

combined with minor structural thickening (8-15% increase over depositional thickness 

due to position on the flank of a broad synclinal structural; Table 4) and elevated clay 

content (up to 60% clay) yields burial histories that honor porosity, temperature and 

maturity controls (e.g., Fig. 12a).  Interestingly, the incorporation of higher clay content 

in four of the Hames Valley wells results in predicted silica phase that matches observed 

phases, as well as better predicted porosity.  Opal-A to CT transitions are lowered, and 

opal-CT to quartz boundaries are predicted at shallower depths.  Given the abrupt nature 

of the shift in opal-A to opal-CT bulk porosities, we predict higher porosities in the 

uppermost Monterey Fm in the higher clay model (Fig. 12a), which improves the match 

to calibration data.  Higher clay content in these four wells is plausible, given their more 

proximal position relative to the Gabilan Shelf.  Confirming clay content for this area is 

advised, as the resulting retardation in opal-A alteration has implications for porosity 

trends in the upper ~1000 m. 

 In the hills west of the valley, near the Reliz-Rinconada Fault, uplift and erosion 

is evident from the misalignment of simulated silica phase transition depths with phase 

boundaries in central Hames Valley wells (Fig. 14b).  In comparison with two Hames 

Valley wells (05321243 in the central valley area and 05321110 on the western valley 

flank), our model of well 05301457 indicates a shallower quartz depth, by ~400-600 m, 

and a shallower opal-CT depth by ~1 km (compare Fig. 12b with Fig. 12a).  We infer a 

progressive increase in uplift and erosion from south (i.e., near well 05321110; well 18 in 

Fig. 1a) to north, where well Mobil Hotchkiss 35-29 (API 05301269; well 20 in Fig. 1a) 

penetrates quartz phase Monterey Fm at ~515 m depth  at the deepest (Kablanow, 1986).  

Formation depths (e.g., Sandholdt Mbr) in the two Hames Valley wells are also 
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consistent with this inference, as the Sandholdt Mbr is ~320 m deeper in the southern 

well (05321110).  Considering surface and reflection seismic-based structural evidence 

(Menotti et al., 2013), this is likely an indication that Plio-Pleistocene contractile 

deformation resulted in moderate to steep dip angles (~10-60° SW) of strata in well 

05321110, while blind oblique-slip(?) thrust faults popped up a wedge of basin fill, as 

observed in 05301457. 

 Surface measurements of silica phase from outcrops east of well 05301457 (Fig. 

14b) further guide our understanding of burial and uplift history. The samples closest to 

the well (~1 km east) range in d(101)-spacings of 4.102-4.106 Å, with clay content of 16-

21%; following the Keller and Isaacs (1985) nomograph, these measurements correspond 

to burial temperatures of 56-58 °C.  Thus, there is discrepancy between our preferred 

model of 05301457 (Fig. 12b) and nearby outcrop observations, as the model predicts 

~100 m of opal-A phase Monterey Fm, yet outcrops comprise opal-CT.  This is possibly 

due to an overestimate of clay content assumed in the model: 30%, as opposed to 20% 

suggested by the closest outcrops.  Regardless, we expect reduced porosities in this 

model as a result of increased burial prior to exhumation.   

 A 2D model transecting Hames Valley and the Gabilan Shelf south of San Ardo 

field reveals the potential diagenetic history and distribution even further.  Across most of 

this model, opal-A is the dominant phase at the top of the Monterey Fm; opal-CT is 

observed at the surface only at the westernmost edge of the transect (Fig. 13b, present-

day).  Evident in the silica phase distribution, Hames Valley experienced minimal erosion 

overall (0-80 m), aside from the western edge of the model, where 300-1200 m of section 

is missing (Fig. 14b).  This model supports a history of profound subsidence and burial 

through most of the life of the basin, followed by uplift and erosion preferentially in the 

western end of the model (Fig. 13b).  Given the nearly 4600 m of burial (well 05301457 

in Fig. 10), the Monterey Fm achieves diagenetic quartz phase, which is only predicted in 

the basin depocenter, typically at subsea depths in excess of 1200 m.  Correlative 

stratigraphy across the Gabilan Shelf did not reach the necessary burial depths to produce 

diagenetic quartz.  To the west, late uplift and erosion is evident in the upturned geometry 

of the phase boundaries (Fig. 13b, present-day); just as in the Western Salinas Basin, the 

progression of diagenesis stalled in late Pliocene time, and subsequent uplift displaced 
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the opal-CT/quartz transition as much as ~800 m upward (compare 2 Ma and present-day 

in Fig. 13b). 

  In summary, the degree of silica diagenesis in Monterey Fm exposed in outcrop 

generally increases from south to north (e.g., Fig. 13a, present-day).  This is evident from 

the exposures of diatomite in a number of surface locations, including southwestern 

Hames Valley and San Antonio Valley west of Lake San Antonio (Fig. 1a).  Opal-A 

silica in the Monterey Fm gives way to opal-CT north and east of San Antonio Valley, as 

demonstrated by Quinado Canyon and Reliz Canyon outcrop analyses, prior work on a 

number of well samples (Kablanow, 1986), and the models in this paper.  Quartz phase is 

identified in shallow subsurface Monterey Fm (Kablanow, 1986), in siliceous beds within 

the Sandholdt Mbr (Mertz, 1984), at ~260 m subsea depth (~600 m below surface) in 

Reliz Canyon, and is predicted at shallower subsurface depths in the Arroyo Seco area 

than in Hames Valley models (Fig. 10; Fig. 13).  This is a consequence of the greater 

burial in Hames Valley than in the Western Salinas Basin. 

 

6.2. Addressing Uncertain Parameters in Basin Modeling with Silica Diagenesis 

 The Hames Mbr of the Monterey Fm stratigraphy commonly comprises 

alternating beds with varying abundances of detrital clay and pelagic biogenic silica 

(Pisciotto and Garrison, 1981).  However, bed scale variability is three to five orders of 

magnitude smaller than model layers (each typically 100 m thick).  Thus, upscaling is 

necessary for basin modeling; in this study, we do this by assuming an average of 30% 

clay content for the entire Hames Mbr in the western model, and most of the Hames 

Valley model.  We incorporate higher clay content (up to 60%) in the western side of the 

Hames Valley model in order to calibrate the model with observed silica phases.  

Simplification in this way offers a means of emulating the dynamic nature of rocks prone 

to diagenesis.  Particularly where this type of rock makes up the vast majority of 

overburden, this approach is preferable to the alternative: maintaining a single lithology 

over the history of the basin.   

 Figure 15 demonstrates the contrast in temporal variability in temperature of the 

lowermost Hames Mbr for Reliz Canyon Model C in contrast with the same model 

substituting non-changing lithologies for the Hames Mbr.  The variability in temperature 
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trends of ~10-15 °C for “Diatomite” and “Siliceous shale” (a proxy for the opal-CT 

diagenetic phase) is due to differences in bulk rock properties.  Despite variability in 

mineral thermal conductivities between opal-A, opal-CT, and quartz (0.9, 1.3 and 1.6 

W/mK, respectively; Kablanow, 1986), we predict thermal profile deviations during 

diagenesis as determined by shifts in bulk thermal conductivity, given that it is strongly 

controlled by porosity.  Considering a sedimentary section comprising pure “Quartz” that 

is devoid of porosity (highly unlikely at this scale) yields maximum burial temperatures 

that are ~50 °C lower than what is expected from deposition of siliceous sediments (Fig. 

15).  For comparison, we model “Chert,” which also falls well below the expected 

thermal trend for siliceous sediments; however, this is actually a reflection of the bulk 

thermal and mechanical properties of “Chert,” as this lithology is independent of silica 

phase (i.e., chert can be either opal-CT or quartz). 

 The kinetics governing the dissolution and precipitation reactions during silica 

diagenesis is an additional source of uncertainty in modeling burial and thermal histories.  

Thus, we test the impact of alternative kinetics on thermal maturity, porosity, and silica 

phase profiles using the Reliz Canyon outcrop section (Fig. 16).  We employ kinetics 

after Dralus (2013), which assumes an activation energy of 35.52 kcal/mol and a 

frequency factor of 1.72e-6 1e25/Ma. We also test a higher relative clay abundance using 

Keller and Isaacs (1985) kinetics (60% clay).  In neither case is the predicted thermal 

maturity or porosity significantly affected (Fig. 16).  There are, however, subtle shifts in 

the depths of both transitions.  Model C(Dr) (using Dralus, 2013 kinetics) predicts an 

opal-CT range very similar in thickness to Model C(30) (original model with 30% clay 

using Keller and Isaacs, 1985 kinetics), although the entire C(Dr) opal-CT interval is 

shifted ~100 m lower than C(30).  Model C(60) (with 60% clay using Keller and Isaacs, 

1985 kinetics) predicts a much narrower depth range for opal-CT phase silica.  This is a 

consequence of the narrower and cooler temperature range necessary for opal-CT to exist 

in rocks with higher clay content (Fig. 2a).  Given the shallow depth for predicted quartz 

phase silica in Model C(60), and the lack of any significant deviation in Model C(Dr), 

Model C(30) remains the preferred model for the Reliz Canyon outcrop. 

 Given the uncertainties associated with modeling diagenetic processes (e.g., 

reaction kinetics), we recognize that the predicted silica phase is but one guide in 
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modeling basin history, and estimating paleotemperatures and source rock potential.  The 

value of silica as a paleothermometric indicator is in its integration into self-consistent 

basin models, alongside other thermometric sources such as Tmax and vitrinite reflectance, 

as in this study.  Additional recommended paleothermometers that might be used in 

concert with diagenetic silica analysis include apatite fission track (AFT) or U-Th/He 

thermochronology of sub-Monterey Fm sandstones (e.g., the Vaqueros Fm). 

 

6.3. Basin History and Petroleum System Implications 

6.3.1.  Subsidence and Accumulation History 

 Burial history diagrams (Fig. 10) and 2D models (Fig. 13), combined with the 

modeled progression of silica diagenesis, document the nonuniformity of subsidence and 

uplift across the Salinas Basin.  All model locations contain similar lithologies, but record 

varied histories.  No single model documents the evolution of Salinas Basin completely.  

Focusing on the main depocenters, we identify two evolution paths: (1) the Hames Valley 

area is dominated by deposition, with little relative uplift, and (2) the Arroyo Seco area as 

having undergone significant deposition, but considerable uplift, erosion, and 

deformation over the past 3-5 m.y..  Given the blanket nature of Monterey Fm deposition, 

we may infer that spatial variability in burial history reflects the influence of the evolving 

transform system on creating, preventing and destroying local accommodation.  The 

localization of these subsidence centers was key in producing source rock facies within 

the Monterey Fm, as it allowed silled basins to form, yielding suboxic and anoxic 

conditions in which abundant planktonic organic matter was preserved without dilution 

of clastic detritus. 

 

6.3.2.  Implications of Diagenetic Silica for Erosion Interpretation 

 In the San Antonio Valley and southern and central Hames Valley (Fig. 1a), the 

presence of opal-A phase diatomite in a myriad of outcrop locations implies minimal 

burial and erosion.  The thin stratigraphic section at the San Antonio Valley outcrop 

locale therefore is a consequence not of erosion of younger strata, but instead suggests a 

relative bathymetric high that persisted throughout Miocene time.  Although late Miocene 
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aged sediments did accumulate in this area, these rocks did not reach the burial depths 

that Arroyo Seco and Hames Valley rocks did.  This is probably because much of the 

contractile deformation is taken up within the Hames Valley trough through low-angle 

detachment faults, assisting constriction and "squeezing" upward of the thick depocenter, 

as it was buttressed against the basement structural escarpment (Menotti et al., 2013).  

Additionally, splays of high-angle reverse faults stemming from the Reliz-Rinconada 

Fault uplifted basin fill in a ~12 km wide swath along the fault from just south of the 

mouth of the Arroyo Seco to beyond Hames Valley (Menotti et al. 2013).  In short, the 

San Antonio Valley experienced considerably less sediment accumulation, uplift and 

erosion in the last ~5 m.y. compared with the Arroyo Seco area and Hames Valley.  

Similar to the San Antonio Valley, basin fill near the axis of Hames Valley also preserves 

opal-A silica (e.g., 05321243), a consequence of minimal burial and erosion of these late 

Miocene deposits.   

 The observed silica phase of each outcrop limits potential burial depths that the 

rocks achieved prior to uplift.  Given the distribution of silica phase both observed and 

modeled, we identify preferential inversion of the basin in the north, probably through 

oblique-slip high-angle thrust faults in a number of flower structures along the Reliz-

Rinconada Fault (Menotti et al., 2013).  Much less uplift occurred in the central San 

Antonio Valley, Hames Valley, and southern Salinas Valley regions.  The progressive 

difference in relief from north to south was conducive to erosion.  The exposed siliceous 

Monterey Fm in the north and along the Reliz-Rinconada Fault became the provenance 

for the porcelaneous pebble population in the Paso Robles Fm (Galehouse, 1967).  

Assuming no considerable burial of the Pliocene-Pleistocene Paso Robles Fm (which is 

very likely), identification of silica phase in the porcelanite pebbles may reveal additional 

information on provenance and burial-uplift history of the source material. 

 

6.3.3. Uplift and Deformation History 

 Where the most subsidence and sediment accumulation occurred, the most uplift 

and erosion occurred as well.  Pliocene-Pleistocene contractile deformation interrupted 

marine sediment accumulation, and caused fault-controlled uplift and partial inversion of 

the basin depocenters.  This deformational period was accommodated differently in the 
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western versus eastern depocenters: in the Arroyo Seco area, the lower Monterey Fm 

maintained near-maximum burial depths (4-0 Ma in Fig. 13a) despite the cessation of 

deposition, and the introduction of far-field transpressional stresses tilting and uplifting 

the basin fill.  The subvertical Reliz-Rinconada Fault likely acted as a backstop to this 

transpression (Dibblee, 1976), facilitating high-angle thrusting with the greater Arroyo 

Seco area as the western hanging wall.  We suggest that this deformation style is 

manifested in (1) the presence of lower-ordered opal-CT silica in outcropping Monterey 

Fm west of the Reliz-Rinconada Fault in Reliz Canyon, (2) the near-oil window thermal 

maturities of outcropping source rock in Arroyo Seco and Vaqueros Canyon (Mertz, 

1984), and (3) the ~1400 m of erosion implied by our models (Fig. 10; Fig. 14a).   

 East of the Reliz-Rinconada Fault, the depocenter in Hames Valley was 

structurally less confined than in Arroyo Seco.  Thus, the Hames Valley depocenter 

responded to earlier (late Miocene time) oblique compression partly through low-angle 

detachment faults within the lower Monterey Fm, and squeezing of basin fill up and 

southeastward overtop basement fault blocks (Menotti et al., 2013).  This corresponds 

with an earlier erosional period in Hames Valley, when upper Monterey Fm is first 

removed (refer to 05301457 in Fig. 10), and is consistent with the ~3-4 m.y. 

unconformity between diatomaceous Monterey Fm and overlying Pancho Rico Fm 

documented in southwestern Hames Valley (Barron, 2010, personal commun.).  Later, 

high-angle thrust faults further uplifted the depocenter flanks, including faults genetically 

related to the Reliz-Rinconada Fault in western Hames Valley (Menotti et al., 2013) and 

the Los Lobos Fault east of Hames Valley (Gribi, 1979). Our models focused on 

implications of the thrust faults related to the RRF in incorporation of erosion (Fig. 14b).  

In both Hames Valley and Arroyo Seco, the compliant nature of the Monterey Fm, with 

its built-in glide planes conducive to layer-parallel slip (Eichhubl and Behl, 1998), 

allowed the >2 km thick accumulations to act as bumpers absorbing much of the tectonic 

stresses.  Thus, the fact that we observe a reversal of uplift where there had been 

accumulation is due to a combination of the folding and related thickening of the 

Monterey Fm, and the pre-existence of faults bounding the basin depocenters. 

 The late Miocene deformational episode we describe in Hames Valley is evident 

most explicitly through recent seismic surveys (Menotti et al., 2013).  Illumination of the 
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deformational history through seismic imaging is not available in the rugged landscape of 

Reliz Canyon, however.  Yet, if we accept our interpretation of Reliz Canyon silica 

diagenesis results and models, this information may provide the insight we lack here.  We 

offered one explanation for the broad depth interval of the opal-CT window in Reliz 

Canyon (despite already low clay content) as being due to pre-uplift tilting of stratigraphy 

(refer to Section 6.1.1).  This would likely require tilting to occur prior to the last of 

marine deposition in the basin during late Miocene-early Pliocene time.  Particularly 

given that this conceptual model requires either early tilting or gradual tilting such that 

the diagenetic front adjusts to a cross-stratigraphy geometry, this model suggests that the 

“smeared out” silica phase profile may be a record of early onset of transpressional 

deformation, akin to early compressional features observed in Hames Valley (Menotti et 

al., 2013). 

 

6.3.4. Petroleum System Implications 

 Iterative basin modeling indicates that the temporal sequence of petroleum system 

events is strongly influenced by burial and uplift timing and magnitude, which we 

constrain in part by evidence preserved in the silica of the Monterey Fm Hames Mbr.  

Due to slower burial in Arroyo Seco during middle Miocene time (Fig. 10; 05301354 vs. 

05301457), initial petroleum generation (defined by 10% TR) from the source rock at the 

base of the depocenter lagged behind that of Hames Valley by ~3 m.y. (Fig. 17).  This 

trend is mirrored by the progression of silica diagenesis through the overburden rock: 

silica in the base of the Hames Mbr converted to opal-CT, then to quartz ~2 m.y., then ~3 

m.y. later, respectively, in Arroyo Seco versus Hames Valley.  The Hames Valley source 

rock reached its critical moment (50% TR, per Magoon and Dow, 1994) at ~8.5 Ma, 

when approximately half of the Hames Mbr comprised silica that was converted to 

quartz.  The Arroyo Seco area well is approaching 40% TR by present-day, with over 

half of the Hames Mbr predicted to contain quartz phase silica.  In both cases, the 

collapsed porosity in the quartz phase overburden hinders secondary migration of 

petroleum from the underlying source rock.  Tectonically-induced fracturing and faulting 

of the siliceous units is therefore essential to improve migration efficiency through the 

Hames Mbr.   
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 Reduction in sedimentation and subsequent erosion in late Miocene time caused 

the TR for western Hames Valley to plateau (Fig. 17) and silica diagenesis to cease.  

Given the more definitive outcrop age control in the upper Monterey Fm along the 

western flank of Hames Valley provided by diatomite, we implement periods of erosion 

or hiatus in the late Miocene.  We lack this confidence in the upper Monterey Fm in the 

Arroyo Seco area however, so in the absence of more precise ages through this section, 

we assume deposition through the Delmontian benthic foram stage (Kleinpell, 1938; 8.6-

5.2 Ma).  Consequently, although earlier burial progressed more slowly in the Arroyo 

Seco depocenter, the siliceous strata continued to alter diagenetically for 6 m.y. longer 

than in the western Hames Valley.  The addition of overburden through structural 

thickening in the Arroyo Seco depocenter offsets the denudation of younger strata, as 

well.  Nevertheless, severe tectonic basin inversion (and resulting erosion) reduced the 

petroleum generation potential of this source rock pod, whereas Hames Valley suffered 

much less relative uplift and preserves a deeper pod of active source rock (Fig. 18).  

Thus, the apparent lateral variability in depositional and erosional history suggested by 

our models and micropaleontologic evidence (e.g., Barron, 1986) is reflected in the 

unique evolution of each source rock pod.   

 The Reliz Canyon outcrop model also illustrates late Miocene to Recent uplift 

with a drop in rate of maturation and petroleum generation (Fig. 19).  Uplift is evident 

from the reversal in temperature trends of the overburden horizons (1, 2, 3 and 4 in Fig. 

19).  As a consequence of uplift, and resulting cooling, the uppermost horizon (4) did not 

even reach the temperature threshold corresponding to opal-CT formation.  Moreover, 

only the basal layers of the outcrop (for example, horizons 1 and 2) reached quartz phase.  

This model also predicts marginal thermal maturity and negligible petroleum generation 

(see transformation ratio curve).  

 By present-day, two pods of active source rocks exist, although Hames Valley 

depocenter features deeper, more transformed source rock in contrast with Arroyo Seco 

(Fig. 18).  Maturity measurements from outcrops rimming the northwestern basin suggest 

that source rock here is just shy of oil window maturity levels (Mertz, 1984); models of 

the Reliz Canyon section suggest slightly higher maturities.  We bear in mind however, 

that limited stratigraphic age control reduces confidence in precise thermal maturation 
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predictions of the Reliz Canyon outcrop section.  Predicted transformation ratios in all 

models assume type II kerogen kinetics after Behar et al. (1997), assuming Salinas Basin 

Monterey Fm source rock contains primarily type II kerogen.  The Monterey Fm kerogen 

is known to contain unusually high sulfur abundances in some locations (e.g., Santa 

Maria and Santa Barbara Basins; Pytte, 1989).  High-sulfur kerogen possesses kinetics 

with lower activation energies, resulting in petroleum generation at lower temperatures.  

However, oils produced at Salinas Basin fields demonstrate low sulfur contents 

(Kornacki, 1989): 1-2 wt% sulfur, in contrast with 3-8 wt% sulfur in the Santa Maria 

Basin.     

 The presence of an opal-CT – quartz transition creates potential for hydrocarbon 

trapping due to the downward increase in permeability across this phase transition (Reid 

and McIntyre, 2001; Tsuji et al., 2011).  Despite the reduction in porosity during this 

process, permeability is enhanced (e.g., 0.01-0.5 mD in opal-CT to 0.1-1.2 mD in quartz; 

Grau et al., 2003) due to the smoothing of pore-throats through re-precipitation, and 

resulting decreased tortuosity (Reid and McIntyre, 2001).  Hydrocarbon charge that is 

coeval with development of this phase transition is critical to successful diagenetic 

trapping, before additional porosity and permeability is lost through updip progression of 

the diagenetic front (Grau et al., 2003; Zumbergre et al., 2005).  The increased 

permeability at this transition may also aid in hydrocarbon charge itself: our 2D models 

show instances of opal-CT to quartz interfaces adjacent to the underlying source rock 

layers (Fig. 13) that are >30% transformed (Fig. 18).  The distribution of diagenetic silica 

is most relevant for late Miocene and later events, as this coincides with timing of 

petroleum generation (Fig. 18).  In Hames Valley, mature source rock is overlain entirely 

by quartz phase silica at 4 Ma (Fig. 13 and Fig. 18), and the opal-CT – quartz interface 

intercepts the western edges of sandstone units that are equivalent to the reservoir rocks 

farther east and north.  The quartzose layers in the Hames Valley depocenter at this time 

are likely to be moderately fractured.  Given this, two potential scenarios are possible 

during this period that make the early Pliocene an important time in the history of this 

petroleum system: (1) a combination of fractures and basin-bounding faults in the eastern 

Hames Valley depocenter likely formed a permeability network through which 

hydrocarbons migrated from mature source rock down-dip to reservoir sandstones 
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extending westward from atop the basement escarpment, and (2) hydrocarbons that 

migrated vertically through fracture systems within the quartzose Hames Mbr 

encountered the opal-CT – quartz transition zone, then migrated laterally with ease within 

this higher-permeability zone and charged the reservoir sandstones cross-cut by the high-

permeability corridor.  Elsewhere in the models, subtleties of structure and geometry of 

the opal-CT – quartz interface have potential as additional migration pathways and 

localized accumulations.   For example, for wells in the Hames Valley depocenter (e.g., 

05301457 and 05321243), we expect ~20% porosity at the opal-CT – quartz interface 

(Fig. 12), and in Arroyo Seco area (e.g., 05301354), we expect closer to 30% porosity at 

the same diagenetic zone (Fig. 11a).
4
   

 

7. Conclusions 

 Through 1D and 2D modeling incorporating diagenetic grade of silica, we reveal 

the co-evolution of the Salinas Basin, diagenesis of the Monterey Fm, and source rock, 

migration, and trapping potential.  We demonstrate the lateral variability in subsidence, 

uplift, erosion, and deformation history and how this is manifested in diagenetic 

properties of the Monterey Fm.  By focusing on the two main depocenters, we showcase 

the difference in depositional and deformational history in the western versus eastern 

Salinas Basin.  Even within relatively limited areas, such as in Hames Valley, this 

variability in basin history requires applying unique parameters to each model location.  

 In a basin lacking complete stratigraphic sections due to erosion, and in regions of 

ambiguous chronostratigraphic control due to a lack of reliable data, the magnitude of 

diagenesis offers an additional parameter to test and calibration source to honor.  This 

study demonstrates the value in honoring geologic observations, such as diagenetic grade, 

and monitoring their interactions in a basin evolution and petroleum system context.  

Through iterative modeling and integration of multiple forms of data and calibration 

points, we achieve more reliable models of basin history.   

Specific findings from this study include the following:  

                                                      
4
 Porosities range from 27-36% at the opal-CT – quartz interface in the North Shafter Field in the San 

Joaquin Basin (Grau et al., 2003). 
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 Analysis of the Hames Mbr of the Monterey Fm from multiple outcrop locations 

indicates that the biogenic silica comprising in these rocks is mainly lower-

stability silica (opal-A) in the south, and increasingly more stable silica (opal-CT) 

to the north.  No diagenetic quartz was observed in our analyses of outcrop 

samples. 

 Basin models integrating silica diagenesis predict significant erosion (>1000 m in 

the west, in the Arroyo Seco area) and minimal to no erosion in the Salinas and 

Hames Valleys in the east.  The greater magnitudes of erosion in the western part 

of the basin are a consequence of late Neogene to Recent transpressional 

tectonism, which preferentially uplifted the basin west of the Reliz-Rinconada 

Fault. 

 Given the burial and erosion histories suggested by the calibrated models, source 

rock generation is greatest in Hames Valley (compared with Arroyo Seco) due to 

little erosion and greater burial in the eastern depocenter.  This elucidates the 

relative importance of the Hames Valley vs. Arroyo Seco POASRs in formation 

of a petroleum system, and highlights the impact of erosion on source rock 

potential. 
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Table 1. Silica phases and abundances relative to clay for Monterey Fm outcrop samples.  All 

samples with d(101)-spacings listed are composed of opal-CT.  RC: Reliz Canyon; HV: Hames 

Valley; QC: Quinado Canyon; SV: San Antonio Valley. 

Sample #     Silica Abundance (normalized, %) Estimated 

Temperature (C°) (RC) Alternate ID d(101) (Å) XRF FTIR Adjusted 

1 RC-07a 4.0707 --- 52 79 77.5 

2 RC-08 4.0781 83 50 --- 74.1 

3 RC-10 4.0783 78 50 --- 72.2 

4 RC-11 4.0737 69 49 --- 72.0 

5 RC-12 4.0777 71 49 --- 70.5 

6 RC-06 4.0860 77 51 --- 67.3 

7 RC-05 4.0920 --- 62 89 67.0 

8 RC-04 4.0930 79 48 --- 63.6 

9 RC-03 4.0902 49 --- --- 56.4 

10 RC-02 4.0865 57 --- --- 60.8 

(HV)             

1 HV-01b 4.1063 84 51 --- 56.0 

2 HV-02b 4.1022 84 49 --- 58.8 

3 HV-03 4.1063 83 50 --- 55.8 

4 HV-04 4.1059 79 52 --- 55.1 

5 HV-05a 4.1083 --- 55 85 55.0 

6 HV-06 4.0987 --- 53 83 61.9 

7 HV-07 4.0961 63 39 --- 57.0 

8 HV-08 4.1082 81 55 --- 54.0 

9 HV-09a 4.1046 --- 60 90 58.8 

10 HV-10a 4.1131 --- 53 83 51.0 

11 HV-10b opal-A n/a n/a   n/a 

(QC)             

1 QC-03a 4.0942 --- 53 81 63.7 

2 QC-04 4.0917 --- 35 63 59.7 

3 QC-10 4.0915 --- 48 76 63.3 

4 QC-09b 4.0700 --- 49 77 77.2 

5 QC-08 4.0634 --- 44 72 79.6 

6 QC-07b 4.0773 --- 39 67 69.1 

7 QC-06 4.0853 --- 43 71 65.8 

8 QC-05 4.0921 --- 48 76 63.3 

9 QC-02 4.0974 --- 52 80 60.9 

10 QC-01 4.0906 --- 54 82 66.1 

(SV)             

1 SV-04b 4.1169 --- 51 79 47.4 

2 SV-01 opal-A n/a n/a --- n/a 
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Table 2.  Model scenarios for sections in Reliz Canyon addressing uncertainty in upper Monterey 

Fm ages and thicknesses.  Letters A-E are labels for each scenario tested.  Names listed for 

Stratigraphic Units refer to biostratigraphic ages based on benthic foraminifera (Kleinpell, 1938).  

These include: Luisian stage (middle Miocene, ~14.9-13.5 Ma); Mohnian stage (middle-late 

Miocene, ~13.5-8.6 Ma); Delmontian stage (late Miocene, ~8.6-5.2 Ma, although this is unclear; all 

absolute ages after McDougall, 2008).  Model C does not include 300 m of section that is 

incorporated in all other models.  Exclusion of this 300 m accounts for previously unrecognized 

folds in parts of the section, which may exaggerate overburden thickness.  Model E accounts for an 

eroded thickness of 300 m at the top of the Monterey Fm.   
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Table 3.  Model scenarios for wells in Arroyo Seco addressing uncertainty in amount of 

erosion and structural thickening.  Letters a-i for every well are labels for each scenario 

tested.  Shaded box is the preferred, calibrated model.  Pre-erosion thickness notation refers 

to thickness of each eroded layer in order from lowest to highest.  First row of calibration 

data is from the modeled well.  C: opal-CT phase; Q: quartz phase; roman numerals 

following C and Q differentiate between data locations.  *: shallowest measured sample, 

implying that this does not necessarily correspond to the silica phase boundary.  C and Q 

notations correspond to labels on Figures 11 and 12. 

      Pre-Erosion Thickness (m)     

API 05301354   None Mid High Spud Fm Hames Mbr, Monterey Fm 

Shell Texas Beedy-1 n/a 390 680 TD Fm Granitic basement 

Structural 

Thickening 

Increase (%) 

None 0 a b c 
Calib. 

Data 
Tmax, Temp, dips 

Lowa 121 d e f   
05320455: Tmax, Temp, 

SiO2(Qii*) 

Higha 242 g h i   
RC Outcrop: SiO2(Ci*) 

API 05301438   Lowb Mid High Spud Fm Hames Mbr, Monterey Fm 

Texaco Lewis 1   706 1021 1411 TD Fm Sandholdt Mbr, Monterey Fm 

Structural 

Thickening 

Increase (%) 

None 0 a b c 
Calib. 

Data 
Tmax, dips 

Lowa 33 d e f   
  

Higha 66 g h i   
  

API 05301221c   Lowb Mid High Spud Fm Hames Mbr, Monterey Fm 

C.N. Thorup 1   --- --- 1275 TD Fm Vaqueros Fm 

Structural 

Thickening 

Increase (%) 

None 0 --- --- c 
Calib. 

Data 
none from this well. 

Low 24 --- --- f   
05320964: Tmax, Temp, 

SiO2(Qiii*) 

High 47 --- --- i   
05301354: Tmax, Temp 

aThis is the maximum amount of structural thickening applied in the model.  Some layers may have less 

thickening applied.   
bAll scenarios for this model have some erosion.       
cHigh magnitude erosion scenario only is tested systematically for this well.   
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Table 4.  Model scenarios for wells in Hames Valley addressing uncertainty in amount of erosion and 

structural thickening.  Letters a-i for every well are labels for each scenario tested.  Shaded box is the 

preferred, calibrated model.  Pre-erosion thickness notation refers to thickness of each eroded layer in 

order from lowest to highest.  First row of calibration data is from the modeled well.  C: opal-CT phase; 

Q: quartz phase; P: pressure.  Numbers following C, Q, and P differentiate between data locations.  *: 

shallowest measured sample, implying that this does not necessarily correspond to the silica phase 

boundary.  C, Q, and P notations correspond to labels on Figures 11 and 12. 

      Pre-Erosion Thickness (m)     

API 05301457   None Low High Spud Fm Hames Mbr, Monterey Fm 

Texaco Shell NCT-1   n/a 200-0 400-0 TD Fm Sandholdt Mbr, Monterey Fm 

Structural 

Thickening 

Increase (%) 

None 0 a b c Calib. Data Tmax, Temp, dips 

Lowa 11 d e f   

05321243: Ro, ΦP2, SiO2(C1*,Q1); HV 

Outcrop: SiO2(C4*) 

Higha 22 g h i   

05321110: Ro, Tmax, Temp, 

SiO2(C2*,Q2); 05301269: SiO2(Q3*) 

API 05321651   None Low High Spud Fm Hames Mbr, Monterey Fm 

Anvilbar 75-26   n/a 
200-200-

200 

400-400-

400 
TD Fm Vaqueros Fm 

Structural 

Thickening 

Increase (%) 

None 0 a b c Calib. Data Tmax, dips, SiO2(C5) 

Lowa 37 d e f   
05321110: Ro, Tmax, Temp,  

Higha 74 g h i   
SiO2(C2*,Q2) 

API 05301352   None Low High Spud Fm Paso Robles Fm 

Shell Labarere 27x-21   n/a 100-200 200-400 TD Fm Granitic basement 

Structural 

Thickening 

Increase (%) 

None 0 a b c Calib. Data Temp, dips 

Lowa 4 d e f   
05321243: Ro, ΦP2, SiO2(C1,Q1) 

Higha 8 g h i   
  

 
a This is the maximum amount of structural thickening applied in the 

model.  Some layers may have less thickening applied. 
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Table 4 (continued).  Model scenarios for wells in Hames Valley addressing uncertainty in amount of 

erosion and structural thickening.  Letters a-i for every well are labels for each scenario tested.  Shaded 

box is the preferred, calibrated model.  Pre-erosion thickness notation refers to thickness of each eroded 

layer in order from lowest to highest.  First row of calibration data is from the modeled well.  C: opal-CT 

phase; Q: quartz phase; P: pressure.  Numbers following C, Q, and P differentiate between data locations.  

*: shallowest measured sample, implying that this does not necessarily correspond to the silica phase 

boundary.  C, Q, and P notations correspond to labels on Figures 11 and 12. 

      Pre-Erosion Thickness (m)     

API 05321243   None Low High Spud Fm Paso Robles Fm 

Hames Valley 1-34   n/a 256-396 300-450 TD Fm Vaqueros Fm 

Structural 

Thickening 

Increase (%) 

None 0 a b c 
Calib. 

Data 
Ro, ΦP2, SiO2(C1,Q1) 

Low a 3 d e f   
05321211: Ro, SiO2(C1,Q1), dips 

High a 6 g h i   
05322029: ΦP1; 05301352: Temp 

API 05321910   None Low High Spud Fm Paso Robles Fm 

Bradley Minerals 2-2   n/a 287-375 300-450 TD Fm Vaqueros Fm 

Structural 

Thickening 

Increase (%) 

None 0 a b c 
Calib. 

Data 
dips 

Low a 8 d e f   
05321243: Ro, ΦP2, SiO2(C1,Q1) 

High a 15 g h i   

05322029: ΦP1; 05321211: Ro, 

SiO2(C1,Q1), dips 

API 05322029   None Low High Spud Fm Paso Robles Fm 

Bradley Minerals 2-6   n/a 150-412 300-450 TD Fm Granitic basement 

Structural 

Thickening 

Increase (%) 

None 0 a b c 
Calib. 

Data 
ΦP1, dips 

Low a 3 d e f   
05320773: Tmax 

High a 6 g h i   
05321243: Ro, ΦP2, SiO2(C1,Q1) 

 

a This is the maximum amount of structural thickening applied in the 
model.  Some layers may have less thickening applied. 
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Figure 1. Location map.  a) Map of Salinas Basin, California emphasizing surface geology, and outcrop 

sample, well and model locations.  b) Larger-scale map of Reliz Canyon, featuring precise sample 

locations.  Well numbers correspond to API numbers as follows: 1: 05301219; 2: 05301354; 3: 05320455; 

4: 05301221; 5: 05320964; 6: 05301438; 7: 05301457; 8: 05301352; 9: 05321243; 10: 05321910; 11: 

05321211; 12: 05322029; 13: 05320773; 14: 05301356; 15: 05301361; 16: 05301388; 17: 05321651; 18: 

05321110; 19: 05321151; 20: 05301269; 21: 05320465.  Surface geology is simplified from a compilation 

of 7.5-minute quadrangle maps originally mapped by Thomas W. Dibblee, Jr., and re-published by the 

Dibblee Foundation and the Santa Barbara Museum of Natural History.  
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Figure 2.  Silica phase and d(101)-spacings of Reliz Canyon Monterey Fm (a) and implications for burial 

temperatures (b).  a) Data are from samples RC-02-RC-12 (Table 1).  Two red-highlighted circles 

indicate samples for which clay abundance is based on FTIR measurements; all others are based 

on XRF.  These data are shown in the context of a nomograph relating silica phase, opal-CT 

order, clay abundance, and burial temperature (modified after Keller and Isaacs (1985) and Behl 

(2011)).  Temperatures beside red dashed lines correspond to the estimated range of maximum 

burial temperatures for all samples, based on a given d(101)-spacing and clay percentage.  

Sample 9 (blue dashed line) suggests a higher temperature despite being at the top of the section, 

thus we exclude it from our paleo-maximum temperature gradient.  b) This schematic illustrates 

diagenesis of biogenic silica with burial, and the temperatures that are inferred from the silica 

phase.  Stacked blue, tan and brown squares represent increasing stability of silica with diagenesis 

(squares concept after Dralus, 2013).  Columns represent progressive sedimentary burial, 

subsidence, and uplift. 
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Figure 3.  Reliz Canyon outcrop stratigraphy, and modeled burial temperatures and thermal maturity.  

Stratigraphic column and biostratigraphy is after Kleinpell (1938).  Vitrinite reflectance (Ro) values are 

calculated from Tmax pyrolysis measurements of outcropping source rock in Vaqueros Canyon (Mertz, 

1984).  Conversion of Ro to Tmax follows Jarvie et al. (2001). 
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Figure 5.  Five burial history models of the Reliz Canyon outcrop.  In addition to burial history, 

these models predict silica phase of the Hames Mbr of the Monterey Fm, and thermal maturity of 

the Sandholdt Mbr (rainbow color scale).  Model A: “Delmontian” and undifferentiated upper 

Monterey Fm strata after Kleinpell (1938) are deposited from 8.6-5.2 Ma; Model B: “Delmontian” 

strata are deposited during Mohnian time (up to 8.6 Ma), and undifferentiated upper Monterey Fm 

strata are deposited during Delmontian time (8.6-5.2 Ma); Model C: same as Model B but 

assumes that the undifferentiated upper Monterey Fm is stratigraphically 300 m thinner than 

estimated by Kleinpell (1938) due to structural folding; Model D: the entire Reliz Canyon outcrop 

section is deposited by end Mohnian time (8.6 Ma), and there is a depositional hiatus from 8.6-5.2 

Ma; Model E: same as Model D but instead of a hiatus, 300 m of Monterey Fm is eroded during 

this time.  See Table 2 for scenario details.  These models assume Keller and Isaacs (1985) silica 

diagenesis kinetics with 30% clay.  Silica phase color explanation: Light blue: Opal-A; Tan: Opal-

CT; Brown: Quartz.  B: basement; V: Vaqueros Fm; Ms: Sandholdt Mbr of Monterey Fm; Mh: 

Hames Mbr of Monterey Fm.  
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Figure 6.  Compaction curves for lithologies that were used in modeling the Salinas Basin.  Siliceous shale, 

Diatomite and Sandstone are general terms representing lithologies cataloged in PetroMod
®
 Lithology 

Editor, with properties defined based on laboratory measurements.  The Modified siliceous shale is 

customized with a steeper porosity curve to emulate the abrupt reduction in porosity in the transition from 

opal-A to opal-CT.   
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Figure 7.  3D oblique view of well and 2D basin model locations in a) Western Salinas Basin and b) 

Hames Valley.  Golden points on compass roses indicate the North direction.  In a), the view is to the west; 

in b) the view is to the north.  Depth scale bar units are meters relative to sea level; distance scale bar units 

are kilometers.  Green polygons represent oil fields.  Well numbers correspond to API numbers listed in 

caption for Figure 1.  2D model layer colors correspond to the following units: Granitic basement: Pale 

pink;  Vaqueros Fm: a) Pale yellow, b) Tan;  Lower Sandholdt Mbr (Saucesian age): Burgundy;  Upper 

Sandholdt Mbr of Monterey Fm (Relizian-early Luisian age): a) Dark orange, b) Burgundy;  Hames Mbr of 

Monterey Fm (30% clay): a) Luisian age: Dark grey, Mohnian age: Medium grey, Delmontian age: Light 

grey,  b) 60% clay: Dark grey, 45% clay: Medium grey, 30% clay: Light grey (ages not distinguished by 

color).   
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Figure 8.  Five models of thermal maturity in Reliz Canyon and silica phase of the Sandholdt-Hames Mbr 

transition (Luisian age).  Silica phase bars represent time period corresponding to the transformation from 

opal-A to opal-CT (grey) or opal-CT to quartz (brown).  The transitional periods depicted by the bar widths 

are based on model sublayer ages, as simulation of phase changes occurs at the sublayer resolution.  These 

models assume silica diagenesis kinetics of Keller and Isaacs (1985) with 30% clay.   
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Figure 9.  Burial history diagrams documenting a systematic approach to modeling well 05301354 through 

incorporation of uncertainty in erosion thickness and structural thickening magnitude.  Models show 

predicted silica phase of the Hames Mbr of the Monterey Fm, and predicted transformation ratio of the 

Sandholdt Mbr (rainbow color scale).  These models assume Keller and Isaacs (1985) silica diagenesis 

kinetics with 30% clay and Behar et al. (1997) Type II Paris Basin kerogen kinetics for transformation 

ratio.  Silica phase color explanation: Light blue: Opal-A; Tan: Opal-CT; Brown: Quartz.  B: basement; V: 

Vaqueros Fm; Ms: Sandholdt Mbr of Monterey Fm; Mh: Hames Mbr of Monterey Fm. 
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Figure 10.  Burial history diagrams documenting calibrated models of Arroyo Seco area and Hames Valley 

wells.  Models show predicted silica phase of the Hames Mbr of the Monterey Fm, and predicted 

transformation ratio of the Sandholdt Mbr (rainbow color scale).  These models assume Keller and Isaacs 

(1985) silica diagenesis kinetics with 30% clay except for models 0531352, 05321243, 05321910 and 

05322029, which assume 60% clay.   Behar et al. (1997) Type II Paris Basin kerogen kinetics is assumed 

for transformation ratio calculation.  Silica phase color explanation: Light blue: Opal-A; Tan: Opal-CT; 

Brown: Quartz.  B: basement; V: Vaqueros Fm; Ms: Sandholdt Mbr of Monterey Fm; Mh: Hames Mbr of 

Monterey Fm.  Msm: Santa Margarita Sandstone in the Monterey Fm; P: combined Pancho Rico and Paso 

Robles Fm. 
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Figure 11.  Depth profiles of modeled present-day thermal maturity, temperature, silica phase, and porosity 

for Arroyo Seco area wells: a) 05301354; b) 05301438.  Black curves correspond to the preferred model of 

all those systematically tested; light grey curves correspond to the remaining models.  Silica phase bar color 

explanation: White: Opal-A; Grey: Opal-CT; Black: Quartz.  Triangles refer to vitrinite reflectance 

converted from Tmax pyrolysis measurements using Jarvie et al. (2001).  Silica phase calibration data 

explanation: C: Opal-CT; Q: Quartz; *: shallowest measured sample, implying that this does not 

necessarily correspond to the silica phase boundary.  Roman numerals following C and Q refer to location 

of data source.  Refer to Table 3 for sources of calibration data.  
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Figure 12.  Depth profiles of modeled present-day thermal maturity, temperature, silica phase, and porosity 

for Hames Valley wells: a) 05321243; b) 05301457.  Black curves correspond to the preferred model of all 

those systematically tested; light grey curves correspond to the remaining models.  Silica phase bar color 

explanation: White: Opal-A; Grey: Opal-CT; Black: Quartz.  Inverted triangles refer to vitrinite reflectance 

data; righted triangles refer to vitrinite reflectance converted from Tmax pyrolysis measurements using 

Jarvie et al. (2001).  Triangle (maturity) and circle (temperature) colors distinguish data from different 

wells.  Silica phase calibration data explanation: C: Opal-CT; Q: Quartz; *: shallowest measured sample, 

implying that this does not necessarily correspond to the silica phase boundary.  Numbers following C, Q, 

and P refer to location of data source.  Refer to Table 4 for sources of calibration data.  
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Figure 13.  2D basin models demonstrating basin evolution and silica diagenesis since middle 

Miocene time.  a) Western Salinas Basin, including Arroyo Seco and Reliz Canyon.  b) Hames 

Valley and southern Salinas Valley.  Refer to Figures 1b and 7 for locations of models.  Depth 

scale bar units are meters relative to sea level; distance scale bar units are kilometers.  Silica 

phase color explanation: Light blue: Opal-A; Tan: Opal-CT; Brown: Quartz.  Vertical lines are 

well locations. 
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Figure 14.  Erosion profiles and the predicted silica phase distributions.  a) Western Salinas 

Basin, including Arroyo Seco and Reliz Canyon.  b) Hames Valley and southern Salinas Valley.  

Red dashed curve: thickness of total eroded material above the present-day topography.  Well 

numbers correspond to API numbers listed in caption for Figure 1; parenthetical well number 

indicates that the well is >1 km from the transect, except for well 21, which is on the opposite 

side of the Reliz-Rinconada Fault from the Western Salinas Basin transect.  Sample locations 

for Monterey Fm silica phase analysis: SV (San Antonio Valley), QC (Quinado Canyon), RC 

(Reliz Canyon), and HV (Hames Valley); color of boxes indicate silica phase observed in 

samples.  Silica phase color explanation: Light blue: Opal-A; Tan: Opal-CT; Brown: Quartz. 
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Figure 15.  Influence of lithology on temperature of Hames Mbr of Monterey Fm.  Reliz Canyon Model C 

is used for this comparison.  Curves track temperatures of the lowest sublayer in the Hames Mbr.  Siliceous 

shale, Diatomite, Quartz and Chert are general terms for the default lithologies of the PetroMod
®
 Lithology 

Editor.  The Diatomite with diagenesis is customized to adopt properties of diagenetic products of 

diatomite; these models adopt siliceous shale (with 95% opal-CT) customized with a steeper porosity curve 

for the opal-CT phase, and the same modified siliceous shale with higher permeability for the quartz phase.  

The phase changes in this modified lithology follow Keller and Isaacs (1985) kinetics for 30% clay. 
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Figure 16.  Influence of silica diagenesis kinetic parameters on thermal maturity, silica phase and porosity 

versus depth.  Reliz Canyon Model C is used for this comparison.  The kinetics tested include those after 

Keller and Isaacs (1985) with 30% and 60% clay – C(30) and C(60), respectively – and kinetics after 

Dralus (2013) – C(Dr).  Silica phase bar color explanation: White: Opal-A; Grey: Opal-CT; Black: Quartz. 
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Figure 17.  Relationship between transformation ratio, Hames Mbr temperature, and silica phase through 

time in Arroyo Seco versus Hames Valley.  Dashed curves: Hames Valley (05301457); solid curves: 

Arroyo Seco (05301354).  Temperature curves track the history of three horizons from the base to top of 

the Hames Mbr (1: lowest, 3: highest).  Transformation ratio tracks the history of the lower Sandholdt Mbr 

(Saucesian age).  Isotherms (45 and 80.8 °C) correspond to silica phase boundaries assuming Keller and 

Isaacs (1985) kinetics for 30% clay.  Transformation ratio assumes kinetics after Behar et al., (1997) for 

Type II Paris Basin kerogen. 
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Figure 18.  2D basin models demonstrating basin evolution and transformation ratio of source rock since 

late Miocene time.  a) Western Salinas Basin, including Arroyo Seco and Reliz Canyon.  b) Hames Valley 

and southern Salinas Valley.  Refer to Figures 1b and 7 for locations of models.  Depth scale bar units are 

meters relative to sea level; distance scale bar units are kilometers.  Vertical lines are well locations.  Close-

up views of the Arroyo Seco and Hames Valley source rock at present-day are displayed at the base of the 

figure. 
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Figure 19.  Progression of silica diagenesis inferred from temperature history in context of thermal 

maturity and transformation ratio in the Reliz Canyon outcrop (Model C).  Temperature curves track the 

history of four horizons from the base (1) to top (4) of the Hames Mbr.  Transformation ratio (solid bold 

line) and thermal maturity (bold dashed line) track the history of the lower Sandholdt Mbr (Saucesian age).  

Isotherms (45 and 80.8 °C) correspond to silica phase boundaries assuming Keller and Isaacs (1985) 

kinetics for 30% clay.  Transformation ratio assumes kinetics after Behar et al., (1997) for Type II Paris 

Basin kerogen.  Solid arrows highlight entry and exit of horizons into and out of the opal-CT window 

(based on temperature).  Dashed arrow highlights entry of the lower Sandholdt Mbr into the oil window 

(based on thermal maturity). 
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MODELING STRIKE-SLIP MOTION IN BASIN AND PETROLEUM SYSTEM 

ANALYSIS: A NEW METHOD AND APPLICATIONS USING THE SALINAS 
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ABSTRACT 

 We present a new method for petroleum system analysis that integrates strike-slip 

fault motion with three-dimensional (3D) basin modeling.  Despite the abundance of 

strike-slip settings that house producing and prospective oil and gas accumulations, there 

is no formalized workflow for modeling petroleum systems in these regimes.  One such 

region is the Salinas Basin, a transpressional basin in central California, U.S.A.  This 

serves as our study area for method development and evaluation.  We combine paleo-

geometries from traditional, event-step basin models, then restore strike-slip 

displacement using output depth maps, and re-simulate the basin model including the 

restoration.  Analysis of the petroleum system in the context of strike-slip fault 

restoration reveals alternative migration histories and accumulation compositions.  We 

demonstrate that this method provides petroleum system analysts a means of testing 

uncertainties in strike-slip fault properties and history, in addition to the fault's impact on 

shaping the basin and petroleum system. 

 

1.  Introduction 

 Transform settings have long been sights of petroleum exploration and discovery.  

In these settings, strike-slip faults can not only delineate sedimentary basin geometries, 
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but contribute to sedimentation and deformation of the basins, and hydrocarbon 

occurrences therein.  Petroleum explorationists have demonstrated the hydrocarbon 

potential of basins impacted by wrench tectonism (e.g., Corey, 1962; Harding, 1973; 

Wilcox et al., 1973; Moody, 1973), and have documented basin responses to strike-slip 

faulting in numerous petroliferous settings (e.g., central and southern California, Dead 

Sea, Sumatra, Venezuela, New Zealand).  Abundant literature recognizes the pivotal role 

strike-slip faults can play in shaping basins and the petroleum systems they contain (e.g., 

Corey, 1962; Harding, 1973; Moody, 1973; Wilcox et al., 1973; Dibblee, 1977; Stanley 

and Lillis, 2000; Hwang et al., 2002; Hsiao et al., 2004; Escalona and Mann, 2006).  

Historically, petroleum geologists have highlighted implications of strike-slip tectonics 

for oil and gas occurrences as (1) structural trap development through faulted folds or en 

echelon folds formed through wrench tectonism (Ferguson and Willis, 1924; Harding, 

1973; 1974; 1976; Harding et al., 1985), and (2) petroleum migration along near-vertical 

wrench fault planes (e.g., Escalona and Mann, 2006; Hwang et al., 2002).  However, 

particularly in regions where tens of kilometers of lateral fault offset has occurred, strike-

slip faults can also have an enormous impact on the fundamental shape of the basin.  

Specifically, large-offset strike-slip faults can change the shape and extent of 

hydrocarbon drainage areas, and the connectivity between petroleum source areas and 

traps.  In this paper, we consider a strike-slip fault as a dynamic component in an 

evolving basin and petroleum system, and propose a method for petroleum exploration in 

strike-slip basins using three-dimensional (3D) basin and petroleum system modeling 

(BPSM).  

 There is currently no standardized technique for 3D BPSM with strike-slip faults.  

Pioneering work has been done in developing and testing methods in 3D modeling of fold 

and thrust belts (e.g., Baur et al., 2009), but development of modeling structures with 

oblique or lateral motions has not been publicly documented.  This paper (1) outlines a 

method for incorporating strike-slip faults into basin and petroleum system 

modeling, and (2) demonstrates the utility of this method in enhancing petroleum 

exploration.  The focus of this paper is on development and testing of the method, rather 

than analysis of the geohistory, or assessment of the petroleum prospectivity of a 

particular region.  However, to demonstrate the applicability of concepts and methods 
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developed herein, we apply our approach to the transpressional Salinas Basin in onshore 

central California (Fig. 1). 

  

2. Motivation for Strike-slip Basin Modeling 

 Despite the clear need for basin modeling in strike-slip settings to improve 

exploration strategies, a workflow for inclusion of lateral motion on a vertical fault plane 

does not exist in commercially available modeling software.  The current state of typical 

3D BPSM approximates the evolution of a basin shape by simulating burial history on a 

finite element grid, which adjusts thicknesses and depths as vertical sections compact and 

water depths fluctuate.  Through sequential backstripping of sedimentary packages, the 

evolution of the basin shape is revealed.  This technique models basin geometry evolution 

under the assumption that the geometry is dominated by vertical subsidence and uplift 

processes largely controlled by Airy isostatic principles and compaction laws (Hantschel 

and Kauerauf, 2009). 

 In basin analysis of tectonically complex settings, however, this assumption of 

purely vertically-dominated burial and uplift processes is potentially invalid.  Perhaps the 

most obvious example of a geologic setting where this assumption is unreasonable is in 

transform settings, where tectonism is characterized by lateral motion along strike-slip 

faults.  This paper examines a basin in such a setting.   

 BPSM in tectonically complex regions is not a new endeavor.  In fact, modeling 

workflows regularly employ a dynamic, 2D cross-sectional approach in structurally 

complex basins where recognition of an evolving structural history is critical to 

successful modeling.  This technique is appropriate in settings where tectonic transport is 

dominantly parallel to the plane of the 2D model, where vertical tectonic transport is 

important (e.g., fold and thrust belts; Schneider, 2003; Roure et al., 2005; Lampe et al., 

2006; Lampe et al., 2012).  However, modeling in a region dominated by strike-slip 

motion requires consideration of tectonic transport in the lateral direction.  Through 

strike-slip offset of tectonic blocks, the overall geometry of the basin potentially changes 

dramatically over its history, thereby opening up potential for significant shifts in the 

hydrocarbon fetch areas and trap geometries.  In short, just as in thrust modeling, 
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changing the shape of the basin through strike-slip faulting has implications for 

hydrocarbon charge. 

 

3. Geologic Background of the Salinas Basin 

 We develop a strike-slip basin modeling method based on the geologic framework 

of the Salinas Basin, a Neogene transpressional basin in the Coast Ranges of central 

California (Fig. 1).  The basin is approximately 140 km long by 40 km wide and lies west 

of and subparallel to the northwest-southeast striking San Andreas Fault.  The Salinas 

Basin is a petroliferous basin, containing San Ardo oil field, with 533 million barrels in 

recoverable oil, as well as six additional fields, each with less than 2 million barrels in 

recoverable oil (CDOGGR, 2010).  The sedimentary basin fill comprises primarily 

Miocene marine deposits that accumulated in an elongate, northwest-southeast oriented 

basin of bathyal water depths (Graham, 1976; 1978). These deep-water facies transition 

to shelfal deposits on the eastern basin margin, due to an abrupt west-to-east change in 

Miocene paleobathymetry from bathyal to neritic water depths (Fig. 2).  The present-day 

basin shape is characterized by a sharp drop in basement depth from east to west; this 

shape is inherited from Neogene time and defines the main paleodepocenter (Fig. 3).  

Transform-related tectonism controlled the rapid subsidence that created accommodation 

for deposition of the Monterey Formation (Fm) during middle to late Miocene time 

(Graham, 1976; 1978; Fig. 2).  Tectonic uplift of the basin during Pliocene through 

Quaternary time led to a progressive transition from deep to shallow marine to finally 

non-marine depositional settings.  The basal member of the Monterey Fm is the source 

rock for Salinas Basin petroleum (Mertz, 1984; Marion, 1986).  Oil accumulations occur 

in shallow marine sandstones in the upper section of the Monterey Fm, and have been 

produced as the aforementioned seven oil fields (CDOGGR, 2010).  Thus, the Monterey 

Fm serves as not only the source rock, but reservoir rock, seal rock and overburden rock 

for the petroleum system. 

 Although the known oil fields are considered to be sourced from one main 

kitchen, there are in fact two primary pods of active source rock (POASR; terminology 

after Magoon and Dow, 1994; Fig. 1).  In the southeastern end of the basin, the Hames 

Valley Trough (HVT) lies adjacent to San Ardo field, and is the source of the oil 
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accumulated at San Ardo (Graham, 1976; Marion, 1986; Menotti et al., 2010).  But 

approximately 40 km north of the HVT is a second POASR: the Arroyo Seco Trough 

(AST).  Although there is abundant evidence that this northern POASR has generated 

hydrocarbons (Durham, 1974; Graham, 1976; Marion, 1986; Menotti et al., 2010), it 

remains uncertain whether any AST-derived petroleum actually contributes to the oil 

fields.   

 We will refer to these two hydrocarbon kitchens as the Eastern POASR and 

Western POASR, respectively.  The Eastern and Western POASRs are separated by the 

Reliz-Rinconada Fault (RRF), a northwest striking strike-slip fault related to the San 

Andreas Fault and the Pacific-North American plate transform boundary (Graham, 1978; 

Dickinson et al., 2005).  Dextral motion along the fault has offset the western portion of 

the original kitchen, placing the Western POASR ~40 km to the north-northwest of the 

Eastern POASR (Dibblee, 1976; Graham, 1976; Fig. 1).  Thus, given that these now 

separate POASRs were once one feature, we will refer to a single petroleum system in 

this paper. 

 The RRF introduces the following complications in analysis of the Salinas Basin 

petroleum system: (1) depending on the lithologic properties of the faulted rock and if the 

state of stress leads to opening-mode fractures within the zone, the fault zone may act as 

a hydrocarbon migration pathway; (2) the fault zone may be a barrier or baffle to 

migration if fault gouge reduces permeability; (3) offset of the kitchen potentially 

juxtaposes source rock beside permeable carrier beds; and (4) offset of the kitchen also 

changes the entire basin geometry, creating the potential for closer proximity of potential 

traps to mature source rock.  This fourth concept refers to the present-day position of the 

AST POASR relative to the northern field (Fig. 3).   

 The dynamic evolution of basin geometry during the Neogene through Quaternary 

periods as a result of syn-sedimentary strike-slip faulting necessitates a three-dimensional 

approach to modeling the petroleum system (Menotti et al., 2012).  We use PetroMod
®

 

(version 2012.2) software to simulate basin shape evolution as the western side of the 

basin is displaced northward with respect to its eastern counterpart.  Constraints on fault 

displacement timing are based on piercing points (Fig. 2) including offset basement 
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features, stratigraphic contacts, and paleobathymetric contours (Dibblee, 1976; Graham, 

1976; 1978).  Our understanding of stratigraphy is based on wellbore and outcrop data. 

 

4. Basin and Petroleum System Modeling 

4.1. General Background  

 The simultaneous analysis of sedimentary basin evolution and petroleum system 

development is achieved through deterministic computational modeling (Lerche, 1990; 

Ungerer et al., 1990; Welte et al., 1997; Hantschel and Kauerauf, 2009).  A number of 

commercial software products are available for this purpose; in this study, we employ 

PetroMod
®
 as the primary platform.  The basin model integrates geologically-constrained 

input parameters derived from a combination of ground-truth observations of surface 

exposures or subsurface cores, well logs, seismic reflection data, and gravity-magnetic 

surveys.  Input parameters include present-day stratigraphic interval thicknesses, 

lithologic characteristics, rock physics properties, depositional and erosional ages, and 

source rock properties.  Boundary conditions defining basal thermal histories, paleo-

water depths, and sediment-water interface temperatures are also needed.  Once 

parameters and boundary conditions are defined, the simulator performs backstripping 

calculations, accounting for decompaction on the defined stratigraphic intervals.  Next, 

sequential deposition of layers is forward simulated, and thermal, overpressure, 

petroleum generation, and migration histories are calculated.  Data such as present-day 

subsurface temperature profiles, measures of thermal maturity (e.g., vitrinite reflectance 

(Ro), Tmax pyrolysis), and present-day pressure gradients, as well as the present-day 

stratigraphic geometries serve as calibration for the forward models.  Depending on 

availability of data, the nature of the modeling objectives, and time allowed, basin models 

are developed as one-, two- or three-dimensional models.   

4.2. Event-step vs. Paleo-step Models 

 Basin models that forward-simulate deposition and compaction, after 

backstripping the layers, are called event-step models (Hantschel and Kauerauf, 2009).  

Periods of deposition and erosion of each layer are defined as input data, where the 

depositional age of each layer in the model (chronostratigraphy) functions as an event.  
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Paleo-geometries of layers during each event are calculated through backstripping; these 

geometries are then used as the framework for forward-modeling thermal, pressure and 

migration histories.  This is an adequate approach to modeling basins largely dominated 

by simple sedimentary burial and erosion, with minimal structural deformation
5
.  A 

paleo-step model, in contrast, utilizes pre-determined layer and basin geometries for 

paleo-steps corresponding to the age of each event (Fig. 4).  This requires a separate set 

of input geometries (including layer thicknesses) for several paleo-steps, either as cross-

sections for 2D models or maps for 3D models.  In paleo-step models, porosities are 

calculated from simulated effective stresses (as in event-step models), but are decoupled 

from compaction and therefore do not affect layer thicknesses (Hantschel and Kauerauf, 

2009).  Layers maintain predefined thicknesses, regardless of calculated porosity trends.  

A common example of implementing paleo-step modeling is the incorporation of 2D 

structural reconstructions as basin model paleo-steps.  2D structural restorations need to 

account for decompaction in a process separate from the petroleum system modeling 

workflow.   The structural restoration paleo-steps are then used as pre-defined geometries 

in the paleo-step petroleum system model.  Because decompaction has already been 

accounted for during the structural restoration process, the petroleum system model does 

not re-calculate decompacted thicknesses.   

 Models with a combination of event-stepping and paleo-stepping periods are also 

possible.  For ages prior to the onset of deformation (e.g., prior to thrusting or, as in this 

study, to strike-slip faulting), the model is backstripped, then forward modeled using 

event-stepping to simulate deposition and compaction, and calculation of thermal 

properties from the first event to the onset of deformation.  Once the model simulation 

reaches the point in time when deformation begins, the pre-defined paleo-geometries are 

adopted as the framework for thermal and petroleum migration history calculations.  

With one exception (see Section 6), all of the model scenarios presented in this paper use 

this event-step and paleo-step combined approach. 

 We use PetroMod
®

's TecLink 3D to develop, and assess the challenges and 

implications of strike-slip basin modeling methods.  Whereas TecLink in 2D basin 

                                                      
5
 Horizontal structural movements can be emulated in event-step models by applying paleo-thickness 

corrections (e.g., salt doming or intraformational structural folding), however, this approach is approximate 

and does not follow the rigor of Palinspastic structural reconstructions. 
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models has been successfully applied in the petroleum industry (e.g., Lampe et al., 2006; 

Baur et al., 2009; Lampe et al., 2012), TecLink is rarely implemented in 3D models.  This 

study pushes the boundaries of TecLink 3D’s capabilities, and highlights aspects of the 

tool which require additional attention for improved development. 

 

5. Method Development 

 The goal of this work is to develop a “proof of concept” demonstration of 

modeling the petroleum system of a strike-slip basin, rather than to arrive at an accurate 

model of the Salinas Basin.  Thus, we simplify the Salinas Basin geology, distilling the 

most basic features into synthetic models for use in development and assessment of a 

modeling method.  Transfer of the conceptual geologic framework to a numerical model 

is a necessary step in creating any basin model.  But in this study, we also use this step to 

simplify the basin into a version that will ease method development.  Figure 5 

summarizes all steps required for incorporating strike-slip fault motion into BPSM, 

beginning with Step 1 - the initial process of assimilating geologic data and concepts into 

a numerical framework. 

5.1 Synthetic Approach and Earth Model (Step 1) 

 In this study, the elongate shape of the basin is approximated using rectangular 

boxes.  We further simplify the model by defining the strike-slip fault as a vertical plane 

with a directly North-South sense of motion.  The tectonic block on the east side of the 

strike-slip fault is referred to here as the East Region; the western side is the West 

Region.  It is important to note that the strike-slip fault, however, is not represented by a 

model fault plane.  The reasons for this are explained in the following several sections, 

particularly Section 5.5.  Although we refer to the model fault as “fault” or “fault zone” 

in this paper, we use a single cell width between the two blocks to represent the fault, 

instead of applying the standard PetroMod
®
 fault concept (Hantschel and Kauerauf, 

2009).  The eastern boundary of the West Region is the location of the strike-slip fault.  

Similarly, the western edge of the East Region is also along this fault.  At present-day, 

the West Region and East Region contain the Western and Eastern POASRs, 

respectively, which are offset approximately 40 km.  The basin model space, in both the 

event-step and paleo-step models, is defined by the maximum x-y extent of all maps for 
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all events in the paleo-model history.  Although there is no offset in the event-step model, 

the grid size is selected such that the entire East and West Regions fit in the 3D grid for 

all events during offset history.  This ensures ease in transferring simulated horizons from 

the event-step model framework to the paleo-step model space.  For this model, we hold 

the East Region stationary, and offset the West Region relative to the East Region.  Due 

to the irregular and evolving basin boundary shape, undefined map areas within the 

model space are inevitable, but not problematic. 

 Generalized versions of stratigraphic units that play a role in the petroleum system 

are included in the synthetic model.  Three structures in the reservoir layer are 

accentuated in the East Region to ensure accumulation; these three traps are arranged 

linearly from south to north, mimicking the distribution of oil fields in the Salinas Basin, 

but summarizing the fields as Northern, Central and Southern Accumulations (Fig. 3).  

The models assume constant, uniform heat flow of 60 mW/m
2
 through time.  We employ 

the Hybrid petroleum migration method (Hantschel et al., 2005; Hantschel and Kauerauf, 

2009), which assumes buoyancy-driven flow path migration through more permeable 

units (permeabilities > 102 mD (or 2.01 log(mD)) at 30% porosity), and Darcy flow 

migration through less permeable layers.  Table 1 summarizes the parameters and 

specifications defined in the synthetic models. 

5.2. Event-step Model: Preparation for Paleo-step Models (Steps 2 & 3) 

 Following construction of the static present-day Earth model (Step 1), we apply 

boundary conditions and input parameters necessary to simulate the event-step model 

(Fig. 5, Step 2).  For simplicity, we do not include erosion, although this can be 

implemented following typical methodologies (e.g., Hantschel and Kauerauf, 2009).  The 

event-step model remains stationary in the 3D model space (i.e., it does not shift x-y 

coordinates), and simulates sequential deposition and compaction of the stratigraphic 

units.  This Step serves two purposes: (1) the event-step model demonstrates basin and 

petroleum system evolution without considering displacement along the strike-slip fault, 

and (2) the output horizon depth maps for all time periods of interest can be exported 

(Step 3) and implemented in structural restoration along the fault (Step 4).  Despite the 

fact that this is an event-step model, the output maps are used as input into the paleo-step 

model (after restoration).  The simulated results from the event-step model (e.g., timing 
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of source rock maturation and hydrocarbon generation) provide contrast to other model 

scenarios, and guide paleo-step model building to focus on events that are relevant to the 

petroleum system.   

 Due to the fact that the models in this study are synthetic representations of the 

Salinas Basin, and their purpose is purely for method development, it is unnecessary to 

calibrate our event-step models with conventional approaches (e.g., densities, pressure, 

vitrinite reflectance, temperature, etc.).  However, in practice, these models must be 

calibrated with available pressure and thermal data.  We recommend a dual-calibration 

approach, calibrating first for proper decompaction and erosion estimates using the event-

step models (i.e., prior to Step 3).  Calibration must be performed a second time using the 

paleo-model (i.e., Step 5) to account for pressure and thermal effects related to strike-slip 

faulting.   

 The simulated depth maps at each event resulting from the event-step West and 

East Region models are the input for the paleo-step models.  These depth maps are 

exported from the simulated event-step model as output maps (Fig. 5, Step 3).  Up to this 

point, the basin is modeled as a whole, with no designation between the East and West 

Regions, aside from abrupt shifts in formation depths across the fault zone.  In order to 

model strike-slip motion during basin fill deposition and erosion, we must split the maps 

at the fault block boundary.  Prior to division of the exported maps into East and West 

extents however, all exported depth maps must be rotated such that the fault zone is 

precisely parallel to the x-axis.  This is needed for the correct transfer of physical 

properties from one paleo-model to the next during forward simulation.  All other 

parameter and boundary condition maps (e.g., basal heat flow maps) must also be rotated 

and split along the fault.  This is a current software limitation in strike-slip modeling, as 

there are a number of instances in which strike-slip displacement may not be precisely 

parallel to the strike of a fault.  However, as a first step toward incorporating strike-slip 

motion in 3D basin models, this limitation, though acknowledged, is not a hindrance to 

developing and assessing the method.  Rotation of the model requires that all calibration 

data is realigned with the rotated model.  Although this model reorientation now results 

in fault displacement in the East-West direction, we will continue to refer to the East and 

West Regions by their original names. 
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5.3. Restoration of Strike-slip Fault: Final Preparation for Paleo-step Models (Step 4) 

 For paleo-steps prior to present-day, we reconstruct basin geometry through time, 

and restore along the strike-slip fault (Fig. 5, Step 4).  In the restoration process, we hold 

the East Region stationary, relative to the West Region.  We progressively restore 

backward though time until the eastern and western POASRs are undivided at 15 Ma 

(illustrated at 17 Ma in Fig. 5, Step 4).  For every paleo-step, the East and West divisions 

of each simulated event-step depth map are spliced together as a single horizon map.  

This means that, similar to the event-step model, there is no gridded fault plane between 

the East and West Regions; rather, the fault zone is manifested as the abrupt lateral 

transition in horizon depths and the plane along which strike-slip offset between the East 

and West Regions occurs. 

 The result of the restoration process yields a stack of (1) simulated depth maps at 

present-day with ~40 km of offset between the eastern and western POASRs, (2) maps at 

17 Ma (and 15 Ma, although not depicted in Fig. 5) with 0 km offset, and (3) maps at 

paleo-steps between 15 Ma and present-day with intermediate magnitudes of offset.  In 

this model, we have reconstructed map stacks for nine paleo-steps from 15 Ma to present-

day (Fig. 6a).  These pre-defined basin geometry reconstructions define the input 

geometry and ages in the paleo-step models. 

 The restoration process requires the modeler to define ages of paleo-steps and 

magnitude of fault offset at each paleo-step.  In this study, paleo-step ages were selected 

to capture key moments in the basin's petroleum system history, as well as the entirety of 

the strike-slip fault's evolution.  Review of simulated results from the event-step model 

show source rock generation in excess of 50% transformation ratio (TR) and accelerated 

petroleum expulsion by late Miocene time (~9 Ma; see Section 6 for results).  Moreover, 

recall that model reservoir deposition occurred in early Pliocene time.  Given that the aim 

of these models is to assess the impact of strike-slip motion on petroleum generation-

migration-accumulation, we restore paleo-steps at a higher temporal resolution in the last 

9 million years: 2 m.y. increments from 9 Ma to 5 Ma, and 1 m.y. increments from 5 Ma 

to present-day.  Prior to 9 Ma, we capture offset history at ages bracketing longer 

intervals.  The magnitude of displacement during these paleo-steps is determined from 

geologic data and our conceptual model of basin evolution, in particular, from cross-fault 
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ties of reasonably well-known ages.  For example, a sedimentary contact of late Miocene 

age is offset by ~20 km at present-day.  From this, we infer the fault has offset ~20 km 

since no earlier than late Miocene time.  The margins of error on these piercing points, 

and the paucity of cross-fault ties during much of the fault's history, leave the model open 

to multiple possible offset histories (see Fig. 2, "Reliz-Rinconada Fault Separation").  

These equally plausible possibilities can be tested as basin model scenarios.  We first 

assume the simplest offset scenario of constant rate of displacement between cross-fault 

ties (Option 1 in Fig. 2), and then contrast this model with an abrupt-offset scenario 

(Option 2 in Fig. 2). 

5.4. Paleo-modeling with Strike-slip Fault Offset: TecLink 3D (Step 5) 

 Our paleo-modeling approach involves TecLink 3D in PetroMod
®
 (version 

2012.2; Fig. 5, Step 5).  TecLink allows the model simulator to shift gridpoint and cell 

values within the static grid.  The use of TecLink 3D also permits introduction of 

multiple depth-values for the same stratigraphic horizon.  For this model, however, we 

maintain a vertical fault plane, and thus we do not introduce multiple depth values. 

 Although geologically we recognize two fault blocks (East Region and West 

Region), we represent them with only one TecLink block in the model.  This is because 

TecLink blocks are designed to handle multiple z-values in thrust fault scenarios, 

however, we assume pure lateral fault block motion in this model.  The boundary 

between the West and East Regions, in this case, is defined not by the extent of the depth 

maps, but by (1) the abrupt shift in horizon depths across the boundary, and (2) by the 

offset of the West Region relative to the East Region from one paleo-step to the next. 

5.5. Approximating the Fault Plane 

 We previously outlined the four main effects strike-slip faults can have on basin 

and petroleum system evolution: (1) the fault zone may behave as a conduit for fluid 

flow, (2) the fault zone may be a barrier to flow, (3) separation of the Eastern and 

Western POASRs potentially places mature source rock against more permeable units, 

and (4) separation along the fault also completely changes the geometry of the basin, 

shifting migration pathways and accumulation occurrences.  These last two items are 

accounted for in our method through paleo-step modeling.  Because the vertical fault 

plane is defined by the map boundaries of the West and East fault blocks, the space 
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between the boundary grid nodes of the West and East Regions is populated with 

interpolated depth values between the West and East maps.  Thus, the fault plane actually 

has a thickness of one grid cell.   

 In order to simulate a fault zone with specific properties (e.g., permeability, 

capillary entry pressure), the fault must be defined manually by lithologic properties 

assigned to the cells along the fault trace on each depth map.  A custom lithology can be 

designed to the specifications required to best represent the fault.  For instance, a fault 

that is open to fluid migration may have higher permeability, reversed permeability 

anisotropy to favor vertical flow, lower capillary entry pressure, and lower saturation 

threshold values than the surrounding rock.  If the fault seals off fluid flow, this can be 

modeled with very low permeabilities, high capillary pressures, and high saturation 

thresholds.   

 

6. Synthetic Strike-slip Model Results 

6.1. Rationale for Model Scenarios 

 Our strike-slip basin modeling approach opens up opportunities to test basin 

evolution scenarios that are otherwise not possible to test using conventional BPSM 

techniques.  We highlight examples of results that illustrate the effectiveness of this 

approach in framing a more complete history of the basin and petroleum system 

evolution.  In order to assess the impact of modeling with strike-slip faulting, we present 

five geologically plausible scenarios that represent a subset of scenarios tested.  These 

scenarios focus on the following three considerations: (1) event-step versus combined 

paleo-step and event-step modeling; (2) a strike-slip fault that is open to petroleum flow 

versus one that is closed, versus a neutral fault zone fault zone, neither sealing nor 

leaking, that contains the lithology of the directly adjacent basin fill; and (3) steady 

versus non-linear and abrupt (over the last 1 m.y.) fault displacement history.  The five 

scenarios highlighted in this paper are described in more detail here and in Table 2: 

 Scenario ES: Event-step model only – no strike-slip offset.  West Region 

kitchen is 40 km north of East Region kitchen for the entire basin history.  A 

neutral fault is defined in the zone between West and East Regions. 



 

86 

 

 Scenario PS-Stdy-NF: Combined paleo- and event-step model.  40 km of 

steady dextral strike-slip displacement occurs between the West and East 

Region over 15 m.y. using TecLink.  Similar to the ES model, a neutral fault 

is defined. 

 Scenario PS-Stdy-OF: Combined paleo- and event-step model.  Similar to the 

PS-Stdy-NF model, steady strike-slip displacement occurs over 15 m.y. using 

TecLink.  The fault zone that is defined between West and East Regions is 

assigned a permeable lithology similar to sandstone, with relatively low 

capillary pressures to encourage migration.  The permeabilities are 

anisotropic, in favor of vertical migration.  Layers in which the fault is 

lithologically-defined include the second through fifth layers from the model 

base (Oligocene-Miocene Unit through Reservoir Sandstone).  The fault zone 

grid cells in all other layers assume the directly adjacent basin fill lithology. 

 Scenario PS-Stdy-CF: Combined paleo- and event-step model.  Similar to 

both the PS-Stdy-NF and PS-Stdy-OF models, steady strike-slip displacement 

occurs over 15 m.y. using TecLink.  The fault zone that is defined between 

West and East Regions is assigned an impermeable lithology similar to shale, 

with relatively high capillary pressures to prevent migration.   As in the open-

fault model, only the second through fifth layers have a fault lithology defined 

in the fault zone grid cells. 

 Scenario PS-Abpt-NF: Combined paleo- and event-step model.  Dextral 

strike-slip displacement occurs incrementally with time using TecLink: 20 km 

of steady dextral strike-slip displacement occurs between the West and East 

Region between 15-7 Ma; no displacement occurs from 7-1 Ma; the final 20 

km of displacement occurs from 1 Ma to present-day.  A neutral fault is 

defined in the zone between West and East Regions. 

6.2. Source Rock Results 

 The TecLink 3D approach successfully documents sequential burial episodes on 

both sides of the fault through time, as well as the thermal history and petroleum 

generation within both regions.  In all scenarios, the East and West Region kitchens 

began developing in mid-Miocene time.  We highlight the PS-Stdy-NF model as an 
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example in Figure 6a, wherein the calculated vitrinite reflectance ranges from 0.6-1.1 % 

Ro (EASY%Ro algorithm, Sweeney and Burnham, 1990) by 9 Ma.  Thermal maturity 

increased through time in both the East and West Region kitchens, even as the West 

Region was translated away from its eastern counterpart via the strike-slip fault.  

Geologically, we expect the source rock maturity in the Western POASR to be 

maintained from the end of one paleo-step to the very beginning of the subsequent paleo-

step, rather than recalculation of the thermal and maturation state from "scratch" with 

each paleo-step.  Using this TecLink method, we predict sequential maturation in the 

Western POASR over time, despite the northward translation of the West Region.  This is 

the primary reason for employing TecLink in this method.  The thermal maturity in the 

western POASR progressed from 0.96% Ro for the top of the source rock at 9 Ma to 1.7% 

Ro by present-day (Fig. 6b).  In contrast with the ES model, thermal maturity of the 1D 

location extracted from the West Region kitchen was 0.1 to 0.3% higher in the PS-Stdy-

NF for most of the time (Fig. 6b).  2D extractions contrast source rock maturity at 5 Ma 

and present-day for both models (Fig. 6c).  At 5 Ma, the PS-Stdy-NF model predicts 

higher maturity than the ES model: for example, the main oil window (0.7-1.00 %Ro) is 

almost 300 m shallower in PS-Stdy-NF than in the ES model.  By present-day, however, 

maturity distributions along this transect are more similar between the two models.  It is 

important to note that employment of TecLink is required for properly tracking the 

thermal history of fault blocks that shift x-y positions in model space.  Although only 

constant and uniform basal heat flow is used in these models, the TecLink approach is 

required to track variability in source rock maturation due to lateral variability in 

overburden thickness.  

 The present-day distribution of oil and gas derived from the West Region versus 

the East Region can be determined using source rock-tracking modeling techniques 

(Bücker et al., 2008).  We label all source rock in the West and East Regions separately 

by assigning different source rock kinetics for each Region.  This way, the resulting 

petroleum generated from the West versus East Region reflects its origin, and the relative 

abundance of west and east can be identified in accumulations. 
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6.3. Petroleum Migration and Accumulation Results 

6.3.1. Comparison of All Five Scenarios 

 The relative abundances of western- and eastern-sourced petroleum differ for each 

scenario, despite all else being equal in model parameters and boundary conditions.  

Figure 7a highlights the variability in total accumulation results as a consequence of 

these varied basin histories.  Aside from the closed-fault model (PS-Stdy-CF), the 

scenario with the least amount of western petroleum (WP) accumulated is the ES model.  

With the introduction of strike-slip motion, there is a notable increase in the amount of 

WP present in the accumulations (formed entirely in the East Region), suggesting 

increased cross-fault migration.  Although the PS-Stdy-NF scenario includes constant-

rate strike-slip displacement, the fault zone is not designated with a specific fault-type 

lithology to encourage or discourage flow; rather, the fault boundary between the East 

and West Regions simply assumes lithologies of the directly adjacent layers.  Given that 

much of the basin fill comprises fine-grained rocks (Fig. 2), migration within and across 

the fault is dominated by Darcy flow.  Thus, although there is an increase in WP content 

in accumulations compared to the ES model (43 versus 25 mass %, respectively; Fig. 7a), 

there is not as much of an increase as there is in the open-fault model (PS-Stdy-OF; 69 

mass % WP accumulated).   

 We attribute this higher western oil and gas content in PS models to the position 

of the West Region relative to the East Region through time.  In comparison with the 

other models, the ES scenario involves the least amount of contact between the Western 

POASR and the East Region: in the ES model, the placement of the Western POASR 

relative to the East Region is static and the distance over which there is contact between 

them is constant.  In contrast, the PS models share the same contact range as the ES 

model at present-day.  However, in paleo-time, the contact between the Regions was even 

greater as the fault was restored.  In this way, the dynamic fault offset history increases 

the opportunity for cross-fault migration, which is encouraged further once permeable 

fault properties are included in the model (e.g., PS-Stdy-OF). 

 Curiously, the model with the highest percentage of accumulated WP, however, is 

one with dominantly Darcy flow in-fault migration: PS-Abpt-NF (74 mass %, 5 mass % 

more than the open-fault model).  An explanation for this is described below (Section 
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6.3.3).  As expected, none of the petroleum in the PS-Stdy-CF model is derived from the 

western source rock, given the sealing nature of the fault zone. 

6.3.2. PS-Stdy-OF Results in Detail 

 We highlight model PS-Stdy-OF in Figure 7b, which, with its open-mode fault 

defined by a customized sandstone lithology, generates voluminous accumulated WP 

(Fig. 7a).  Despite even expulsion from both western and eastern sources (Fig. 7b, Table 

3), the northern accumulation (NA) filled almost entirely with western oil and gas, and 

the central and southern accumulations (CA and SA, respectively) filled with eastern 

petroleum (EP) only.  The reasons for this are partially evident from the present-day 

migration configuration, but Figure 8 demonstrates an explanation in more detail.  Of the 

6,473 megatons of petroleum expelled from the source rock, only 0.4 mass % formed 

accumulations (Table 3); 99.6 mass % is lost (~87 mass % is lost through basin sides or 

through the top strata; ~13 mass % remains in less permeable layers).  Although a limited 

amount of western oil and gas has accumulated in the reservoir layer, this is not for lack 

of expulsion from the Western POASR.   

 All three potential oil and gas traps (NA, CA and SA) began accumulating 

petroleum during the same period.  Accumulation began at 3 Ma, while the West Region 

was ~31 km offset from its initial placement at 15 Ma, and ~9 km restored south of its 

present-day location.  By the time accumulation began, the Western POASR was already 

translated north of the CA along the fault zone (see 2 Ma paleo-step in Fig. 8). 

 A combination of Darcy and flowpath migration results is expected from the 

Hybrid migration method simulated in the PS-Stdy-OF (and all other models in this 

study).  From the first evidence of secondary migration (depicted at 7 Ma in Fig. 8, but 

observed even earlier at 9 Ma), we note Darcy flow vectors through the overburden rock 

in both the East and West Regions, and flowpath indicators in the narrow flowpath zone 

defining the fault.  Liquid petroleum migration dominated initially, as the source rock 

reached TR levels of 50-70% (Fig. 8, 7 Ma).  Vapor Darcy migration began through the 

overburden rock at 5 Ma, and vapor flowpath migration occurred along the fault (in 

addition to liquid) by 4 Ma (neither paleo-step depicted here).  Flowpath migration 

(largely vapor) in the Reservoir Sandstone layer began at 3 Ma, and continued through 

present-day (2 Ma and present-day depicted only).  Much of the reservoir layer migration 
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is the product of vertical Darcy migration through the overburden rock into the overlying 

flowpath unit.  Because drainage area geometries allow, some of this petroleum migrated 

across the fault through the reservoir layer, eventually feeding into the NA (Fig. 8, 2 Ma).  

However, some of the flowpath migration in the East Region was fed from the flowpath 

fault zone, which transmitted petroleum vertically from the source rock to reservoir layer 

directly.   

6.3.3. Contrasting Fault Offset Histories (PS-Stdy-NF vs. PS-Abpt-NF) 

 Fault displacement magnitude and timing in this study is determined from 

geological controls, such as offset paleo-bathymetric contours or basement troughs.  

However, potential imprecision of age estimates on the controls, and uncertainty in their 

reliability as offset indicators, form the basis for needing multiple working conceptual 

models that are also testable through computational modeling.  With this in mind, we 

compare two scenarios that are identical except for the rate at which the West Region is 

offset relative to the East Region: we compare migration and accumulation results 

between the PS-Stdy-NF and PS-Abpt-NF models. 

 Figure 9 compares the evolution of the NA and CA in both models in the context 

of total petroleum expulsion from the source rock and fault displacement history.  The 

timing of petroleum expulsion from the West and East source rocks follow similar 

histories (Fig. 9a), regardless of the fault offset scenario.  Expulsion occurred during 

periods of fault displacement for both models.  In PS-Abpt-NF, expulsion also continued 

during the faulting hiatus (7-1 Ma), resulting in fetch areas positioned due west of the CA 

(Fig. 10) during this six m.y. interval.  This positioning also resulted in greater total 

contact between the East and West Regions in the abrupt fault model (highlighted by 

yellow lines in Fig. 10), leading to more opportunity for cross-fault migration.  As is the 

case in the PS-Stdy-OF model, accumulation began in both northern and central traps at 3 

Ma, and continued to present-day (Fig. 9a).  Although not depicted here, the SA also 

began forming at 3 Ma. 

 Similar to the PS-Stdy-OF model, the petroleum in the NA is dominated by 

western-sourced oil and gas, regardless of the offset scenario (Fig. 9b).  The combination 

of (1) close proximity of the Western POASR to the northern trap (even in the abrupt 

offset model), (2) favorable drainage area geometries, and (3) an assumed non-sealing 
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fault led to the westerly filling of the NA (Fig. 10).  Darcy flow migration transported 

petroleum upward from the western source rock through the overburden to the 

carrier/reservoir layer at the top of the Monterey Fm.  Once it reached this more porous 

and permeable unit, flowpath migration moved the petroleum across the fault zone to the 

northern trap due to drainage area geometries (Fig. 10).  Some of the migrated petroleum 

underwent Darcy migration within the single cell-wide zone of overburden comprising 

the fault itself, where the vectors demonstrate upward, east-tilted migration trajectories. 

Although the relative abundance of WP in the NA at present-day is no different in the 

steady and abrupt offset models (although proportions of gas and oil components differ; 

Fig. 9b), the absolute quantity of WP in the PS-Abpt-NF model, is roughly twice the 

amount of WP in the PS-Stdy-NF model (Fig. 9a).  This is due to the fact that more of 

the western source rock was in contact with the East Region for a longer duration in the 

PS-Abpt-NF model than in PS-Stdy-NF (Fig. 10). This is also manifested in the amount 

of accumulated WP for the entire model, as pointed out in Fig. 7a.  The extra opportunity 

for across-fault migration in the abrupt offset model leads to more WP for not only the 

NA, but considering the drainage area geometries, for the CA as well.  There was as 

much as 81% more overlap between the West and East Regions in PS-Abpt-NF than in 

PS-Stdy-NF at 1 Ma, meaning 81% more of the Western POASR is in contact with the 

East Region at the fault zone.  There was 59% more overlap at 2 Ma, and 44% more at 3 

Ma in the PS-Abpt-NF model compared to the PS-Stdy-NF model. 

 In both scenarios, the CA is dominated by eastern-sourced petroleum (Fig. 9a, b).  

The dense cluster of flowpaths emanating from the Eastern POASR toward the CA only, 

and the lack of flowpaths leading to the NA (Figure 10), is consistent with the abundance 

of EP in the CA and near absence of EP in the NA.  What is noteworthy about the 

petroleum distribution in the CA however is that the abundance of WP in the central trap 

varies depending on the fault history: WP comprises 7 mass % of the CA in PS-Abpt-NF, 

and only 2 mass % in PS-Stdy-NF (Fig. 9b).  The fault displacement timing has even 

greater impact on accumulation content in paleo-time than it does today.  In the 1 Ma CA, 

the percentage of WP in the PS-Abpt-NF scenario was even greater, and in contrast with 

the steady model, there was 0.24 megatons more WP in the central trap in the PS-Abpt-

NF than in the PS-Stdy-NF model (Fig. 9a).  This amounts to ~12 mass % of the 
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petroleum in the 1 Ma CA being western-derived for the abrupt model, and only 1 mass 

% for the steady model.  This demonstrates that fault offset timing impacts the evolution 

of accumulation composition, and not only the present-day composition.       

 The swell in WP in PS-Abpt-NF at 1 Ma (Fig. 9a) is also reflected in the 

migration visualizations (Fig. 10): large Darcy vectors at 2 Ma illustrate vertical 

migration along the fault zone, carrying petroleum (mostly liquid phase) to the 

carrier/reservoir unit.  At 1 Ma, liquid phase flowpaths indicated westerly migration from 

the fault zone through the East Region reservoir bed, some of which feeds into the CA. 

 

7. Discussion 

7.1. Value in Strike-slip Basin Modeling 

 Application of strike-slip basin and petroleum system modeling to the Salinas 

Basin demonstrates the process, feasibility and value of integrating our method into 

BPSM workflows.   We focus on only the model results that address questions specific to 

the Salinas Basin in our analysis, emphasizing results related to the evolution in spatial 

configuration of petroleum system elements, particularly positions of mature POASRs 

relative to fetch areas and potential traps. 

 Integration of a strike-slip fault allows the modeler to consider additional source 

rock potential in evaluation of the petroleum system: rather than using the strike-slip fault 

as the westernmost boundary of the basin model, for example, the modeler can 

conceptually expand her understanding of the system to include petroleum sources on 

both sides of the fault.  The strike-slip modeling method also allows dynamic modeling 

of the basin shape simultaneously with petroleum system development.  This affords 

opportunities to recognize how shifts in basin structure and petroleum generation-

migration-accumulation relate through time.  We demonstrate that, by using TecLink 3D, 

we successfully track thermal and maturation history of potential kitchens on both sides 

of the fault through time and space (Fig. 6).  Just using a model in which both sides of the 

fault are stationary does not adequately represent burial and thermal history of the basin 

as a whole.  Although the difference in present-day values of thermal maturity in the ES 

versus PS-Stdy-NF model is minimal (a difference of 0.08 %Ro at the pseudo-well 

location), there is increased discrepancy in predicted maturities between the two models 
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in the past (Fig. 6b).  Recall that petroleum system analysis considers source rock 

potential of a dynamic and evolving basin and petroleum system.  Therefore, although the 

present-day results are similar in both cases, predicted accumulation locations, sizes and 

timing may differ between the two models because they do not share the same maturation 

history.  

 Using this method, the modeler recognizes results only possible through 

integration of strike-slip faulting, such as variability in relative abundances of different 

petroleum sources depending on the faulting scenario tested.  The various scenarios 

might include use of open, closed faults or faults with varying lithology-dependent 

sealing capacities, and alternative fault displacement histories.  Despite the fact that all 

fields in this study began accumulating at the same time (Fig. 9a), we see differences in 

abundances of petroleum sources in one accumulation versus another.  This is due to 

proximity and connectivity between traps and sources through migration pathways.  

Moreover, depending on the fault properties applied (e.g., permeability, displacement 

history, etc.), relative abundances of sources differ among the fields and among differing 

scenarios (Fig. 9).  We therefore conclude that the uncertainty of the fault properties has 

a strong influence on the predicted petroleum amounts and relative abundances. 

 One of the main outcomes of this study is the recognition that accumulated 

petroleum may have migrated from multiple POASRs.  Without definitively knowing all 

the properties of the fault or determining oil-source correlations for all fields and sources, 

the modeler has the flexibility of testing multiple possibilities through the use of this 

method.   For instance, as depicted in Fig. 7a, it is possible to perturb the model to either 

accumulate petroleum from both POASRs or from only one, in the case of the PS-Stdy-

CF model.  Note that the advantage of employing a lithologically-defined fault to 

simulate an open fault, rather than relying on the no-fault approach, is in the flexibility in 

defining different properties to different layers and at different paleo-steps.  Additionally, 

one can consider customizing the fault lithology to reflect greater preference for vertical 

petroleum migration.  The modeler can also capitalize on the dynamic nature of these 

strike-slip models, and test temporal variability in the fault properties themselves.  For 

example, one can model deteriorating permeability of the fault zone over time with 

increased displacement, and therefore increased fault shale gouge.   
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 Recognizing accumulations sourced from multiple POASRs also has implications 

for how we view petroleum systems in the classical sense (per Magoon and Dow, 1994).  

The pod of active source rock in this basin has the distinct history of beginning as one 

depositional feature, then being split into two regions via strike-slip faulting.  Most of the 

hydrocarbon generation post-dates onset of fault offset, however, some generation and 

expulsion also occurred in early stages of fault history, while the two POASRs were still 

undivided.  Thus, care should be taken in describing and analyzing petroleum systems of 

such a setting to avoid confusion and to ensure proper assessment. 

 A powerful and perhaps less obvious outcome of strike-slip BPSM is the ability to 

address uncertainty in the geologic history of the fault itself.  As is nearly always the case 

in modeling fault displacement, there can be significant uncertainty in benchmark criteria 

used to calculate offset history.  The ages of cross-fault ties are typically bracketed by a 

range of plausible ages, and are subject to change as dating methods improve or new 

geologic data come to light.  We demonstrate this possibility in Figures 9 and 10, in 

which two equally-plausible fault displacement histories are modeled.  The PS-Stdy-NF 

model fault slip rate is 2.66 mm/yr between 15 Ma and present-day; the PS-Abpt-NF 

model fault slip rate is 2 cm/yr during the last 1 m.y.  Both of these rates are comparable 

to rates estimated from geological and geodetic observations of the San Andreas Fault 

(Weldon and Sieh, 1985; Bennett et al., 1996; Becker et al., 2005; Meade and Hager, 

2005; van der Woerd et al., 2006).  Yet, by evaluating the petroleum response to both 

reasonable fault histories, such as by analyzing the predicted compositions of 

accumulations, and comparing these results with geochemical data on produced oils, we 

can support or refute proposed interpretations of fault history. 

 Testing petroleum migration through the fault itself is another example of 

verifying geological models through strike-slip basin modeling.  Fault conductivity 

measurements may not be available in a given area, and they certainly will not be directly 

available for any paleo-step other than at present-day.  But through scenario-testing with 

basin models, a range of possible properties can be established.  In the Salinas Basin, for 

example, we do not know when the fault was open to migration, and when it was closed.  

However, the modeler may test varied fault property histories, based on an understanding 

of probable paleo-stress fields dictated by the evolving tectonic setting, and analyze the 
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variability in petroleum accumulation responses.  Strategic implementation of this strike-

slip modeling method, coupled with independent verification of model results, such as 

through geochemical fingerprinting of oil accumulations to determine the source, can test 

validity of geologic models. 

7.2. Limitations and Suggested Improvements 

7.2.1. Technical and Software-related Limitations 

 Though the need for and value in implementation of dynamic strike-slip motion in 

BPSM is evident, there are a number of mostly technical limitations in the method in its 

present state.  The current limitations are related to representing changing structural 

geology through the course of basin history with enough flexibility to adequately 

represent heterogeneities in structures.  For example, the strike-slip basin models 

presented here do not employ the default (PetroMod
®
) fault modeling, but instead use a 

single cell thickness to separate the fault blocks.  Tectonic blocks are defined by the 

extent of the maps in each region, and not the placement of model fault planes.  The 

absence of a gridded fault plane in our workflow is circumvented through fault lithology 

mapping at the juncture between fault blocks.  Although this workaround is sufficient for 

testing basic basin history scenarios, it is work-intensive and improvements to the 

workflow and software platform are needed to introduce more flexibility and accuracy to 

the models. 

 Implementation of a fault plane at all paleo-steps is not currently an option in this 

software platform (PetroMod
®
 version 2012.2), however this limitation, and others, are 

actively being worked upon, and future software releases (e.g., version 2014.1) will allow 

application of the standard PetroMod
®

 fault concept to TecLink 3D models.  Integration 

of fault planes will improve practicality and flexibility of the workflow.  With fault 

planes, 3D fault blocks could be defined by “snapping” fault block maps to faults as 

block boundaries, allowing easier model building and more precise modeling of inclined 

fault planes. Model faults of this type (membrane and volumetric faults) in TecLink 3D 

would also allow easier manipulation of fault properties through time.   

 The synthetic models in this study simulate basin history using only one TecLink 

block, given the assumption of purely lateral fault motion, but also as a workaround to 

avoid inconveniences in defining fault block boundaries.  Ideally, the modeler should be 
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able to define as many tectonic blocks in the TecLink 3D model as there are fault blocks 

in the structural model.  Without the convenience of “snapping” block-defining maps to 

gridded fault planes, the integration of more than one map-defined block is prohibitively 

time-intensive and impractical. 

 Currently, fault displacement can be modeled in one direction only: parallel to the 

x-axis.  Geologically, purely unidirectional displacement is an oversimplification of even 

the most simple fault systems.  Fault block motion is likely to be directed in multiple 

directions over the entire history of a basin as stress fields change.  The synthetic model 

in this study employs only one fault, which is generalized as planar with unidirectional 

displacement.  However, it is geologically much more common to encounter multiple 

faults with varied, if only slightly, fault displacement directions, as well as non-planar 

faults.   

7.2.2. Data and Geology Limitations 

 As in any model, the usefulness, accuracy and relevance of results depend 

significantly on input parameters, constraints and validity of assumptions.  This includes 

our geologic assumptions and fundamental understanding of physical and chemical 

processes in the Earth.  Perhaps the most obvious of these in the Salinas Basin example is 

uncertainty in strike-slip fault restoration.  However, modeling leaves room for 

addressing these uncertainties, and has potential to narrow the range of possibilities.  

Independently calibrated and verified models can be used to confirm or disprove 

geological observations and interpretations.  In this study, additional simplifications in 

structural history include absence of deformation through folding or faulting within the 

East and West Regions themselves.  Future models may need to address the role of 

compressional folds and off-shoot faults in the migration history, in addition to the 

primary fault zone. 

7.2.3. Personnel Limitations  

 Although purely strike-slip motion is a good approximation of behavior between 

fault blocks in the Salinas Basin, additional structural complications should be invoked 

for a more thorough analysis.  These include transpression along the fault, and the 

corresponding manifestation of this transpression in the form of folds and related thrust 

faults (Menotti et al., 2013). 
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 Construction of the TecLink 3D model itself can be time-intensive due to multiple 

paleo-steps. For this reason, we advise model construction with foresight and specific 

goals in mind.  For example, we chose paleo-step intervals based on 1D models 

indicating timing of petroleum generation and expulsion, so as not to waste effort on 

paleo-steps that are irrelevant to the petroleum migration history.  Simulation of our 

structurally simple TecLink 3D models is relatively fast, even at higher spatial 

resolutions.  However, more complex structural reconstructions will require significantly 

more simulation time.  We recommend executing multiple runs during the event-step 

simulation (Step 1, Fig. 5) to improve layer thickness estimates.  Because the TecLink 

model uses predefined geometries, including predefined layer thicknesses derived from 

the event-step model, only one run is necessary for the TecLink model.  

8. Conclusions 

 Petroleum system modeling of basins deformed by strike-slip faults is possible 

using the method outlined in this paper.  Using the Salinas Basin, we demonstrate the 

reasonable feasibility of implementing the technique, and point out many benefits to 

using this approach in regions that are highly influenced by strike-slip tectonism.  The 

overarching advantage to using this method is the ability to integrate strike-slip structural 

history with basin and petroleum system evolution in a dynamic, three-dimensional, 

predictive framework.  Despite a few current limitations and inconveniences in the 

modeling workflow (e.g., rotation of model, simplification of offset orientation and fault 

geometry), the method presented here represents a milestone for the petroleum system 

modeling community.  Although some of these issues are inherent to the challenge of 

strike-slip modeling (e.g., uncertainties in geological constraints on fault history), some 

of the current limitations (e.g., absence of gridded fault plane) can be improved upon 

with continued research and development of modeling tools.  We demonstrate that 

employing this method is still both practically feasible and fruitful in petroleum system 

analysis of strike-slip settings.  Even though the quality and amount of data available to 

create structural restorations may be limiting factors, models crafted with recognition of 

geological uncertainties are still valuable in assessing viable basin history scenarios.   
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Table 2.  Model scenarios.  Paleo Approach refers to the technique employed in building the paleo-model (event-stepping only or paleo-stepping during fault 

displacement period).  ES: event-stepping only; PS: combined paleo- and event-stepping using TecLink; Stdy: steady fault slip-rate; Abpt: abrupt fault slip-

rate; NF: neutral fault, neither sealing nor leaking; OF: open fault, with sandstone lithology; CF: closed fault, with shale lithology.  
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Table 3.  Petroleum balance of scenario PS-Stdy-OF.  Relative abundances of petroleum refer to 

combined liquid and vapor phases of oil and gas.  Mass percentages (rather than volumes) of 

combined petroleum phases are listed for easier comparison because these values do not change 

with pressure and temperature.  Note that 0.1 mass % of accumulated petroleum occurs outside 

NA, CA and SA.  
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Figure 1.  Salinas Basin location map.  The dashed outlined box delineates the approximate extent of the 

sedimentary basin that serves as the study area for strike-slip basin modeling method development.  

Hillshade topography, major strike-slip fault traces (bold black lines, relative motion indicated with 

arrows), pods of active source rock at depths >2 km, productive oil fields (green polygons), and cities 

(black boxes) are also delineated.  Salinas Basin is located in central California, U.S.A., as depicted in the 

inset map.  HVT: Hames Valley Trough; AST: Arroyo Seco Trough.  

  



 

109 

 

 

 

 

 

 

 

 

 

 

 
Figure 2.  Chronostratigraphy and petroleum system events of Salinas Basin.  Geologic and petroleum 

system components outlined in this diagram are the basis for 3-D models in this study, with minor 

modifications (e.g., absolute reservoir age).  Stratigraphy is dominated by late Oligocene, Miocene and 

early Pliocene marine sediments, capped with non-marine Pleistocene to Recent deposits.  There is 

variability in lateral extent of layers from east to west due to multiple unconformities, time-transgressive 

units, and localized depositional environments.  The identification of source rock, reservoir rock, 

overburden rock and seal rock refers to time of deposition of these petroleum system elements.  Error bars 

on piercing points in fault displacement diagram reflect uncertainty in age control and offset magnitude of 

cross-fault ties.  PWD: paleo-water depth; PSE: petroleum system elements.  Data cataloged in this figure 

are derived from: Durham, 1965; Dibblee, 1976; Graham, 1976; Atwater, 1989; Barron and Isaacs, 2001.    
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Figure 4.  Event-step and paleo-step burial history modeling explanation.  Lithology patterns in the 

columns represent sequentially deposited sediments, which thin over time due to compaction.  Event-step 

modeling deterministically forward simulates deposition and compaction of sediments with burial, and 

calculates porosities and layer thicknesses for each event.  In contrast, paleo-step modeling is required for 

periods of significant structural deformation, such as strike-slip faulting in the case of this study.  Paleo-

step modeling utilizes pre-determined layer geometries produced from structural modeling where 

decompaction is addressed during restoration.  These pre-defined thicknesses are input into the paleo-step 

model, so only porosities are simulated.  Backstripping is performed prior to forward modeling in either 

case.  In event-step models, backstripping occurs during petroleum system model simulation; in paleo-step 

models, backstripping occurs prior to petroleum system model simulation, most commonly as part of 

structural restoration.  The TecLink approach can include both event-stepping in earlier periods, and paleo-

stepping later.  *Another method for producing pre-determined layer thicknesses is using event-step model 

output maps, as suggested in this study.  This is discussed in detail later (see Sections 5.2-5.4).  Modified 

after Baur et al. (2009) and Hantschel and Kauerauf (2009).   
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Figure 5.  Strike-slip basin and petroleum system modeling workflow.  Five generalized steps in strike-slip 

modeling are outlined using synthetic models of the Salinas Basin, built and simulated in PetroMod
®
 basin 

modeling software.  (V.E.: vertical exaggeration.)  
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Figure 6.  Source rock thermal maturity in strike-slip basin as a function of time. a) Maps of the top of 

source rock are overlaid with calculated vitrinite reflectance (colored overlays, EASY%Ro algorithm, 

Sweeney and Burnham, 1990), indicating level of thermal maturity for the PS-Stdy-NF model.  Progression 

of thermal maturity and magnitude of fault offset is documented for multiple paleo-steps from 15 Ma to 

present-day.  Cross-section transects A-A' and B-B' correspond to 2D model extractions shown in part (c) 

(for 5 Ma and present-day, respectively).  b) Thermal maturity at a pseudo-well location on the West 

Region (see (a) for 1-D pseudo-well placement) increased with time, despite the shift in space across the 

model grid.  In contrast, thermal maturity of the same pseudo-well in the ES model also increased with 

time; however it maintains lower values of maturity than corresponding ages in the PS-Stdy-NF model.  

Red arrows highlight maturity at 5 Ma for comparison with part (c).  c) 2-D extractions from both models 

demonstrate variability in source rock maturity through the entire thickness of source rock (colored layer) 

at 5 Ma and present-day.  The greatest difference in maturity between the two models occurred at 5 Ma.  

Red arrows highlight maturity at 5 Ma for comparison with part (b).   
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Figure 7.  Distribution of migrated and accumulated petroleum.  a) Relative abundance western- and 

eastern-accumulated petroleum depends on model scenario (see Section 6 and Table 2 for a description of 

model scenarios). b) The present-day PS-Stdy-OF 3-D model is displayed here.  Source rock 

transformation ratio (TR, Type II-S kinetics, Behar et al., 1997; color overlays) and underlying layers 

(grey-scale) delineate basin shape and locations of West Region and East Region kitchens (TR >10%).  All 

other stratigraphic layers are not displayed for clarity.  Petroleum accumulations (red and green polygons) 

are present at all three trap locations: northern, central and southern accumulations (NA, CA and SA, 

respectively).  Darcy flow vectors of liquid (green) and vapor (red) phases appear as arrows, whereas 

flowpath migration is depicted as clusters of thin green and red lines (liquid and vapor, respectively).  

Relative mass % of western- (orange) and eastern-sourced (blue) petroleum varies among the three present-

day accumulations (pie charts): only the northern accumulation contains western-sourced oil and gas, 

despite the abundance of petroleum expelled from the West Region source rock.   
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Figure 8.  Basin and petroleum system evolution of an open strike-slip fault model.  The PS-Stdy-OF 

model scenario is displayed as 3-D images at 7 Ma, 2 Ma and present-day.  Source rock transformation 

ratio (TR; color overlays) and underlying layers (grey-scale) delineate basin shape and locations of West 

Region and East Region kitchens.  All other stratigraphic layers are not displayed for clarity. Source rock 

on both West and East Regions displays increasing transformation ratio (TR; colored overlays, Type II-S 

kinetics, Behar et al., 1997) over time, simultaneously with northward translation of the West Region 

kitchen.  Modeled accumulations (green and red polygons) are present after 3 Ma at all three trap locations: 

northern, central and southern accumulations (NA, CA and SA, respectively).  Darcy flow vectors of liquid 

(green) and vapor (red) phases appear as arrows, whereas flowpath migration is depicted as clusters of thin 

green and red lines (liquid and vapor, respectively).   
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Figure 9.  Comparison of fault slip-rate scenarios and resulting accumulations.   a) The input parameters of 

models PS-Stdy-NF and PS-Abpt-NF differ only in fault displacement history (top graph), but the resulting 

models display marked differences in accumulation compositions over time (middle and bottom graphs).  

Petroleum expulsion from the East and West Region kitchens occurred concurrently with strike-slip fault 

displacement, and there is little difference between the two models.  b)  In either model, the NA contains 

the same ratio of western to eastern petroleum at present-day (nearly all western oil and gas), however the 

PS-Abpt-NF CA contains more western petroleum than the same trap in the PS-Stdy-NF model.  Relative 

abundances of oil and gas are reported as mass %, and include liquid and vapor phases.  
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Figure 10.  Basin and petroleum system evolution of two fault offset models.  The PS-Stdy-NF and PS-

Abpt-NF models are displayed at 2 Ma, 1 Ma and present-day.  The model parameters differ only in their 

fault offset history (steady versus abrupt displacement), and neither have a fault lithology defined.  Two 

perpendicular cutplanes reveal the model interior (see inset for guide in viewing the truncated model 

image).  Note that only the northern and central accumulations are visible.  These 3-D models demonstrate 

differences in basin geometry for both fault history scenarios, and resulting variability in source-reservoir 

configurations.  Layers underlying the source rock (grey-scale) delineate basin shape and locations of West 

Region and East Region kitchens.  All other stratigraphic layers are not displayed for clarity.  Green and 

red polygons, clusters of thin lines, and arrows represent predicted liquid and vapor accumulations, 

flowpath migration lines and Darcy flow vectors, respectively.  Yellow lines highlight the base of mature 

source rocks in the West Region that are in contact with the East Region along the fault.  Note the 

differences in lengths of yellow lines at 1 Ma for the PS-Stdy-NF versus PS-Abpt-NF.  
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ABSTRACT 

 

 The Salinas Basin, central California is a Cenozoic strike-slip basin containing a 

petroleum system that includes the Miocene Monterey Formation source rock and over 

half a billion barrels of recoverable oil from conventional oil fields.  Despite the long 

history of oil production, aspects of the petroleum system formation remain poorly 

understood.  Of the seven main oil fields, one – the San Ardo field – contains over 500 

MMbbls of recoverable oil, whereas all others make up <1% that volume in total.  

Additionally, the evolution of this basin has been profoundly influenced by Neogene-

Recent strike-slip tectonism.  One notable example is the displacement on the Reliz-

Rinconada strike-slip fault, which bisects the source rock depocenter and offsets the 

western part of the pod of active source rock (POASR) by ~40 km.  We aim to address 

the role of strike-slip tectonism on petroleum system development, and offer explanations 

for the skewed oil field size distribution.  Three-dimensional (3D) basin models 

incorporate strike-slip displacement, uplift and erosion, and demonstrate relations 

between tectonic and petroleum system events.  Seismic reflection profiles from a new 

3D survey over the Hames Valley POASR reveal four main tectonic stages that 

correspond to events in petroleum system evolution.  Biomarker analysis of oil samples 

from five fields, one exploratory well, four outcrop seeps and two source rock samples 

suggest an anoxic marine source, low levels of thermal maturity and moderate levels of 
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biodegradation (rank 3-4 for most oil field samples).  Key model findings include (1) 

petroleum generation of type II kerogen source rock initiates ~11 Ma (transformation 

ratio ~10%), concurrently with faulting and offset of the POASR.  (2) Faulting of the 

POASR potentially creates two separate petroleum systems, and the fault zone itself 

provides a conduit for hydrocarbon migration, if non-sealing. (3) Most (>98% by mass) 

petroleum accumulated in reservoir and carrier sandstones is derived from the eastern 

POASR.  (4) Our models loosely replicate the skewed oil field size distribution with 

numerous small and very few large accumulations forming in the eastern reservoirs.  

Accumulations corresponding to the San Ardo, Lynch Canyon, and Paris Valley fields 

are predicted, as well as accumulations in the vicinity of the King City field.  Our models 

suggest that factors controlling field size distribution include trap size and connectivity to 

source.  (5) A large portion of generated hydrocarbons (>80% by mass) remains 

accumulated in the source rocks or fine-grained overburden rocks, implying 

unconventional resource potential. 

 

1. Introduction 

 The California margin has a dynamic and complex tectonic history shaped by the 

transition from the Mesozoic convergent to Cenozoic transform plate boundary setting 

(e.g., Atwater, 1970; Page et al., 1998; Dickinson et al., 2005).  In addition, the Neogene 

coastal basins, such as Los Angeles and Ventura Basins, are prolific oil producers.  In this 

paper, we explore the interplay of petroleum system development and strike-slip 

tectonism in one of the several Neogene coastal basins, the Salinas Basin (Fig. 1), which 

contains the half-billion barrel San Ardo oil field, one of the major producing fields in 

California (DOGGR, 2010).  Peculiarly, although several additional oil fields exist in the 

basin, none are even remotely as prolific as San Ardo field.  The six other fields 

collectively contain less than 1% of the volume of recoverable oil at San Ardo (Fig. 2; 

DOGGR, 2010).   

 The influence of strike-slip tectonism on structure and stratigraphy of the Salinas 

Basin has been explored (e.g., Dibblee, 1976; Graham, 1976), and regional publications 

describe the relationship between tectonic history and the presence of hydrocarbons (e.g., 

Gribi, 1963; Graham, 1979).  However, prior studies of Salinas Basin and petroleum 
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system evolution lack a more comprehensive evaluation of sedimentary tectonic and 

petroleum-related processes.  With the Salinas Basin as a representative of one of many 

strike-slip basins in California, we aim to provide insight that may have application to 

other strike-slip basins, in California or in other wrench system settings (e.g., the Dead 

Sea, Sumatra, Venezuela). 

 Key characteristics of the Salinas Basin include: (1) an atypical, skewed 

distribution of accumulated oil, as described above, (2) transform boundary-related 

tectonism that controlled subsidence and uplift, sculpting basin shape, and (3) diagenesis 

that alters mechanical and thermal properties of the most abundant rock type in the basin: 

the biosiliceous strata of the Miocene Monterey Formation (Fm).  We incorporate silica 

diagenesis in this study, but this is not the emphasis.  Rather, we focus on the relationship 

between petroleum systems and tectonics.  See Chapter 1 for a thorough treatment of the 

role of silica diagenesis in petroleum systems of the Salinas Basin. 

 The objective of this paper is to examine tectonics and basin evolution through an 

integrated approach.  We synthesize decades of outcrop and subsurface observations of 

stratigraphy, structure and petroleum system elements into three-dimensional (3D) 

computer models of the basin.  We supplement published petroleum-related data with 

organic geochemical analysis of several hydrocarbon samples.  To better inform our 

understanding of tectonic events and processes in the basin, we interpret two-dimensional 

(2D) reflection seismic profiles extracted from a 3D survey shot over the main 

depocenter.  These combined approaches yield a more complete explanation for 

petroleum system formation, thereby revealing the significance of tectonic processes on 

crafting the distribution of oil fields we see today.  

 

 2. Geologic Background  

 The Salinas Basin is a strike-slip basin in the Coast Ranges of Central California 

(Fig. 1).  It is positioned along the tectonically dynamic boundary between the North 

American and Pacific plates, and records a Cenozoic history dominated by dextral strike-

slip tectonism with a sedimentary cover up to 3.5 km thick (Graham, 1976; Marion, 

1986).  The basin is elongate, stretching ~140 km NNW-SSE, and approximately 40 km 

E-W.  It rests on the granitic and metamorphic basement of the Salinian tectonic block, 
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defined by the San Andreas Fault (SAF) on the east and Nacimiento Fault (NF) on the 

west (Fig. 1).  The Salinian block is predominantly viewed as originating from the 

southern Mesozoic Sierra Nevada arc, implying ~390 km of dextral strike-slip 

displacement to the NNW since latest Cretaceous time (Graham et al., 1989; Dickinson et 

al., 2005; Sharman et al., 2013).  The strike-slip tectonism responsible for Salinian block 

translation also led to the formation of a marine borderland setting along the California 

margin, characterized by en echelon pull-apart style basins with adjacent uplifted 

basement blocks (Nilsen and Clark, 1975; Graham, 1978; Dickinson et al., 1979).  Thus, 

the Salinas Basin is one of several Neogene strike-slip basins to develop in central and 

southern California (McCulloch, 1987).  Although rearranged by post-middle Miocene 

faulting, age-equivalent stratigraphy records this Neogene history in all central and 

southern California basins including the Cuyama, Santa Maria, Ventura, Huasna, Pismo, 

Los Angeles and San Joaquin Basins. 

 The Salinas Basin stratigraphy records two main tectonic phases: (1) the Eocene 

to Recent stratigraphy that is derived from evolution of the transform style margin, and 

(2) the late stages of a Mesozoic forearc setting record lying underneath.  All known 

petroleum sources and accumulations in the Salinas Basin are in Neogene rocks however 

(DOGGR, 2010), so for this work, pre-Oligocene strata are considered economic 

basement.  Generally, Neogene basin rocks record a deepening-shallowing cycle from 

late Oligocene time to present-day.  The stratigraphy is characterized by abrupt 

transitions both temporally and spatially.  Shallow marine sandstone and siltstone facies 

of the Vaqueros Fm are overlain by upper middle bathyal (500-1500 m) hemipelagic, 

calcareous mudstone and shale of the lower Monterey Fm (Fig. 3), documenting rapid 

deepening in early-middle Miocene time.  This abrupt subsidence was relatively localized 

(a trait typical of borderland basins), and uplifted basement blocks flanked the 

depocenter, limiting access to ocean current circulation.  Isolation of bottom waters in the 

basin depocenter and resulting suboxic to anoxic conditions prevailed and these were 

conducive to organic matter sedimentation and preservation (Mertz, 1984).  Moreover, 

the remote position of the basin relative to the mainland minimized influx of clastic 

detritus that would otherwise dilute the pelagic sediments.  Thus, the lower Monterey Fm, 

the Sandholdt Member (Mbr; provincial name after Durham, 1974), is rich in organic 
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content: ~2-7 wt% total organic carbon (TOC; Fig. 4a illustrates predominantly 

Sandholdt Mbr samples, although some lower Hames Mbr data are also included; Mertz, 

1984; Kablanow, 1986; Marion, 1986).  With hydrogen indices (HI) of ~150-700 mg 

hydrocarbon/g TOC (Fig. 4b; Kablanow, 1986; Marion, 1986) and kerogen type II 

(highly-laminated shales on Fig. 5; Mertz, 1984), the Sandholdt Mbr constitutes a good 

potential oil-prone source rock.  Rock-Eval pyrolysis data of core samples derived from 

the basin depocenters (average Tmax of 440 °C or 0.78 %Ro, and up to 470 °C or ~1.3 % 

Ro; Mertz, 1984) indicate that the lower Monterey Fm is within the early to late oil 

window (Peters and Cassa, 1994). 

 Deep marine water depths persisted in the basin depocenter through middle-late 

Miocene time (Fig. 3), while the basin gradually accumulated thousands of meters of 

Monterey Fm (Graham, 1976; 1978; Mertz, 1984; Kablanow, 1986; Marion, 1986).  In 

the Salinas Basin, the Monterey Fm is composed of two main members: the Sandholdt 

Mbr (described previously) is overlain by the Hames Mbr (Durham, 1974), which 

comprises primarily siliceous fine-grained rocks that originated as diatomite but have 

been diagenetically altered to either porcelanite or chert.  The Monterey Fm blankets 

nearly the entire basin, including bathyal to shelfal zones.  Although the calcareous and 

siliceous deposits of the Monterey Fm are essentially devoid of coarse-clastic deposits in 

the basinal settings, stacked shoreface sandstone with interbedded fine-grained units are 

present within the basal Monterey Fm along the eastern edge of the basin.  Oil 

accumulations occur in the shelf sandstone, and have been produced as seven oil fields, 

the largest being the ~half-billion barrel San Ardo oil field (DOGGR, 2010).  Thus, the 

Monterey Fm serves as not only source rock, but reservoir rock, seal and overburden for 

the petroleum system (Menotti and Graham, 2012; Fig. 6).   

 Latest Miocene-Pliocene time is characterized by progressive shoaling of 

paleowater depths and full emergence above sea level in some locations (Durham, 1974; 

Graham, 1976).  This shift is recorded in the shallow marine facies of the Santa Margarita 

Sandstone, which caps the Hames Mbr in the southeastern area of the basin, and 

maintains time-equivalent slope facies farther west and north (Fig. 3).  The shallow-water 

setting expanded across the basin with deposition of the Pancho Rico Fm by early 

Pliocene time.  Finally, by Quaternary time, marine waters receded completely, and what 
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deposition continued occurred as fluvial and alluvial facies of the Paso Robles Fm 

(Galehouse, 1967). 

 Several key structural features delineate basin shape, and controlled lithofacies 

distribution as the basin evolved.  Most prominent is the NNW-SSE striking structural 

basement escarpment that partitions relatively shallow basement (<1 km depth) to the 

east from the basin depocenter to the west (Fig. 6).  Basement-cored normal faults 

abruptly step the basin floor down to depths of nearly 4 km to the southwest (Menotti et 

al., 2013).  The present-day basement geometry is a consequence of Miocene 

paleobathymetry, preserved by ~4 km of Monterey Fm deposits (Fig. 7).  The shallow 

basement along the eastern basin margin was a relative structural high during Miocene 

time, forming shallow marine environments collectively referred to as the Gabilan Shelf 

(Fig. 7).  Water depths plummeted dramatically to the west, forming the basin depocenter 

referred to as the Hames Valley Trough (HVT; Fig. 1).  The HVT contains the thickest 

Neogene sediment accumulation in the basin (~4 km thick), and a pod of active source 

rock (POASR, per Magoon and Dow, 1994) at its base (Marion, 1986; Menotti and 

Graham, 2012).  Today, the western margin of the HVT is abruptly truncated by a 

segment of the subvertical, right-lateral strike-slip fault system known as the Reliz-

Rinconada Fault (RRF; Fig. 1).   

 The RRF strikes NNW-SSE, paralleling the Gabilan Shelf fairway and the basin 

axis.  Approximately 40 km of dextral motion has accrued along the RRF since early-

middle Miocene time (Dibblee, 1976; Graham, 1978; Langenheim et al., 2012), based on 

cross-fault ties of paleobathymetric maps (Graham, 1978), localized, uplifted basement 

blocks (Dibblee, 1976; Langenheim et al., 2012), and a bisected basement-trough 

(Dibblee, 1976).  The eastern half of the bisected basement depression is the Hames 

Valley Trough; its western counterpart is a ~3 km deep basement depression ~40 km to 

the NNW referred to here as the Arroyo Seco Trough (AST; Fig. 1).  Given the presence 

of a thermally mature organic-rich section at its base, the AST constitutes a second 

POASR (Marion, 1986; Menotti and Graham, 2012).  As strike-slip motion along the 

RRF is not purely right-lateral but instead obliquely convergent, the RRF caused uplift of 

the western Salinas Basin (Hill and Dibblee, 1953).  More recent thrust faults are also 

present in the Santa Lucia Range west of the RRF, including the Junipero Serra Thrust 
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(Compton, 1966; Dibblee, 1976), which is largely responsible for the observed >5000 ft 

(1500 m) relief.  Due to the combined effects of these faults and related folding, much of 

the basin stratigraphy is exposed in outcrops rimming the western basin margin.  Partial 

inversion of the eastern Salinas Basin has occurred since Miocene time as well, most 

notably attributed to the Los Lobos Fault (LLF), which thrusts Monterey Fm strata to the 

surface at the boundary between the HVT and Gabilan Shelf (Durham, 1974).  The LLF 

is also particularly important in petroleum system evolution in the Salinas Basin, as the 

fault provides a conduit through which petroleum generated from HVT source rock 

migrated updip to the reservoir sandstone units directly adjacent on the Gabilan Shelf 

(Menotti and Graham, 2012).  Echoing the orientation of most structural features in the 

basin, the seven known oil fields are also aligned along a NW-SE fairway and are 

restricted to the basin’s eastern side. 

  

3. Basin and Petroleum System Modeling 

3.1. BPSM Methods 

3.1.1. Basin Modeling Background 

 Basin and petroleum system modeling (BPSM) is a highly integrated approach to 

understanding petroleum system formation in a sedimentary basin.  It requires 

simultaneous analysis of basin formation, including tectonic and sedimentary factors, and 

petroleum system processes.  User-defined geologic parameters, boundary conditions, 

and fundamental physics-based equations approximating basin and petroleum system 

processes coalesce to simulate sequential sedimentary burial and petroleum system 

formation forward through time (Hantschel and Kauerauf, 2009).  The basin and 

petroleum-related processes, such as sediment compaction, petroleum generation, and 

migration through rocks, are simulated in parallel through deterministic computational 

modeling (Lerche, 1990; Ungerer et al., 1990; Welte et al., 1997; Hantschel and 

Kauerauf, 2009).  In this study, we use PetroMod
®

 (version 2012.2) as the primary 

platform, one of many commercial software products designed for petroleum system 

analysis.  We describe our process in building a Salinas Basin model in detail below. 
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3.1.2. Input Parameters 

Data Sources 

 One hundred twenty-six oil wells provide the majority of litho- and 

chronostratigraphic data for our basin models (see Appendix B for Table A-1).  We 

utilized publically-available well logs including electric wireline, mudlogs, micropaleo 

logs, core reports and (where no other data are available) drillers’ logs.  Most logs are 

accessible through California Division of Oil, Gas and Geothermal Resources, as well as 

university theses (e.g., Kablanow, 1986; Marion, 1986); paleontologic data used for age 

control are primarily derived from Malmblorg et al. (2008) and Brabb (2011). Given that 

exploration interest in the Salinas Basin peaked in the mid-twentieth century, many wells 

outside of currently-producing fields were drilled prior to 1960, limiting the quality and 

abundance of data.  Within the past ten years however, there has been a renaissance of 

exploratory drilling and data acquisition in the basin, attributed in part to the emergence 

of hydraulic fracturing in tight oil plays.  Thus, modern information derived from both 

new wellbores and seismic surveys is available in the HVT.  We acknowledge well log 

and sample data supplied by Venoco Inc. and Trio Petroleum Inc., where appropriate, and 

four 2D seismic reflection profiles derived from a 3D seismic survey (Menotti et al., 

2013) shot and provided by Venoco Inc.  Additionally, one 2D seismic profile that was 

shot in the 1980’s by Texaco, Inc. (Graham et al., 1991) provides a regional E-W view of 

subsurface stratigraphy and basin shape.  Gravity and magnetics models also help 

determine basin shape (Langenheim et al., 2012), and corroborate basement mapping 

inferred from wellbore data (Dibblee, 1976; Marion, 1984).  Surface exposures of 

geologic contacts provide edge control for stratigraphic maps, particularly along the 

western basin margin (Durham, 1964; Dibblee, 1976).  

 

Chronostratigraphy 

 The lithostratigraphy of the Salinas Basin is relatively simple and generally 

coincides with geologic formations.  The units incorporated in our models include 

Vaqueros Fm, Monterey Fm (Sandholdt and Hames Mbrs), Pancho Rico Fm, and Paso 

Robles Fm (lithofacies for each are described below; Fig. 3).  However, deposition of the 

Monterey Fm is diachronous on the scale of the entire basin (Graham, 1976).  In 



 

131 

 

particular, the base of the Sandholdt Mbr expands to the north from late early Miocene 

age in Hames Valley and San Antonio Valley (see Fig. 1 for location) to middle Miocene 

to the north.  Even more notably, the oldest rocks at the base of the HVT are latest 

Oligocene to early Miocene, but are late Miocene aged on the Gabilan Shelf.  Therefore, 

we subdivide the Monterey Fm according to ages specific to California 

chronostratigraphy (Fig. 3), based on benthic foraminifera (Kleinpell, 1938) and 

correlated with paleomagnetic chrons (McDougall, 2008).  The subdivisions within the 

Monterey Fm include the Saucesian (23-17.5 Ma), Relizian (17.5-14.9 Ma), Luisian 

(14.9-13.5 Ma), Mohnian (13.5-8.2 Ma) and Delmontian stages (8.2-5.3 Ma; McDougall, 

2008); each of these is represented by a map in our models.   

 The chronostratigraphy of the late Miocene (particularly the Delmontian stage) is 

relatively unclear.  Dating the Monterey Fm relies on a combination of benthic forams 

and siliceous diatom tests (e.g., Barron, 1986); however, the propensity of the Hames 

Mbr to diagenetic alteration expunges much of the micropaleontology, rendering age 

determination more difficult or even impossible.  Consequently, the most reliable ages of 

the upper Monterey Fm are derived from just a few outcrop exposures of diatomite in the 

basin (Barron, 1986).   In the absence of alternative sources of age control, we 

incorporate late Miocene ages into our models.   

 Further complicating age assignments in our models, the precise ages of the 

shallow to non-marine units overlaying the Hames Mbr are also unclear.  First, the Santa 

Margarita Sandstone is a quartzofeldspathic sandstone unit, present chiefly in the 

southern Salinas Basin, where it is ~150-200 m thick (Durham, 1974), and thins 

northward, apparently disappearing as an erosional truncation north of the San Ardo field 

(Marion, 1986).  The Santa Margarita Sandstone is understood to be the shallow marine 

equivalent of the more distal siliceous mudstone lithofacies of the Hames Mbr.  Thus, we 

map the top of the Santa Margarita Sandstone along the time horizon equivalent to the 

youngest Hames Mbr section corresponding to the Delmontian stage.  Similarly, the 

Buttle “Member” (of Durham, 1974), though mapped as its own unit in some cases, is 

also equivalent to the uppermost Hames Mbr; the porcelaneous mudstone of the Hames 

Mbr here is in fact the diagenetic facies of the unaltered Buttle “Member,” hence the 

informal use of the term “member.”  The Buttle “Member” proves useful in bracketing 
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otherwise ambiguous Hames Mbr ages, given the availability of relict diatoms.  At the 

Buttle Canyon type locality, diatom-based estimates place the age of the top of the 

Hames Mbr at 8.9-9.2 Ma (Barron, J. 2010, personal commun.).  This is 0.8-2.0 m.y. 

younger than Mohnian aged Monterey Fm diatomite outcropping ~100 km NW of this 

location (Barron, 1986). 

 Stratigraphically above the Monterey Fm, the precise age of the Pancho Rico Fm 

is also disputed.  Mollusk and echinoid-based estimates place the age as Pliocene 

(Durham and Addicott, 1964; Durham, 1974), but perhaps as old as late Miocene 

(Addicott, 1978).  For our models, we adopt a Pliocene age, as this is the most often cited 

age.  A similar dispute exists for the alluvial-fluvial Paso Robles Fm.  Stratigraphic 

relationships with the underlying Pancho Rico Fm constrain the ages to Pleistocene 

(Dibblee, 1976), although Galehouse (1967) suggests older deposition, beginning in late 

Pliocene time.  Again, we adopt the more common view: our models assume Pleistocene 

ages for the Paso Robles Fm.  Given the relatively insignificant thickness and small time 

interval represented by recent alluvium in the Salinas and San Antonio River Valleys (see 

Fig. 1 for locations), we include the modern sedimentary cover with the Paso Robles 

layer for modeling purposes. 

 For the most part, the basement underlying the Vaqueros or Monterey Formations 

is Salinian block granite of Late Cretaceous age (Barth et al., 2003).  Basement-

penetrating wells have revealed a weathered basement zone in some cases, particularly 

atop basement pop-up structures, such as along the Gabilan Shelf, or on the Lockwood 

High uplift block (Fig. 7), northwest of the HVT.  In both areas, oil-staining within the 

weathered zone has been identified, suggesting that a hydrocarbon migration pathway 

may exist at the granite-sedimentary basin fill interface in some places.  The Lockwood 

High, the basement pop-up block west of the RRF in the center of the basin, is penetrated 

by some such wells, although no significant petroleum accumulations have been 

discovered here.  This is probably due to the lack of sandstone atop the structural high: 

the Lockwood High is blanketed by the Monterey Fm directly above the basement 

subsurface and reservoir facies are absent.  Chronostratigraphic mapping suggests the 

Lockwood area uplifted in Relizian-Luisian times, as is supported by the presence of 

coeval turbiditic sandstone, presumably shed off the Lockwood high as it was the only 
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nearby sediment source (Graham, 1976).  However, to simplify model construction, we 

assume the Lockwood Uplift was emplaced prior to Neogene deposition.  Accordingly, 

the Lockwood High plays no significant role in Salinas Basin petroleum systems. 

 Sedimentary units that are older than the Vaqueros Fm also overlie the crystalline 

basement, particularly in the northern and western parts of the basin.  However, as these 

units play no role in the petroleum system, we consider them economic basement for 

model purposes.  In fact, the Paleogene units including the deep-marine Reliz Canyon Fm 

exist only in outcrop in the far western parts of the basin, and are not present in the 

subsurface at all to the east, due the time-transgressive nature of Cenozoic basin filling 

(Graham, 1976; 1978).  The upper Oligocene-lower Miocene Vaqueros Fm is also time-

transgressive; however, the precise onset of its deposition does not affect the petroleum 

system. 

 

Lithostratigraphy   

 In general, Salinas Basin lithostratigraphy comprises mainly coarser siltstone and 

sandstone units at its base and top, with a thick succession of predominantly fine-grained 

shale, mudstone and porcelanite in between (Fig. 3).  This relatively simple sequence is 

the basic lithostratigraphic model represented in our computational basin model, with 

some added nuances to incorporate key petroleum system elements.  We customized 

stock PetroMod lithologies to better emulate the characteristics specific to Salinas Basin 

geology we describe below (Tables 1 and 2). 

 The underburden rock of the petroleum system comprises crystalline basement 

overlain by Vaqueros Fm.  The Vaqueros Fm ranges from 100-400 m thick, generally 

increasing in thickness away from the Gabilan Shelf to the southeast, with an isolated 

500-700 m thick pocket to the south, between San Ardo and San Miguel (Durham, 1974).  

In the Arroyo Seco area, the Vaqueros Fm is ~350-400 m thick.  Most of the Vaqueros 

Fm is in the subsurface however, this unit is exposed in outcrop along the western edge 

of the basin (Dibblee, 1976).  This unit is predominantly buff-colored, fine to coarse-

grained quartzofeldspathic sandstone, with abundant macrofossils in some beds, 

including mollusks and echinoids.  The fossil assemblage is indicative of very shallow 

marine depositional environments (Durham, 1974).  As a coarser-grained, higher matrix 
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permeability unit than the overlying Monterey Fm, we utilize the Vaqueros Fm as a 

carrier bed in our petroleum migration models in anticipation of downward expulsion.  

As described above, several well penetrations have encountered weathered basement at 

the unconformable basement-Vaqueros Fm contact that is oil-stained, particularly on 

structural highs like the Lockwood High.  Thus, we employ a ~50 m higher-permeability 

zone at the top of the basement as an additional carrier zone in our models.  This becomes 

particularly useful beyond the Vaqueros Fm zero-edge line where the unit onlaps onto the 

basement of the Gabilan Shelf. 

 The Monterey Fm in the Salinas Basin can be generalized as calcareous, organic-

rich shale in its lower unit, the Sandholdt Mbr, transitioning into biosiliceous-dominated 

mudstone and shale of the upper Hames Mbr.  The Sandholdt Mbr ranges from <100 to 

900 m thick (Durham, 1974), and is exposed in outcrop only along the western rim of the 

basin (Dibblee, 1976); it is present in the subsurface however, both west and east of the 

RRF, but onlaps onto basement at the edge of the Gabilan Shelf escarpment (Durham, 

1974).  The Hames Mbr reaches thicknesses up to 2 km in the subsurface troughs 

(Marion, 1986), but is typically  300-600 m in thickness elsewhere (Durham, 1974), and 

outcrops extensively in the Arroyo Seco area, in the San Antonio Hills between Salinas 

and San Antonio Valley (see Fig. 1 for location), and along the western edge of the basin 

(Dibblee, 1976).   

 In more detail, the Sandholdt Mbr of the Monterey Fm is predominantly 

characterized by fine-moderately laminated calcareous-siliceous, typically organic-rich 

shale, interbedded with common authigenic dolomite lenses, and punctuated with 

occasional turbiditic sandstone (Mertz, 1984).  The top of the Sandholdt Mbr includes 

increasingly more frequent thin biosiliceous zones interbedded with the calcareous strata, 

and ultimately gives way to silica-dominated stratigraphy above.  This point of 

disappearance of calcareous shale facies upsection marks the base of the Hames Mbr 

(Mertz, 1984).  The Hames Mbr comprises thin to medium-bedded siliceous mudstone, 

porcelanite and shale, with occasional dolomitic lenses and chert beds.  Their biosiliceous 

nature causes these strata to undergo a distinct series of diagenetic processes that 

transforms the initial depositional form, the unstable opal-A silica forming diatom 

frustules, to the more stable forms of opal-CT or quartz (Bramlette, 1946; Murata and 
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Larson, 1975; Isaacs, 1981).  This processes results in the alteration of diatomite to its 

diagenetic facies porcelanite and chert (Kleinpell, 1938; Pisciotto, 1978).  Most surface 

exposures of the Hames Mbr in the Salinas Basin are opal-CT porcelanite or 

porcelaneous mudstone, but outcrops of diatomite are present where less burial has 

occurred (see Chapter 1).  At depth (e.g., >800 m measured depth in the HVT), the opal-

CT silica is altered to quartz phase silica; quartz phase has not been identified in the 

Hames Mbr in outcrop (Menotti et al., 2014) however, quartz is reported in exposures of 

the Sandholdt Mbr in Reliz Canyon (Pisciotto, 1978).  Our basin models incorporate the 

dynamic nature of this unique rock type by representing the progression from diatomite 

to opal-CT-dominated shale as controlled by silica transformation kinetics following 

Keller and Isaacs (1985; see Chapter 1 for more explanation).   

 As described, both members of the Monterey Fm are dominantly fine-grained, 

and interbedded sandstone is generally scarce (Graham, 1976; Mertz, 1984).  However, 

east of the basement escarpment defining the edge of the Gabilan Shelf, stacked medium-

coarse grained sandstone units within the upper Monterey Fm blanket the eastern margin 

of the basin, lapping out at low angles against the eastward rising basement surface.  

These units are interpreted as shallow marine facies, and possess an architecture 

incorporating interbedded fine-grained mudstone suggestive of marine transgressive-

regressive cycles (Graham, 1976).  Given their high permeability (2000-8000 mD at San 

Ardo; DOGGR, 2010) and porosity (up to ~40%; DOGGR, 2010), these upper Miocene 

sandstone beds serve as excellent petroleum reservoir candidates.  Moreover, their 

interbedded stratigraphic arrangement comprises built-in sealing potential from the 

intercalated shale units.  Indeed, all the Salinas Basin oil fields produce from one or more 

of these stacked units.  Correlating the individual sandstone beds from field-to-field is 

difficult as they are both litho- and chronostratigraphically similar, thus each field 

includes upper Miocene shallow water sandstone of different names.  Most noteworthy 

are the reservoir sandstone of the San Ardo field: the lower Aurignac Sandstone and the 

upper Lombardi Sandstone.  These reservoirs accumulated the >500 MMbbls of oil 

estimated for San Ardo field.  Other upper Miocene shallow marine sandstone reservoirs 

elsewhere in the basin include the Lanigan Sandstone (Lynch Canyon field), the Thorup 

Sandstone (King City field), and the Doud and Beedy Sandstones (Monroe Swell field; 
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DOGGR, 2010).  Our models include three upper Monterey Fm sandstone fairways.  

These reservoir facies are assigned to swaths overlaying the Gabilan Shelf area in upper 

and lower Mohnian and Luisian layer.  All fields but the King City field produce oil from 

the Mohnian reservoirs; the oil-productive Thorup Sandstone of the King City field is 

Luisian in age (Gribi, 1963; DOGGR, 2010).  In the southeastern section of the basin, the 

Monterey Fm is capped with the Santa Margarita Sandstone; this is an upper Miocene, 

possibly earliest Pliocene (Durham, 1974; Barron, 1986) unit, also of shallow marine 

depositional origin.  The Santa Margarita Sandstone however, does not house any oil 

accumulations.  Beyond the Gabilan Shelf western edge in our models, these Monterey 

Fm layers reflect slope and basinal facies generalized by siliceous shale (Fig. 8).    

 In addition to constituting the reservoir and seal rocks for the Salinas Basin 

petroleum system, the Monterey Fm also contributes the source and overburden 

components.  The Monterey Fm comprises the majority of fill across most of the basin 

(Graham, 1976; Marion, 1986), and thus is the primary contributor of overburden rock.  

The ample thickness and extent, and high organic carbon content of marine algal origin 

give the Sandholdt Mbr (Mertz, 1984), and slope-basinal Hames Mbr potential as good 

source rocks.  As we determine in our models, the Hames Mbr, though high in organic 

content in some zones (Kablanow, 1986), is typically too shallowly buried to be in the oil 

window, and does not contribute to the majority of oil accumulations.  We describe 

source rock characteristics in more detail below. 

 Finally, the Pliocene and Pleistocene units cap the thick Miocene stratigraphy, 

except where they have been eroded, which has occurred mainly west of the Salinas 

Valley.  The Pliocene Pancho Rico Fm is sandstone, siltstone and mudstone, and contains 

mollusk and echinoid fossils, which provide age constraints as well as constrain 

depositional environments to shallow water settings (Durham and Addicott, 1964).  This 

formation reaches up to 350 m thick near Arroyo Seco (Durham, 1974), and is exposed in 

outcrops best along the eastern basin margin, along the Gabilan Mesa and on the rims of 

the San Antonio Valley (Durham, 1974; Dibblee, 1976).  The Pancho Rico Fm is present 

in the subsurface under much of the San Antonio, Hames and Salinas Valley floors. 

 The Paso Robles Fm consists of coarse-grained, conglomeratic sandstone, 

containing granules-pebbles of quartzofeldspathic and porcelaneous clasts.  A 
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combination of outcrops (in the southeastern part of the basin) and wellbores reveal a 

highly variable thickness range from 120 to over 450 m, with the formation thickest to 

the south (Galehouse, 1967; Durham, 1974).  Very little Paso Robles Fm is present west 

of the RRF, reflecting the preferential uplift of the western basin, preventing much 

Pleistocene-Recent deposition, and encouraging erosion.  The Paso Robles Fm is 

interpreted as fluvial and alluvial, and documents an ancient river system that flowed 

southward along the Salinas Valley, in the opposing direction of the modern Salinas 

River (Galehouse, 1967).  Where present, both the Pancho Rico and Paso Robles Fm’s 

are additional overburden rock in the petroleum system. 

 

Source Rock Characteristics 

 Previous research characterizes the source rock type and quality using both 

freshly exposed outcrop and subsurface core samples of the lower Monterey Fm (Mertz, 

1984; Kablanow, 1986; Marion, 1986).  The Sandholdt Mbr of the Monterey Fm is 

thought of as the primary source rock section of the Monterey Fm, although recent assays 

of the Hames Mbr in the HVT indicate relatively high TOC values, as well (Kamerling, 

M. 2013, personal commun.).  To date however, the most detailed study of Salinas Basin 

source rock is that of Mertz (1984), who focused mainly on the Sandholdt Mbr.  This is 

due to the organic richness, its favorable, oil-prone kerogen type, its abundance and (in 

the subsurface only) its thermal maturity conducive to oil generation.  The Sandholdt Mbr 

of the Monterey Fm crops out along the entire western edge of the basin, and is present at 

up to ~3.5 km depth in the San Antonio, Hames and eastern Salinas Valleys.  Its 

diachronous base is progressively younger from south to north, and onlaps onto the steep 

basement escarpment to the east.  No Sandholdt Mbr equivalent units are present on the 

Gabilan Shelf (Graham, 1976).  We represent this with four time-horizons in our models: 

one corresponding to end-Saucesian time, one of end-Relizian time, and two within the 

Luisian stage (Fig. 8). 

 The TOC and HI maps are based on control point data from work by Mertz 

(1984) and recently collected data from current drilling operations in HVT.  We directly 

apply TOC values to the source rock maps, rather than applying calculated original TOC 

values (per Peters et al., 2005); thus, we acknowledge that these are conservative TOC 
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estimates for any mature samples.  We take a similar approach in creating HI maps.  

Given the relatively low OI and moderate HI values of the most organic-rich Sandholdt 

Mbr (Fig. 5; Mertz, 1984; Kablanow, 1986), we apply source rock kinetics for type II 

kerogen (Behar et al., 1997).  In other California coastal basins (e.g., Santa Maria and 

Santa Barbara Basins), the Monterey Fm is known to contain unusually high sulfur 

abundances (Pytte, 1989).  High-sulfur kerogen possesses kinetics with lower activation 

energies, resulting in petroleum generation at lower temperatures.  However, oils 

produced at Salinas Basin fields exhibit low sulfur contents (Kornacki, 1989): 1-2 wt% 

sulfur, in contrast with 3-8 wt% sulfur in the Santa Maria Basin.  Thus, our preferred 

models employ type II kinetics; we entertain the possibility of type II-S kerogen for 

comparison only. 

 

3.1.3. Boundary Conditions 

Paleowater Depths (PWD) 

 Generally, paleo-bathymetry since late Oligocene is characterized by a 

consistently emergent or only shallowly submergent eastern basin floor (i.e., the Gabilan 

Shelf) with a central and western basin region of abruptly fluctuating marine water 

depths.  Based on fossil fauna, shallow marine waters bathed the basin floor in latest 

Oligocene – earliest Miocene time, followed by sudden and rapid deepening by late early 

Miocene time (Saucesian benthic foram stage; Graham, 1976).  Benthic foraminifera 

suggest the Sandholdt Mbr was generally deposited in upper middle bathyal water depths 

(500-1500 m; Graham, 1976).  Over the course of Monterey Fm deposition, some lateral 

variability in water depths persisted through Miocene time; detailed paleobathymetric 

maps illustrate this variability using micropaleontology and stratigraphic mapping 

(Graham, 1976; 1978).  These maps capture middle Saucesian, end Saucesian, end 

Relizian, and middle Mohnian times, and are the basis for PWD maps for the 18.5 Ma, 

17.5 Ma, 14.9 Ma, and 9 Ma events in our models
6
 (Fig. 9).   

 Following extensive deposition of Monterey Fm sediments, and with the onset of 

regional uplift, shallow water settings returned to nearly all of the Salinas Basin by the 

                                                      
6
 These events are defined in initial event-step models, prior to implementation of strike-slip offset 

modeling (see Chapter 2 for strike-slip modeling method explanation).  Not all events from the event-step 

models are available as output from the strike-slip models. 
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end of Miocene time (Graham, 1976).  We assign generalized water depths representing a 

neritic setting based on macro- and micropaleontology, and stratigraphic mapping 

(Graham, 1976) as the PWD map for the 5 Ma event.  Lithofacies transition temporally to 

non-marine environments by Pliocene-Pleistocene time, as inferred from alluvial-fluvial 

lithofacies and scarce freshwater ostracod fossils of the Paso Robles Fm (Durham, 1974).  

For the present-day PWD map, our models utilize 30-meter resolution digital elevation 

models that we reduce to the resolution of our model grid.  We assume a smooth 

interpolation from maps representing final marine settings during Pliocene time to the 

present-day topography.  

 

Heat Flow (HF) 

 The thermal history of the Salinas Basin is somewhat uncertain due to its 

complicated tectonic evolution.  The Neogene stratigraphy that is the focus of this study 

overprints the Great Valley Mesozoic forearc setting that is characterized by a relatively 

cool thermal regime as a consequence of cold, oceanic crust subduction beneath the 

North American plate (Dumitru, 1988).  Yet detrital zircons in Late Cretaceous Sierra de 

Salinas schist, prominently exposed as a mountain ridge at the northern edge of the 

Salinas Basin, provide evidence for warmer underplated material (Kidder and Ducea, 

2006).  This is explained by low-angle thrusting of the accretionary material beneath the 

arc in latest Cretaceous time, prior to subsequent uplift and cooling (Barth et al., 2003; 

Kidder and Ducea, 2006).  Complicating things further, following intersection of the East 

Pacific Rise spreading center with the North American plate margin at ~28 Ma, the 

Mendocino Triple Junction (MTJ; transform-transform-trench) began progressing 

northwestward, leaving a strike-slip plate boundary in its wake.  As a consequence of this 

transition, a gap in subducting slab material began to develop at the point of initial 

collision, spreading in both directions along the lengthening transform boundary with 

progressive migration of the MTJ to the northwest and its southeastward-moving 

counterpart, the Rivera Triple Junction (RJT).  The absence of subducted oceanic crust 

created a so-called “slab window” into which asthenospheric mantle upwelled into the 

void, dramatically increasing thermal conditions of the overlying crust as a result 

(Dickinson and Snyder, 1979; Lachenbruch and Sass, 1980; Zandt and Furlong, 1982).  A 



 

140 

 

number of Neogene volcanic centers are a consequence of this event (e.g., Pinnacles; 

Dickinson, 1997), and track the gradual migration of the triple junction over time.  

Dickinson and Snyder (1979) estimate the MTJ migrated passed the Salinas Basin 

between 27-22 Ma
7
. 

 A number of studies have explored possible heat flow histories for central 

California basins.  Basin and petroleum system models of the San Joaquin Basin (Peters 

et al., 2008) use a steady state heat flow map reflecting a range of heat flow values from 

less than 20 mW/m
2
 to up to 96 mW/m

2
) in the east to western basin, respectively (Fig. 

10a).  He et al. (2014) employed a temporally variable heat flow scheme to 1D and 2D 

basin models to best fit thermal history calibration data (Fig. 10a).  Early 1D models of 

the Salinas Basin (Kablanow, 1986) estimated relatively low heat flow by comparison 

with San Joaquin counterparts (Fig. 10a); these models focus on post-MTJ passing time 

(16-0 Ma) and employ a gradually increasing heat flow trend from 27-55 mW/m
2
. 

 Thermal calibration of eleven 1D models (see Chapter 1) using temperature, Tmax 

pyrolysis, vitrinite reflectance, and diagenetic silica phase suggest basal heat flow 

boundary conditions that reflect a thermal “spike” following the MTJ migration relative 

to the Salinian Block (Fig. A-1), then a gradual decline to 47-55 mW/m
2
 at present-day 

(Fig. 10a).  The thermal pulse associated with the MTJ corresponds to an age ~5 m.y. 

after the time at which the MTJ is thought to have moved through the Salinas Basin 

region.  This follows models of observed modern-day spatial variability in heat flow 

along the San Andreas transform margin, from the present location of the MTJ, south (see 

Furlong and Schwartz, 2004).  However, tests of paleo-heat flow conditions without a 

pronounced MTJ pulse show no significant impact on calibration of thermal maturity or 

temperature profiles, suggesting that the MTJ has little effect on late Neogene basin 

thermal history.  Our 3D models reflect this temporal trend in heat flow (Fig. 10a). 

 

Sediment-water Interface Temperature (SWIT) 

                                                      
7
 Note that the position of the MTJ relative to the Salinian Block differs from that relative to the San 

Joaquin Basin (i.e., North American plate).  This implies an earlier (~7-8 m.y.) passage of the triple 

junction through the Salinian Block region than through the San Joaquin Basin at equivalent present-day 

latitudes.  
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 In addition to basal heat flow, we define thermal boundary conditions for the 

surface of the basin through time.  For nearly the entire duration of Salinas Basin 

formation, the sediment surface was submergent, thus we refer to the uppermost thermal 

boundary condition as the sediment-water interface temperature (SWIT).  Planktonic 

forams indicate temperate to cool water masses during Monterey Fm deposition time 

(Graham, 1976).  A global drop in marine water temperatures occurred in middle 

Miocene time, leading to flourishing diatom blooms around the Pacific Rim (Ingle, 

1981).  This cooling trend aligns well with the trend calculated from the Wygrala (1989) 

model of mean annual surface temperatures for the approximate global position of the 

Salinas Basin (35°N latitude in North America; Fig. A-2), adjusted for paleowater depths 

specific to this basin (Fig. 10b).  Above water depths of 500 m, mean annual surface 

temperatures for late Miocene to modern times extrapolate to 20 °C at present-day. 

 

3.1.4. Reliz-Rinconada Fault History 

 A key aspect of Salinas Basin history is the strike-slip fault-driven bisection of the 

early-middle Miocene depocenter.  A number of cross-fault ties suggest approximately 40 

km of right-lateral displacement since middle Miocene time.  Perhaps most convincing of 

these is the 38-42 km of offset between the HVT east of the RRF and its offset 

counterpart, the AST directly west of the RRF (Dibblee (1976); Graham, 1976; 1978).  

Both of these profoundly deep granitic basement troughs are filled with upper Oligocene 

and younger rocks of equivalent formations; this similarity between the two troughs 

supports their use as cross-fault ties.  Similarly, an isolated basement uplift block called 

the Lockwood High and a basement uplift near Paso Robles are offset 38.3 km, as well 

(Fig. 7; Dibblee, 1976).  Offset isobaths of Saucesian-Mohnian paleobathymetric maps 

(Fig. 9) are independent indications of significant lateral displacement since middle 

Miocene time (Graham, 1976; 1978), which imply at least 40 km of offset since Mohnian 

time.  Recent work by Langenheim et al. (2012) found that magnetic anomalies in 

Salinian granitic basement correspond to the Lockwood Uplift and uplift near Paso 

Robles, further suggesting that these features be used as piercing points.  Offset estimates 

based on the magnetic anomalies are within range of independently-derived estimates: 

39-43 km.  This observation also refutes earlier estimates for 60+ km (Dibblee, 1976) of 
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displacement since pre-Miocene time, because the pre-Miocene sedimentary rocks could 

not have been offset without the basement having been offset as well (Langenheim et al., 

2012).   

 Younger offset markers include the contact between upper Miocene Santa 

Margarita Sandstone and lower Pliocene Pancho Rico Fm, exposed in outcrop 18.4 km 

north of its subcrop east of the RRF (Durham, 1965).  Additionally, a gravity low due to 

Miocene sedimentary rocks in Hames Valley correlates with a similar gravity low in 

Jolon (or San Antonio) Valley (Langenheim et al., 2012).  These gravity lows are offset 

by 20-25 km, which is in line with the independent estimates of 18 km of post-Miocene 

offset (Durham and Addicott, 1965).  Some fault movement post-dates deposition of the 

Paso Robles Fm, but does not deform modern alluvium, indicating that the RRF was 

active during late Pleistocene, but not in recent times.  However, most of the 18 km of 

post-Miocene movement probably preceded deposition of Pancho Rico and Paso Robles, 

as suggested by the unconformity between undeformed Pliocene-Pleistocene rocks and 

the highly deformed Monterey Fm (Dibblee, 1976).
8
  Assuming ~40 km of slip since 

middle Miocene time (~15 Ma), slip on the RRF occurred at ~3 mm/yr on average.  This 

is comparable to the approximately 8 mm/yr average slip rate estimated for both the San 

Gregorio and San Simeon Faults (Dickinson et al., 2005), two NNW-SSE striking right-

lateral faults outboard of the RRF and Salinian Block. 

 

3.1.5. Technical Modeling Specifics 

 Geologic parameters and processes employed in basin models are approximations 

of observed processes and geologic data, but they attempt to honor the ground-truth data 

as much as possible.  To that end, our models acknowledge some key aspects of the 

Salinas Basin by including custom lithologic properties for sedimentary layers, an erosion 

scenario, and a dynamic basin geometry due to strike-slip fault displacement.  We 

summarize these customizations below. 

 Every layer is defined by a specific facies map comprising lithologies that best 

represent that layer’s lithofacies.  Each lithology encapsulates a multitude of properties 

                                                      
8
 The 18 km of post-Miocene slip on the RRF inferred from the Santa Margarita-Pancho Rico contact offset 

also implies that fault movement continued concurrently with slip along the San Gregorio-Hosgri Fault to 

the west of Salinia (Dickinson et al., 2005). 
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(e.g., porosity, permeability, capillary pressure, thermal conductivity, etc.) that are 

cataloged in the PetroMod® database.  We modify the following lithologies and adopt 

default properties for all others (Tables 1 and 2): (1) the biosiliceous Hames Mbr is 

simulated with a dynamic siliceous shale lithology that changes diagenetic grade 

according to kinetics after Keller and Isaacs (1985; see Chapter 1 for more explanation); 

(2) the Vaqueros Fm lithology is based on a lower porosity sandstone with manually 

reduced porosity to discourage petroleum accumulation; and (3) the fault lithology 

applied to the RRF zone in some models is based on a default sandstone lithology with 

increased vertical anisotropy to better emulate the preferentially vertical migration 

through a fault. 

 The western Salinas Basin was preferentially uplifted relative to much of the 

eastern side, and consequently was eroded.  We explore erosion scenarios in detail in 

Chapter 1, and base the thermal history estimate for our 3D model on the calibrated 1D 

modeling of Chapter 1.  Calibration data are derived primarily from published literature 

(see Table A-1).  Some thermal and porosity data were made available through reports of 

analyses conducted by energy companies including Venoco, Inc. and Trio Petroleum, Inc.  

The models in this paper do not precisely honor the erosion scenarios determined in the 

more detailed work of Chapter 1 due to the complexity of 3D layer geometry in the 

western basin.  We instead approximate a mid-level magnitude of erosion across the 

western and part of the eastern basin, assuming similar erosion timing as we modeled in 

1D and 2D in Chapter 1.  We apply maps of up to 300 m of erosion of the Pancho Rico 

Fm and Monterey Fm during Pleistocene time.  We recognize that erosion is 

underestimated in the most uplifted regions of the basin, and thus consider any source 

rock maturation and petroleum generation results in the western basin as conservative 

estimates.  For this reason, we are more confident in maturation and generation 

simulations in the HVT than in AST. 

 We account for changes in basin shape as a consequence of movement of the RRF 

by employing techniques described in detail in Chapter 2 to offset the AST and western 

basin from the HVT and eastern side through time.  We base timing of offset on piercing 

point data (Dibblee, 1976; Graham, 1976) explained below in section 5.3.  In addition to 

its influence on basin shape, we also explore the role of the RRF in transmitting 
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hydrocarbons, particularly from the AST to the eastern reservoirs.  Our primary model 

(i.e., described in section 3.2) defines the fault by an abrupt shift in horizons across the 

fault zone.  We also test using a permeable lithology applied to the fault zone only 

(Tables 1 and 2) to ascertain its impact on migration.  We model petroleum migration 

using Hybrid method (Hantschel and Kauerauf, 2009), which combines Darcy flow 

migration in fine-grained, low-permeability units (e.g., the Hames Mbr facies of the 

Monterey Fm) and flowpath migration in high-permeability layers (e.g., Weathered 

Basement layer), which is controlled by buoyancy forces.  This combined approach 

allows us to assess accumulation histories that are a product of both the rapid flow via 

carrier beds, and the slower percolation up through the Monterey Fm layers.  It also 

allows us to model migration from the fine-grained layers of the POASRs to the higher-

permeability unit defined by RRF fault lithology.  

 Calibration data are derived primarily from published literature.  Thermal data 

utilized include Tmax pyrolysis, corrected bottom-hole temperatures, vitrinite reflectance 

and diagenetic silica phase (see Chapter 1).  Porosity measurements of cores taken from 

modern wells in the HVT also aided in burial calibrations.  Some thermal and porosity 

data were made available through reports of analyses conducted by energy companies 

including Venoco, Inc. and Trio Petroleum, Inc.   

 

3.2. BPSM Results 

3.2.1. Input Model Maps 

 We simulate basin and petroleum system evolution at a resolution of 1000 x 500 

m, where the x-axis is parallel to the RRF.  The model origin is at 1761000 m, 542500 m 

California State Plane coordinates, Zone IV; model dimensions are 140 by 99 grid cells, 

representing 140,000 m by 49,000 m.  All maps in our 3D basin models are time 

horizons.  We employ eleven main layers including the Basement, Vaqueros Fm, Pancho 

Rico Fm, Paso Robles Fm, and the Monterey Fm, which we subdivide into seven separate 

layers.  The Monterey Fm layers include Saucesian, Relizian, Luisian of Sandholdt Mbr 

lithology, Luisian of Hames Mbr lithology, lower Mohnian, upper Mohnian, and the 

uppermost layer corresponding to Delmontian time.  The Santa Margarita Sandstone is 

represented in this top Monterey Fm layer, the two Mohnian reservoirs are defined in the 
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upper and lower Mohnian layers, and the Luisian reservoir is defined within the Luisian 

(Hames Mbr) layer.  In order to allow for future modeling of silica diagenesis within the 

Hames Mbr, we divide these primary Monterey Fm layers further such that each layer is 

no more than 100 m thick.  This provides enough depth resolution to monitor progression 

of the silica diagenetic front.  Thus, we ultimately employ 64 layers (Table 1), where 

ages are defined by linear interpolations between time-horizon control points.   

 An isochore map of the source rock units demonstrates location of early-middle 

Miocene depocenters (Fig. 11).  The source rock is thickest in the Arroyo Seco and 

Hames Valley areas, where thicknesses reach in excess of 1 km.  Where this unit abruptly 

approaches the surface at present-day, the source rock thickness appears artificially thick 

(e.g., southern edge of Arroyo Seco).  This map also highlights the absence of source 

rock along the Gabilan Shelf and on the Lockwood Uplift, and highlights source rock, 

regardless of thermal maturity. 

 The overburden rock overlying the source rock is represented by a composite 

isochore map of upper Monterey Fm layers, the Pancho Rico Fm and the Paso Robles Fm 

(Fig. 12).  Again, thickest accumulations are found in the Arroyo Seco and Hames Valley 

areas.  The HVT overburden (>3 km) is thicker than that of the AST (~2.5 km), reflecting 

the preferential uplift and erosion of the western Salinas Basin.  There is a relatively thick 

region in the southeastern part of the basin; however, much of this is made up of 

Pliocene-Pleistocene strata.  This map also reveals the lateral extent of the Pliocene-

Pleistocene layers to the east on the Gabilan uplift, and the extent of the non-source 

Monterey Fm in the Arroyo Seco and north of the Lockwood Valley. 

  All 65 horizons yield a 3D Earth model that incorporate key aspects of Salinas 

Basin geometry, including the deep HVT and AST, and the discontinuity representing the 

RRF between them.  Mohnian and Luisian reservoirs layers are mapped along the 

Gabilan Shelf and underlie known oil fields.  The shelfal to basinal facies transitions 

within the Monterey Fm, and the anticlinal structures responsible for oil accumulation 

and trapping are apparent in 3D model cross-section.  These structures reflect the subtle 

flexural deformation applied to the upper Monterey Fm along the Gabilan Shelf edge in 

late Neogene time (Gribi, 1963).  Although trapping mechanisms for each oil field may 

also involve faults or stratigraphic pinch-outs (DOGGR, 2010; see Table A-2), we rely 
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solely on horizon anticlinal folds in our models.  Moreover, the resolution of our model is 

beyond that of most of the fields: the structures defining all but the San Ardo field are all 

less than three square kilometers in areal extent.  We therefore expect an under-

representation of these smaller fields in predicted petroleum accumulations. 

 Previous interpretations of paleowater depths (Graham, 1976) are incorporated 

into the basin models as maps for the middle Saucesian, end-Saucesian, end-Relizian, and 

middle Mohnian times (Fig. 9).  These maps highlight the abrupt lateral transitions in 

water depths, and the profound relative sea level fluctuations from upper middle bathyal 

and greater depths to emergent settings.  Following middle Mohnian time, paleowater 

depths are interpolated between the previous map and single value estimates of water 

depth (e.g., 100 m during Pliocene time), and finally interpolated to present-day 

topography, hundreds of meters above sea level. 

 Prior measurements of source rock characteristics (Mertz, 1984; Marion, 1986) 

are summarized into TOC and HI maps (Fig. 13) which are applied to all source rock 

layers.  These maps are constructed from average TOC and HI values for each source 

(i.e., outcrop or well).  Thus, although we note instances of TOC >7% and HI >700 mg 

hydrocarbons/g TOC (see section 3.1.2. Input Parameters – Source Rock 

Characteristics), our models use a narrower range of TOC and HI values.  More 

importantly, we note spatial variability in source rock quality: highest average total 

organic carbon measurements and hydrogen indices are observed in the AST and HVT.  

We also note the abrupt shift in source rock quality from east to west across the RRF.  

Given that these values are not corrected for original TOC values (per Peters et al., 2005), 

they may reflect conservative estimates where source rock is mature.  However, as we are 

documenting average values, and given the relatively low maturity levels (discussed 

below), this is of little concern.  Finally, the extent of these maps fills the entire basin 

boundary out of convenience in construction; these source rock properties however, are 

only applicable where source rock is present, and thus TOC and HI values beyond the 

source rock zero-edge line is irrelevant (see Fig. 8 for source rock lateral extents).  These 

maps, as well as depth horizon and PWD maps, are restored to basin geometries 

according to fault offset history (see section 3.1.4. RRF History). 
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3.2.2. Source Rock Maturation and Petroleum Generation 

 At present-day, the Monterey Fm source rock, where buried deepest, is in the 

early to middle oil window (0.55-1.0% Ro) in the HVT and the AST (Fig. 14), suggesting 

two main pods of active source rock (POASR; per Magoon and Dow, 1994).  Vitrinite 

reflectance is calculated assuming the “Easy%Ro” method of Sweeney and Burnham 

(1990).  The HVT POASR is both larger in area and more mature than the AST.  Closer 

inspection reveals a third possible POASR in Relizian and Luisian source rocks: a small 

area (<1/4 the size of the HVT POASR) just south of the Monroe Swell field, buttressed 

against the east side of the RRF.  Oil window maturities are confirmed here by Tmax 

pyrolysis data of 433-451 °C (Marion, 1986).  In all three cases, these POASRs are 

positioned in close proximity to oil fields: the HVT POASR is flanked by the San Ardo, 

Lynch Canyon, McCool Ranch and Paris Valley fields to its east, and the AST and the 

Monroe Swell area are adjacent to the Monroe Swell field.  Only the King City field in 

the center of the basin is at least 15 km from the nearest POASR.  The role of the RRF as 

a border to the POASRs is apparent from the abrupt transition out of the oil window west 

of the HVT and east of the AST. 

 The degree and areal extent of source rock maturity increases with depth and 

depositional age, thus the Saucesian and Relizian age strata within the Sandholdt Mbr are 

the most mature (Fig. 14).  Despite its slightly younger age and shallower depths, the 

Luisian age source rock of Hames Mbr lithology is also thermally mature for oil 

generation.  Compared to the Relizian and Saucesian age fetch areas, the Luisian source 

rock areas are relatively small in extent.  Due to the limited northern reach of the 

Saucesian stage stratigraphy, no source rock of this age is even present north of the Paris 

Valley field east of the RRF.  Moreover, thicknesses of the Saucesian sections in the 

HVT and AST are substantially less than the Relizian and Luisian units.  Therefore, 

considering both lateral extent and thickness, the Relizian source rock is likely the largest 

hydrocarbon contributor by rock volume.   

 In calculation of transformation ratios (TR), we assume type II kerogen kinetics 

after Behar et al. (1997), but later contrast these results with identical models assuming 

sulfur-rich kerogen (type II-S after Behar et al., 1997; see section 5.1.1. Source Rock 

Maturation and Generation Details).  The HVT POASR contains the most transformed 
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source rock (Fig. 15).  Here, transformation ratios are highest, reaching over 80% at 

present-day in the Saucesian layer.  Source rock is potentially generating petroleum up 

through the Luisian age Hames Mbr in the HVT, although the area over which this is true 

is less than half the area of transformed Saucesian age source rock.  Our models predict 

transformed source rock for the Sandholdt Mbr only in the AST; based on these models, 

the Hames Mbr of the AST does not contribute oil to the petroleum system.  At present-

day, the Saucesian and Relizian source rock in the AST is at approximately 50%, or the 

critical moment (per Magoon and Dow, 1994).  Finally, the narrow sliver of the POASR 

near the Monroe Swell field is in the oil window: the Relizian source rock may be in 

excess of 50% TR, and the Luisian source rock at ~30% TR, but the limited size of this 

POASR combined with uncertainties in the model warrants caution when including this 

POASR in the petroleum system evolution. 

 

3.2.3. Petroleum Migration-Accumulation 

 Our basin models predict liquid and vapor phase hydrocarbon migration and 

accumulation mainly east of the RRF and north of the HVT-San Ardo area (Fig. 16; Fig. 

17; Fig. 18).  These accumulations coincide with the upper Monterey Fm shelfal 

sandstone fairways along the Gabilan Shelf.  Accumulation is most concentrated in the 

center of the model, where several oil and gas accumulations cluster due east of the HVT, 

some of which coincide with the location of San Ardo field.  Other accumulations within 

this cluster overlap with the locations of the Lynch Canyon and McCool Ranch fields, 

although precise alignment is hindered by the lower resolution of the model relative to 

trapping features at these locations.  Additionally, minor inflections in the model 

horizons, which are artifacts of our mapping procedure, capture modest volumes of 

petroleum outside of known accumulation boundaries.  Artificial accumulations exist in 

the Vaqueros Fm south of the HVT for this reason, as an example.  The scale of these 

inflections is comparable to the scale of the smaller known fields, excluding San Ardo 

field, making it difficult to precisely predict these fields without simulating an 

overabundance of artificial accumulations. That the San Ardo accumulation is predicted 

with relative accuracy compared with other fields is a consequence of the larger size of 

its structural trap.  Employing localized grid refinement to targeted areas around known 
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oil fields would improve the ability to simulate accumulations that align with the smaller 

fields.  Nevertheless, these models demonstrate a spatial distribution of petroleum 

accumulations that emulate what we observe in the Salinas oil province: a large 

accumulation with nearby satellite accumulations just east of the HVT POASR, with 

several much smaller accumulations (often visually imperceptible at most scales) 

distributed to the north within the upper Monterey Fm sandstone units. 

 As described previously, hydrocarbons are produced from stacked upper 

Monterey Fm sandstone units with names that vary from field to field.  We summarize 

these with the three reservoir layers: Upper Mohnian, Lower Mohnian and Luisian.  Of 

the three, the Lower Mohnian reservoir accumulated the most petroleum by present-day, 

second to the Upper Mohnian reservoir (Fig. 19).  That the Luisian reservoir contains the 

least petroleum is in part a product of the spatially limited extent of the model reservoir 

(Fig. 8).  The only oil field to produce from a Luisian reservoir is the King City field 

(Fig.19).  Our models predict a small accumulation in the Luisian reservoir in close 

proximity to the King City field. 

 Petroleum migration occurred through the three Monterey Fm reservoirs, as well 

as the Vaqueros Fm and weathered basement zone beneath the Monterey Fm (Fig. 17; 

Fig. 18).  The Vaqueros Fm transports the most petroleum of the five model carrier units, 

accepting hydrocarbons that expelled downward from the lower Monterey Fm in the 

HVT and AST, and migrating the petroleum radially up and out of the two fetch areas.  

Its eastern and northern zero-edge boundary east of the RRF limits east- and northward 

migration of HVT-sourced hydrocarbons through the Vaqueros Fm alone.  Where the 

Vaqueros Fm onlaps onto the basement escarpment of the Gabilan Shelf, small 

accumulations form, then spill petroleum that is then taken up by migration in the 

weathered basement zone (Fig. 18).  As we do not implement a fault to emulate the Los 

Lobos Fault in these models, this combined Vaqueros Fm-Weathered basement migration 

is key in transporting petroleum to the San Ardo field area.  Similarly, where the 

Mohnian reservoir layers onlap onto the basement to the east, hydrocarbons migrate into 

the weathered basement.  In the northeastern part of the model, petroleum migrates from 

the small POASR near the Monroe Swell field through weathered basement.  No HVT-
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sourced petroleum appears to have migrated to the northern reservoir units via carrier or 

reservoir beds. 

 Migration within the three Monterey Fm reservoir units is relatively limited (Fig. 

17).  Despite the lateral continuity of the reservoir facies maps, the models indicate no 

significant north-south hydrocarbon migration within the Monterey Fm reservoir units.  

The model mainly suggests that the migration within the three reservoir layers merely 

connects neighboring accumulations, forming localized petroleum fill-and-spill scenarios. 

 West of the RRF, migration through higher-permeability zones occurred solely in 

the Vaqueros Fm and weathered basement (Fig. 18).  Migration within the basement 

appears to be derived from both the HVT and AST, accumulating primarily at the 

structural uplift block, the Lockwood High.  This explains the traces of migrated oil in 

weathered basement encountered by test wells at this location.  The HVT-derived 

hydrocarbons were transported across the RRF fault boundary, which lies directly at the 

eastern flank of the LWH.  The AST-derived petroleum at LWH was transported out of 

the western POASR through the Vaqueros Fm, which onlaps onto the basement structure.  

Additionally, petroleum migrated out of the AST through the Vaqueros Fm, to the west 

and north, preferentially following the more dramatic structural relief.  No hydrocarbons 

flow eastward from the AST across the RRF in the sandstone carrier beds
9
. 

 Darcy flow simulates hydrocarbon migration through the fine-grained layers of 

the Monterey Fm.  As the majority of basin stratigraphy comprises the fine-grained facies 

of the Monterey Fm, this is an important component in the petroleum system formation.  

Hydrocarbons primarily migrate vertically in the central area of the depocenters, and 

more laterally where there is steep structural relief.  Migration initiated in the HVT and 

AST (Fig. 16), and rather than migrating laterally out of the POASR, as occurred in the 

Vaqueros Fm, petroleum migrated upward through the fine-grained layers of the lower 

Monterey Fm.  Due to its low matrix permeability, hydrocarbon migration through the 

Monterey Fm was much slower than through the Vaqueros Fm or weathered basement.  

Over time, migration through the fine-grained rocks extended north and south of the 

POASRs.  Liquid phase petroleum dominated initially, representing early generation in 

                                                      
9
 Refer to appendix A-3 for flowpath and Darcy migration models of a scenario simulating a permeable 

fault zone using a modified PetroMod Sandstone (typical) lithology (see Table 2). 
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the HVT.  Vapor phase hydrocarbons migrated up and across the RRF boundary, and 

over the Lockwood High.  By present-day, both liquid and vapor phase hydrocarbons are 

moving out of their generation areas.  The models indicate petroleum migrated to the 

traps through the underlying fine-grained layers in addition to the carrier beds. 

 

4. Oil Geochemistry 

4.1. Geochemistry Methods 

 To chemically characterize Salinas Basin petroleum, we assessed biomarker and 

diamondoid content of crude oils, surface seep hydrocarbons, and Monterey Fm source 

rock (see Table 3 for sample information).  We analyzed saturate and aromatic fractions 

of eight oils produced from the Monterey Fm out of five separate oil fields and one oil 

derived from the HVT.  Additionally, we analyzed biomarker content of extracts from 

four surface seep locations, and source rock extracts from one outcrop and one wellbore 

in the AST.  Finally, we separated asphaltenes from oils from two spatially distinct fields: 

to the south, McCool Ranch field, and to the north Monroe Swell field. 

 Saturate and aromatic fractions were separated from crude oils and analyzed 

separately using gas chromatography mass spectrometry (GCMS) at Stanford University.  

A subset of the saturate fraction was analyzed for diamondoid content for the crude oils.  

Surface seep hydrocarbons were extracted from two fractured siliceous shale samples and 

two sandstone samples following procedures outlined in Peters et al., 2005.  Similarly, 

hydrocarbons were extracted from one outcrop source rock sample and one core sample 

from well Shell Texas Beedy-1 in the AST.  Mass chromatogram interpretation was 

accomplished using manual peak area integration in ChromEdge3.3 software. 

 

4.2. General Results 

 The biomarker distributions of the produced oils, seep hydrocarbons, and source 

rock extracts are consistent with previous geochemical assays on Monterey Fm oils (e.g., 

Curiale et al., 1985).  Oils from the Monterey Fm are typically characterized by relatively 

low diasterane concentrations, even-carbon number n-alkane preference, low 

pristane/phytane ratios and indicators of diatom algal input such as highly-branched 

isoprenoids (HBI) (Damsté et al., 2004) and 24-nordiacholestane (Holba et al., 1998; 



 

152 

 

Peters et al., 2005; see Table A-3).  Most oils contain highly degraded to absent n-

alkanes, and degraded isoprenoids, with the exception of samples BL-2, SA2 and the 

source rock samples (Fig. 20).  A number of the samples also show an unresolved 

complex mixture (UCM) “humps” and steeply inclined baselines by GC-FID analysis, 

most notably sample LC-2 (from Lynch Canyon field).  

 Steranes, tricyclic terpanes, and hopanes are present in all samples (Fig. 21; Fig. 

22).  All samples contain relatively low C28 17α18α21β-bisnorhopane (BNH)/hopane 

ratios (<0.6), with the lowest values belonging to samples BL and MS.  The outcrop 

source rock has the highest value (3.36), and the well source rock is quite low (0.09).  

Seep samples tend to have higher ratios (0.66-1.49), including the seep to the north 

(Mf1487).  Additional terpane ratios are tabulated in Table A-3. 

 All oil samples possess similar C27-C29 αββS sterane distributions, with C27 being 

the least dominant component (Fig. 23).  Surface seep and source rock sterane 

compositions deviate from the oils, with either more C28 or C29.  The monoaromatic 

steroids prove more consistent in C27-C29 distributions (Fig. 24a).  In both saturate and 

aromatic steroids, the asphaltene counterparts to the crude oil samples (MR and MS) 

deviate from the oil samples, typically with slightly higher C27 content.  Diamondoid 

abundances are extremely low for all crude oil samples (<5 ppm; Fig. 25).  Sterane ratios 

are tabulated in Table A-4; aromatic compound ratios are tabulated in Tables A-5 and A-

6. 

 One oil is particularly distinct from the others.  The Lynch Canyon oil (LC-2), 

which is derived from a satellite field to San Ardo field, is depleted in C30 17α-hopane 

relative to C29 Tm 17α21β-norhopane and moretane (Fig. 21).  This oil also contains 

considerably higher diasterane concentrations (Fig. 22), and depleted low HBI 

concentrations (~1/4 the average concentration of all other fields). 

 

4.3. Geochemistry Interpretation 

4.3.1. Biodegradation 

 The key biomarker parameters we use in assessing levels of biodegradation are 

the absence of n-alkanes and isoprenoids, elevated norhopane/hopane ratios, and at 

higher levels of degradation, depleted sterane or hopane abundances (Wenger et al., 
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2002).  C29 25-norhopane is not very abundant in any of the samples; 25-

norhopane/hopane ratios are <0.03 for all but two seep samples.  However, C29 Tm 

17α21β-norhopane increases relative to C30 hopane with higher levels of biodegradation 

(e.g., sample LC-2; Fig. 21).  In more extreme instances, the oleanane/hopane ratios are 

also elevated relative to nonbiodegraded oils; this is apparent particularly in seep samples 

NDsh and SA (Table A-3). 

 Generally, most oils are heavily to severely biodegraded (>rank 3 after Wenger et 

al., 2002; Peters et al., 2005).  Seep hydrocarbons are as high as biodegradation rank 6 or 

7, and the deep reservoir oil BL is not biodegraded at all.  Table 4 lists all samples in 

order of biodegradation magnitude.  The least degraded samples correspond to oils 

derived from deeper reservoirs with higher average reservoir temperatures (e.g., BL, SA2 

and SAA; Fig. 26a and b).  The generally accepted approximate threshold temperature 

conducive to microbial activity in the subsurface is 80 °C (Connan, 1984).  All but the 

deep shale reservoir sample (BL) are well below this temperature.  Average API gravity 

measurements for all oil fields (DOGGR, 2010; see Table A-2) also loosely correlate 

with average reservoir depth (Fig. 26c), although less of a positive relationship exists 

between API gravity and average reservoir temperature (Fig. 26d). 

 Among the four San Ardo oils, the degree of biodegradation is consistent with 

reservoir depth differences.  Samples SAL and SA1, which are derived from the shallow 

Lombardi Sandstone (~640-820 m TVD), are more biodegraded than the oils produced 

from the underlying Aurignac Sandstone: SAA and SA2 (~732-1181 m measured depth).  

The Aurignac oil SA2 is particularly distinct from the other San Ardo oils in that it is 

only very slightly biodegraded, as is immediately evident from its gas chromatogram 

(Fig. 22).  Interestingly, the reservoir temperature for sample SA2 is comparable to that 

of SAA, despite the significantly deeper origin than the other San Ardo oils. 

 Seep samples SA and NDsh are severely degraded, as is evident from low hopane 

abundances relative to C29 norhopanes, oleanane, C24 tetracyclic terpanes, and absent 

homohopanes.  In contrast with these, seep samples NDss and Mf1487 are significantly 

less altered.  This may be due to differences in host rock properties: the severely 

biodegraded samples are derived from fractures within porcelaneous and cherty Monterey 

Fm, whereas the less biodegraded seep samples saturated intergranular porosity within 
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sandstone.  The order of magnitude higher permeability potential in the fractures within 

the porcelanite is conducive to invasion of microbe-rich pore fluids, particularly when 

exhumed at the surface, confining pressures are diminished, and fracture apertures widen.   

 The Lynch Canyon oil appears to be the most biodegraded of all the oils.  This is 

consistent with its shallowest reservoir depth and lowest reservoir temperature compared 

to the other samples (Fig. 26).  Sterane degradation is clearly apparent from the contrast 

of diasterane abundances relative to steranes on the m/z 191 mass chromatogram (Fig. 

22).  C30 17α-hopane is also significantly depleted in the Lynch Canyon oil, which 

demonstrates higher oleanane/hopane and C29 Tm 17α21β-norhopane/hopane ratios than 

sample Seep-NDss, one of the San Ardo area surface seep samples.  Moreover, average 

API gravity for oils from this field range from 10-12 °API (DOGGR, 2010).  All of these 

parameters point to severe levels of biodegradation (rank 5-6) for this sample.  As a 

number of these biomarker parameters also serve as potential source and thermal maturity 

indicators, we proceed with our interpretation with caution. 

 

4.3.2. Source 

 Tricyclic terpanes, C27-C29 steranes and C27-C29 monoaromatic steroids are 

indicative of source lithofacies.  High C24/C23 and low C22/C21 tricyclic terpane ratios 

suggest a marine shale source and less carbonate contribution (Seifert and Moldowan, 

1979; Peters et al., 2005).  In general, all samples are most abundant in C28 steranes 

relative to C27 and C29 (Fig. 23).  The monoaromatic steroid distribution is similar in C27-

C29 sterane proportions, but skewed slightly more toward elevated C27 abundances at the 

expense of C29 (Fig. 24a).  Based on both the steranes and monoaromatic steroids, the 

source facies for all oil samples is relatively similar; these data suggest marine shale to 

marine carbonate facies as the source of the oils (per Moldowan et al., 1985).  The 

C27/C29 αββS sterane ratio in particular suggests marine shale facies is dominant over a 

carbonate possibility: for nearly all samples, this ratio is less than one.  This is consistent 

with the relatively low Pr/Ph and C27 diasterane/sterane ratios, which indicate anoxic 

shale and anoxic carbonates as source facies (Fig. 24b).  Care should be taken in 

interpretation of diasterane/sterane abundances however, as this parameter could be 
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elevated by biodegradation (See Rank 6 of the scheme from Peters and Moldowan, 

1993). 

 We identify subtle variability in C24/C23 and C19/(C19+C23) tricyclic terpane ratios 

that loosely correlate with relative position within the basin.  For example, northern oils 

MS and KC possess higher C19/(C19+C23) values (0.14-0.16), whereas southern field oils 

yield ratios of 0.10 and lower.  Even more pronounced is the decrease in C24/C23 and 

increase in C22/C21 tricyclic terpanes from south to north (Fig. 27).  Intriguingly, the deep 

reservoir oil (BL) plots near the northern-most oil (MS), suggesting a similar source 

facies.  The fact that sample BL is markedly different from other southern oils (e.g., San 

Ardo and McCool Ranch) reflects slight variability in source facies between the deep and 

shallow southern area oils, and probably separate charge events.  Moreover, this suggests 

that subtly varied source facies are oil-generative in the same pod of active source rock, 

although not all are present in the main oil accumulations adjacent to the HVT fetch area.  

Finally, the outcrop and wellbore source rock extracts fall on opposite ends of this 

possible source facies continuum.  The origin of these samples is ~20 km apart, and may 

reflect lateral variability in source characteristics within the AST area, despite their 

correlative ages (i.e., both samples are identified as Relizian benthic foram stage; Mertz, 

1984; Marion, 1986).  A definitive spatial pattern is more difficult to infer from the C27-

C29 steranes and monoaromatic steroid distributions (Fig. 23; Fig. 24a), in which oils 

cluster more uniformly. 

 

4.3.3. Thermal maturity 

 Interpretation of oil thermal maturity is complicated by the masking effects of 

moderate to heavy biodegradation in some samples.  This is true particularly given the 

narrow range in apparent maturities, as the magnitude of degradation overprinting may be 

similar to the maturity variability.  For non-biodegraded samples BL, SA2 and the 

subsurface source rock extract, isoprenoid/n-alkane ratios reliably demonstrate higher 

thermal maturity of the deep reservoir oil relative to the non-degraded San Ardo oil (Fig. 

28a).  As these samples are not biodegraded, the reduction in pristane and phytane 

relative to n-C17 and n-C18, respectively, indicates increased kerogen cracking (Peters et 

al., 2005).  Source rock extract from the subsurface in the AST ranks between the BL and 
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SA2 samples in thermal maturity.  Although additional source rock lies below our sample 

depth, and thus bitumen of higher maturity is likely in the AST, the deep shale reservoir 

sample BL is definitive evidence that higher maturity oils have been generated in the 

HVT.  All three samples are comparable to prior geochemical work on oils from HVT 

wells Bradley Minerals 1-2 (BM 1-2) and Hames Valley 1-15 (HV 1-15; Janezic et al., 

1985).  Based on the evidence from GC-FID, oils from both wells yield similar, but 

generally higher isoprenoid/n-alkane ratios, indicating slightly lower maturities (Fig. 

28a). 

 A number of biomarker parameters allow maturity assessment of all other 

samples, albeit with the caveat of potential confusion from biodegradation effects.  

Generally, all samples are relatively low maturity: Ts/(Ts+Tm) ratios range from 0.24-

0.37 for oil field samples (0.68-0.71 for deep reservoir oil BL), moretane is still present 

for all samples (Fig. 21), and C29 ααα 20S/(20S+20R) ratios range from 0.37-0.78 for all 

oils.   

 Relative maturities are clear for end-member samples: the deep shale reservoir 

sample yields biomarker evidence suggesting this oil is the highest maturity of the sample 

suite.  Likewise, extracts from the outcrop source rock are immature.  This is evident 

from the relatively high Ts/(Ts+Tm) ratio of BL relative to the outcrop source rock 

sample SR-AS (Fig. 28b; Seifert and Moldowan, 1979).  C29 sterane 20S/20R and C31 

terpane 22S/22R isomer ratios also support these inferences (Fig. 29).  The Lynch 

Canyon oil initially appears to be significantly more mature than other oils (e.g., Fig. 29), 

however C29 sterane 20S/20R ratios can also be affected by biodegradation, as R-isomers 

are preferentially microbially degraded over S-isomers.  Some seep samples and San 

Ardo oil SA1 also yield falsely elevated maturity indicators due to higher levels of 

biodegradation than other samples.   

 San Ardo oils derived from the shallower Lombardi Sandstone seem to be higher 

maturity than Aurignac samples (Fig. 29b) although this may also reflect biodegradation 

as the Lombardi oils are also more heavily degraded.  The low maturity and lack of 

biodegradation is readily apparent from the m/z 217 mass chromatogram for Aurignac oil 

SA2 (Fig. 22), which reveals elevated 20R isomers of C27-C29.  This is evident in source 

rock extract sample SR-AS as well, which is also attributed to its immaturity. 
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 We observe a loose correlation between inferred thermal maturity and sample 

location.  San Ardo oils appear to be the least mature, followed by McCool Ranch and 

King City oils, with the most mature oil being the deep reservoir BL oil (e.g., Fig. 29); in 

other words, there is a subtle increase in maturity of shallow reservoir oils from south to 

north, and highest maturity oil derived from a deeper reservoir in the HVT.  Analysis of 

sterane and terpane isomer ratios yield rather tight clustering, suggesting a narrow range 

in maturities across all oils (Fig. 29).  There is particularly limited variability in C31 

terpane isomer ratios.  The relative maturities of Lynch Canyon oils are obscured in most 

parameter analyses by biodegradation, as discussed.  Seep samples are more difficult to 

assess than the less degraded oils however, sample Seep-SA is evidently very low 

maturity, given that it is severely biodegraded, yet it maintains low sterane isomer ratios 

(Fig. 29). 

 In order to “see through” the biodegradation affects, we evaluate relative 

proportions of C28 17α18α21β(H)-bisnorhopane (BNH) and trisnorhopane (TNH) versus 

hopane and C29 25-norhopane as an additional maturity indicator.  BNH is present in 

higher abundances in immature oil, but is diluted by hopane with maturation (Peters et 

al., 2005).  Hopanes and BNH are depleted with biodegradation however, potentially 

demethylating to become 25-norhopane and TNH.  Thus, we combine all four 

compounds to assess maturation levels, such that (BNH+TNH)/(hopane+25-norhopane) 

ratios decrease with increased maturity.  This ratio is lowest for the deep reservoir oil BL, 

and higher for all other shallow reservoir oils.  Again, this parameter varies spatially (Fig. 

30a): southern oils derived from San Ardo, McCool Ranch and Lynch Canyon fields 

yield ratios of 0.19-0.22, the centrally located King City oil yields a slightly lower ratio 

(0.17), and the Monroe Swell (northernmost) field yields the lowest ratio of all shallow 

reservoir oils (0.13).  This suggests a trend of increasing maturity from south to north, 

consistent with the trend we observe in the C29 sterane parameters for nearly all oils, with 

MS being the exception. 

 The Monroe Swell oil (MS) enigmatically reveals seemingly contradictory 

implications for thermal maturity.  C29 sterane isomers and diasterane/sterane ratios 

suggest low maturity, comparable to the least mature oils, the Aurignac oils SA2 and 

SAA (Fig. 29; Fig. 30).  However, Ts/(Ts+Tm) ratios for the MS oil are the highest of all 
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shallow reservoir oils, second only to the King City sample (Fig. 28b; Fig. 30b).  

Moreover, (BNH+TNH)/(hopane+25-norhopane) ratios are lowest for sample MS than 

all other shallow reservoir oils; this combined with elevated Ts/Tm ratios suggest higher 

relative maturity.  As the latter two parameters are less impacted by biodegradation 

(although this oil is only biodegradation rank 3), and given the south-north trend of 

increasing maturity established by other samples, we are inclined to favor the 

interpretation of higher thermal maturity of the Monroe Swell sample. 

 Mixing of different maturity oils within the same reservoir is another factor to 

consider when interpreting these parameters.  The Monroe Swell oil contains a C29 

sterane concentration that is an order of magnitude higher than most other samples (Fig. 

25), indicating a voluminous fraction of immature oil.  Moreover, diasterane/sterane 

ratios in the MS sample are also low compared to most other oil samples (Fig. 30a).  It is 

possible that this immature oil is derived from a separate and earlier charge event, 

followed later by a pulse of higher maturity oil. 

 In addition to crude oils, we include the asphaltene extractions for two spatial 

end-member oils MS (northern) and MR (southern) in this analysis.  Asphaltenes 

represent early-generated oil (Horsfield, 1997).  In all cases, the asphaltene fraction for 

both samples is considerably less mature than the crude oil equivalents (Fig. 29; Fig. 

30b).  This suggests the predominant mass of the oil charge was generated later than the 

hydrocarbons represented by the asphaltene fractions.  This can occur if a later pulse of 

more mature hydrocarbons charges the field.  Thus, the discrepancy between the 

asphaltene and oil highlights the notion that the maturation history of oils filling the 

northern field probably differs from that of the oils filling the southern fields.  In this 

sense, it is entirely plausible for the asphaltenes of one sample to be more mature than the 

asphaltenes of the other, yet the overall composites of the oil maturities for the same 

samples is reversed.  This appears to be the case, based on Ts/Tm ratios (Fig. 28b). 

 All oils yield low diamondoid concentrations (0.65-2.63 ppm 3- + 4-

methyldiamantane; Fig. 25), which is consistent with “diamondoid baseline” estimates 

for Monterey Fm oils (1-2 ppm; Dahl et al., 1999).  The low diamondoid concentrations 

indicate that thermal cracking of oil has not occurred; relative abundances of 

diamondoids are expected to increase as oil cracks to gas.  These low concentrations not 
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only corroborate our interpretation of low thermal maturities for all oils, but they also 

discount the possibility of a deeper, more mature source.  One oil (KC) contains a 

diamondoid concentration that is over twice as high as the others (Fig. 25).  Given that 

diamondoids are not susceptible to biodegradation, it is possible that elevated diamondoid 

concentrations relative to biomarkers could indicate higher levels of biodegradation.  

However, additional biodegradation parameters indicate that the KC oil is not the most 

biodegraded of all the oils (Table 4); in fact, the n-alkanes are still present (albeit 

degraded) in this oil.  C29 sterane 20S/20R isomer (Fig. 29), Ts/(Ts+Tm) (Fig. 30b), and 

C27 diasterane/sterane (Fig. 30b) ratios all indicate that the KC oil is one of the most 

thermally mature of all the oil field-derived samples.  Therefore, it is possible that this 

relatively high thermal maturity is also reflected in the diamondoid concentrations. 

 

5. Discussion 

5.1. Petroleum System Modeling 

5.1.1. Source Rock Maturation and Generation Details 

 The source rock entered into the early oil window and petroleum generation 

began by Mohnian time in the main depocenters (Fig. 14; Fig. 15; Fig. 31a).  Although 

the two troughs experienced similar burial histories during Saucesian and Relizian times 

(see Chapter 1), comparatively less late Miocene burial in the AST versus HVT led to 

lower thermal maturities and transformation ratios in the northwestern POASR (Fig. 14; 

Fig. 15; Fig. 32).  In the HVT, the Saucesian source rock of the Sandholdt Mbr reached 

the critical moment (50% TR per Magoon and Dow, 1994) by 6-7 Ma, and reached over 

80% TR by present-day.  The time at which each of the younger source rock layers 

reached the critical moment was delayed according to their relative depth, but all have 

reached in excess of 50% TR by the end Miocene time in the HVT.  This includes the 

Luisian age portion of the Hames Mbr.  In contrast, our models predict generating source 

rock for the Sandholdt Mbr only in the AST; in other words, the Luisian Hames Mbr here 

does not contribute oil to the petroleum system.  The combined hydrocarbons generated 

from both kitchens is most abundant for the Saucesian source rock, and is less for 

sequentially younger strata due to the higher burial temperatures and longer burial 

duration of the older layers on the whole.  This is further enhanced by the abbreviated 



 

160 

 

burial period of the AST kitchen prior to its late Pliocene-Pleistocene uplift.  Thus, 

petroleum derived from Luisian source rock is considerably less abundant than petroleum 

from older Monterey Fm units (Fig. 31a).  By late Mohnian time, the AST was offset 

from its southeastern counterpart by ~20 km, and the two POASRs ceased to be 

contiguous by end Miocene time.  At this point, the HVT source rock had reached ~25% 

TR at its base, and the AST had achieved ~10% TR.  Thus, we suggest that although the 

Salinas Basin contained one single POASR initially, by end Miocene time there were at 

least two POASRs, and hence two separate petroleum systems (Fig. 33). 

 Beyond the HVT and AST, there is little-to-no source rock potential.  We do 

recognize a third, much smaller POASR, which like the HVT is abutted by the RRF to its 

east.  As it is situated near the Monroe Swell oil field, we refer to it here as the Monroe 

Swell Trough (MST).  Our models suggest that this may be a contributor to the petroleum 

systems history in the basin however, given its small size, more rigorous mapping and 

careful modeling is preferred before recognizing a third petroleum system.  Oil-source 

correlation testing would also help elucidate the relevance of this small potential kitchen.  

However, were the MST truly a hydrocarbon kitchen, it suggests the possibility of other 

similar, small depositional settings conducive to source rock preservation and burial 

along the paleo-shelf hinge line.  And like the HVT, the MST might also be the eastern 

counterpart to another source rock pod offset to the NNW.  We see no evidence of small, 

isolated POASRs to the south however.  The southern third of the basin is devoid of any 

mature source rock, despite the relatively thick overburden here (Fig. 12).  This is due to 

the timing of overburden emplacement: most of the supra-source rock thickness here 

deposited during late Pliocene-Pleistocene time, in contrast with in the HVT and AST, 

where the majority of overburden was deposited during Miocene time.   

 The above assertions assume hydrocarbon generation kinetics for type II kerogen 

after the work of Behar et al. (1997) on marine shale of the Paris Basin.  In other coastal 

California basins, the Monterey Fm is known to contain type II-S kerogen.  The high 

sulfur content of type II-S kerogen leads to petroleum generation at lower temperatures, 

and consequently earlier times (Baskin and Peters, 1992).  Although sulfur content of oils 

produced from the San Ardo field are at relatively low levels (1-2 wt%; Kornacki, 1989), 

and none of the oil production operations report encountering sulfur-rich oil or gas, we 
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test type II-S kerogen kinetics after the work of Behar et al. (1997) on the Monterey Fm 

in our models for comparison.  Generally, the regions containing transformed type II-S 

source rock are identical to those of type II, but they have higher TR’s (by ~10-15%; Fig. 

32) and their lateral extent is somewhat greater (by ~10 km; Fig. 34).  This is true for all 

four source rock ages.  As we discover in our migration and accumulation models, this 

has only subtle implications for the abundance and distribution of migrated and 

accumulated hydrocarbons, particularly for the HVT-San Ardo area, as petroleum 

generation is abundant regardless of kerogen type here (Fig. A-4).  But by assuming type 

II-S kerogen kinetics, the AST (with relatively modest TR’s using type II kerogen) would 

become a more significant petroleum producer, and opportunities for accumulation would 

increase. 

 

5.1.2. Expulsion, Migration, and Accumulation Details 

 Total petroleum generation correlates with depth of burial; the most deeply buried 

source rock (Saucesian) generated the most petroleum whereas the most shallowly buried 

source rock (Luisian) generated the least. However, effective expulsion and migration of 

petroleum from all source rock layers are hampered by the thick shale section that 

comprises the Monterey Fm (Fig. 31b): the absence of interbedded sandstones greatly 

reduced expulsion and migration efficiencies in Salinas Basin. This may explain the 

skewed oil field distribution in Salinas Basin; the largest accumulation (San Ardo field) is 

located adjacent to the pod of active source rock and a large fault that moves petroleum 

from source to trap.  Nevertheless, total expulsion from all of the source rock layers 

accelerated in late Miocene time (Fig. 31b) – corresponding approximately with the 

critical moment for all source rock layers (Fig. 32, red arrows) – and continued to 

increase to present-day.  

 One of our fundamental goals in modeling the Salinas Basin petroleum system is 

to better understand the provenance of oil accumulated along the Gabilan Shelf, 

particularly in the context of the basin’s dynamic tectonic history as the RRF split it in 

two.  By flagging source rock properties on the western and eastern sides of the fault 



 

162 

 

differently, we are able to differentiate the origins of migrated petroleum in our models
10

.  

In doing so, we discover that the generation and expulsion histories for both source areas 

follow similar trends (i.e., accelerating in late Miocene time, generation slowing in 

Pleistocene-recent times), but magnitudes for eastern petroleum are considerably greater 

than the west: 16 % of generated petroleum and 14 % of expelled petroleum are of 

western origins (Fig. 31d).  Similarly, petroleum that migrated into and accumulated in 

the reservoir layers is dominated by eastern-derived hydrocarbons.  Total relative 

abundance of western oil and gas in all carrier or reservoir layers (including the 

weathered basement and Vaqueros Fm layers) peaked at 4.28% by 2.6 Ma, and dropped 

to 1.08% by present-day (Fig. 19).  We attribute the imbalance of west:east accumulated 

hydrocarbons to an absence of reservoir facies near the western POASR and a lack of 

carrier beds connecting the western kitchen to the eastern reservoir fairway (Fig. 16).  

Given the lack of western reservoirs, we observe the highest percentage of western 

migrated hydrocarbons instead in the underlying carrier bed: the Vaqueros Fm.  Relative 

abundances of western oil and gas in this unit reached their maximum of 7.44% at 1 Ma.   

 Nearly all petroleum accumulated in the upper Monterey Fm reservoirs is derived 

from the eastern POASR (Fig. 19).  Although our models suggest essentially no carrier bed 

migration of western petroleum east of the RRF, we do observe evidence of western oil and gas 

that migrated across the fault in the fine-grained section of the Monterey Fm.  Migration 

through the porcelaneous Monterey Fm is supported by outcrop and subsurface evidence 

for migrated oil through this facies.  The quantity of western oil and gas east of the fault 

pales in comparison with eastern petroleum; nevertheless, cross-fault migration did occur 

in models that do not assume the fault is sealed.  The distribution of western petroleum 

masses within fine-grained layers in the eastern basin represent oil and gas that could 

only have migrated from the AST across the RRF (Fig. 35).  These hydrocarbons cluster 

only in the northern region of the basin, mainly along the RRF boundary, and in some 

cases underlie the Monroe Swell, King City and Paris Valley oil fields (Fig. 36; Fig. 37).  

Concentrations appear to have migrated eastward from the RRF over time: at the end of 

                                                      
10

 The method used to differentiate oil and gas origins is called source rock-tracking (Hantschel and 

Kauerauf, 2009).  This is accomplished by customizing kerogen kinetics to use oil and gas components 

with labels specific to their source rock origin (e.g., “OilWest”).  A separate source rock lithology for each 

location must be defined and applied to appropriate areas on the source rock facies map. 
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Pliocene time, western petroleum permeated Relizian, Luisian and Mohnian fine-grained 

layers just east of the fault, and slowly expanded laterally.  The gas component traveled 

east more rapidly than the oil component, most obviously in the Relizian and lower 

Luisian layers (Fig. 37), but is present in fewer layers.  The eastern extent of this 

migrated petroleum is defined by the onlapping boundary of the Luisian layers onto 

granite near the King City field (Fig. 35).  This location near the KC field is also where 

western petroleum first occurred in the Relizian-Mohnian strata of the eastern basin, at 

2.6 Ma (Fig. 36; Fig. 37).  Migration across the RRF near Monroe Swell field did not 

occur until later, at 1 Ma or even present-day.  This suggests a possible trend in relative 

oil maturities between the King City field area and the Monroe Swell field to the north: 

because hydrocarbons arrived at King City before Monroe Swell, we expect that western 

oils at Monroe Swell are more mature than those at King City.   

 Intriguingly, the area near King City field also corresponds to the location of 

some of the very limited migration of western hydrocarbons in carrier beds east of the 

RRF.  These occur in the carriers beneath the Monterey Fm.  The rest of the western 

carrier bed migration appears in the region near the Paris Valley field, where western oil 

masses are also present in the upper Monterey Fm (Fig. 36).  From this, we interpret that 

the isolated occurrences of western petroleum in carrier and reservoir units represent the 

continuation of oil and gas migration from the less permeable fine-grained units.   

 Although our models show minimal migration of western petroleum to the eastern 

side of the basin, these simulations demonstrate the potential for mixed oils from multiple 

sources in the eastern reservoir fairway.  In these models, given that the burial history and 

depositional settings for both POASRs are so similar, evidence of mixed western with 

eastern oil is difficult to unravel geochemically.  Nevertheless, we explore possible 

implications of these model results in light of our geochemical observations below (see 

section 5.2 Relating Geochemistry and Modeled Petroleum Systems).   

 These results not only demonstrate that western oil and gas migrates from the 

western to eastern side of the basin (assuming the RRF is not sealed), but suggests how 

the petroleum might be transported.  These models are an indication of the significance 

that finer-grained facies assume in petroleum system evolution in a basin lacking many 

high-permeability migration conduits.  With further research, migration from the AST 
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may be even more relevant to accumulation history, given the relatively conservative 

parameters we use in defining migration potential in these particular models.  First, aside 

from customizing the fine-grained facies with elevated permeabilities (though still below 

the flowpath migration threshold), we neglect the potential for improved permeability 

networks due to tectonic and natural hydraulic fracturing, which is known to occur in the 

Monterey Fm.  Second, although we emulate the presence of the RRF either through 

horizon geometry alone, or with high-permeability facies along the fault zone, we do not 

include any other faults that are known to exist along the Gabilan Shelf edge.  A number 

of these faults formed structural traps, creating oil fields such as Monroe Swell (DOGGR, 

2010); however others are migration pathways, such as the Los Lobos Fault near San 

Ardo field (Gribi, 1979).  With more efficient migration through simulation of fault and 

fracture permeability, the potential for migrated AST petroleum east of the RRF would be 

even greater.  Moreover, simulated expulsion from the AST is also likely underestimated 

in these models; improved 3D erosion modeling of the western Salinas Basin should 

include greater eroded thickness estimates, thereby increasing hydrocarbon generation 

and expulsion potential.  Additionally, petroleum expulsion implications of late Neogene 

transpressional tectonism (see section 5.3 for detailed explanation) should also be 

considered, as this may have induced greater migration of western oil and gas as well.   

 Petroleum migration and accumulation occurred first in the carrier zones 

underlying the Monterey Fm (Fig. 19), implying downward expulsion from the 

Sandholdt Mbr of the Monterey Fm.  It is not until Pliocene time that the upper Monterey 

Fm reservoirs along the Gabilan Shelf began accumulating oil.  The lower Mohnian 

reservoir filled more rapidly than the upper Mohnian layer simply because migrated 

hydrocarbons encountered the lower unit first.  At 1 Ma, the amount of accumulated 

petroleum in the lower Mohnian reservoir declined, while the upper Mohnian reservoir 

continued to fill; this demonstrates lower Mohnian reservoirs breaching their seals and/or 

traps, and relinquishing their hydrocarbons to tertiary migration to the overlying upper 

Mohnian reservoir.  The Luisian reservoir accumulated oil at a much slower rate, likely 

due to the limited lateral extent of reservoir facies of this age. 

 The presence of the Aurignac-Lombardi stacked reservoir duo at San Ardo field 

offers the opportunity to assess field-filling histories in more detail.  The lower Mohnian 
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reservoir in our models is analogous to the Aurignac Sandstone and the upper Mohnian 

reservoir corresponds to the Lombardi Sandstone.  Both reservoirs began accumulating 

hydrocarbons in the San Ardo vicinity by 5.3 Ma (Fig. 38), albeit in small quantities 

initially.  Basal carrier beds transported petroleum directly from the HVT to the San Ardo 

area (Fig. 39).  Although basin-bounding faults are also known to serve as migration 

conduits in Salinas Basin, we do not include them in these models.  It is not until 2.6 Ma, 

when structural closures were more fully developed, that significant accumulations 

formed.  This is true for both reservoir levels, though the upper Mohnian reservoir 

accumulated approximately half the amount (by mass) of petroleum as the lower 

reservoir.  The upper Mohnian layer also captured more of the vapor phase than the lower 

reservoir.  Our models indicate that rather than oil spilling from the lower to upper 

reservoir, each reservoir spilled petroleum updip in parallel.  In the last one million years, 

hydrocarbons from both reservoirs in the San Ardo field area spilled updip to the Lynch 

Canyon field (Fig. 38; Fig. 39).  The Lynch Canyon oil was thus filtered through the San 

Ardo traps first before reaching its present location.  Assuming that the oil spilled from 

the San Ardo traps is the latest-to accumulate there, the Lynch Canyon oil is slightly later 

maturity than the early-generated San Ardo oil. 

 In addition to two San Ardo pools and Lynch Canyon accumulation, a lower 

Mohnian accumulation at the Paris Valley field location is also predicted by the models, 

though it contains only 0.2% of the petroleum mass in the simulated San Ardo 

accumulations.  Though many small accumulations are predicted outside of these known 

field boundaries, the hydrocarbon abundance at San Ardo still dwarfs all other 

accumulations.  The upper and lower Mohnian San Ardo accumulations account for over 

75% (by mass) of all reservoir accumulations, and 93% of accumulations corresponding 

to known oil fields.  Our results suggest a combination of the following factors led to the 

highly skewed accumulation size distribution in favor of San Ardo field compared with 

the rest of the basin: 1) direct sourcing from the HVT POASR due to San Ardo’s close 

proximity and effective migration pathways, 2) large anticlinal trap of significant 

amplitude even at coarse model resolutions, and 3) multiple reservoir-quality sandstone 

layers.  Although there is abundant expulsion from the HVT, migration is most 

effectively directed toward the east, updip along the steep basement escarpment.  The 
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first large trap the petroleum encountered is the structurally flexed sandstone draping the 

escarpment edge at San Ardo.  This accumulation then behaved as a baffle for tertiary 

migration farther updip toward Lynch Canyon and McCool Ranch. Without well-

developed reservoirs on the opposite side of the HVT atop the Lockwood High, 

petroleum that migrated westward left no more than traces of oil in weathered basement 

zones.  Similar to the mirrored scenario to the north at the AST, effective westward 

migration from the HVT depends on the transmissibility of the RRF and related faults 

that define the western edge.  Our models presented here assume that the RRF is not 

sealed, thus westward migration is plentiful (Fig. 40). 

 

5.2. Relating Geochemistry and Modeled Petroleum Systems 

 We simulate essentially one source rock in our basin models, but in detail, we 

differentiate based on relative age, western versus eastern location, and calcareous 

Sandholdt Mbr versus siliceous Hames Mbr facies.  Assuming one source rock is 

consistent with C27-C29 sterane and aromatic steroid relative abundances of produced oil, 

and seep and source rock extracts, which suggest one source with outliers probably due to 

biodegradation.  Based on these parameters, the subsurface source rock sample from the 

AST corresponds well with the majority of produced oils.  Subtle facies variability exist 

in the Monterey Fm (e.g., Mertz, 1984), most significant of which is the transition from 

Sandholdt Mbr, comprising organic-rich shale with abundant calcareous microfossils, to 

the biosiliceous Hames Mbr.  Minor facies variability may account for the scatter of 

source indicator data, although the samples consistently indicate anoxic marine shale 

source rocks.  The C23/C24 tricyclic terpane ratios suggest spatial variability in oils from 

south to north.  More specifically, the Monroe Swell and King City field oils appear to 

contain lower C24/C23 abundances than the San Ardo area oils.  The ratio for AST source 

rock sample is most similar to oils from Monroe Swell and King City.  This is intriguing, 

in light of our migration modeling, which suggests that there may be potential for 

migration from both a small, isolated northern source east of the RRF (i.e., the MST; see 

section 5.1.1. Source Rock Maturation and Generation Details) and, to a much lesser 

extent, from the AST. Thus, future examination of source characteristics in the (potential) 

MS POASR is warranted to better explain the apparent source parameter variability in 
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these northern oils.  Lithostratigraphic mapping of the Salinas Basin confirms that the 

Monterey Fm is the deepest and only source rock, which our models indicate is in the 

early to middle oil window.  This is supported by the near absence of diamondoids in 

Salinas Basin oils.  The Monterey Fm source rock generates and expels abundant 

petroleum on its own, without a second deeper source. 

 Geochemically, all oils except the oil derived from a deeper well in the HVT (i.e., 

sample BL) exhibit relatively low maturities.  That the BL oil is the most mature is 

consistent with our petroleum system models.  These models predict an abundance of 

petroleum accumulations in the source layers, which is an indication of the inefficiency 

of oil migration out of the HVT.  We expect that the latest-generated and most mature oil 

did not travel far from its origin, thus explaining the BL sample.  Second most mature is 

the subsurface source rock extract.  Given that migration to the upper Monterey Fm 

reservoirs occurred previously (up to ~5 m.y.), and given that the AST is presently in the 

early-middle oil window, we expect a higher maturity for the source rock extract than any 

of the produced reservoir oils.   

 Our models also align with the relative maturities of the San Ardo oils based on 

C29 sterane isomer ratios.  Geochemically, the Aurignac (lower Mohnian) oils are less 

mature than the Lombardi (upper Mohnian) oils.  Our migration models indicate that the 

lower Mohnian accumulation at San Ardo began before the upper Mohnian accumulation 

(5.3 Ma versus 2.6 Ma, respectively), thus slightly less mature oil is expected for the 

lower reservoir.  Moreover, our migration models also demonstrate the sequential filling 

of petroleum from San Ardo to Lynch Canyon field areas.  We proposed that the latest-

generated, and therefore most mature, petroleum migrated to and breached the San Ardo 

trap, then migrated farther updip to Lynch Canyon.  According to our models, this 

happened in the last 1 m.y.  This is also consistent with several maturity indicators (C29 

sterane and C31 terpane isomer ratios and Ts/Tm ratios), which suggest Lynch Canyon 

oils are relatively more mature than San Ardo and even McCool Ranch oils. 

 Direct comparison of field-filling between Monroe Swell and San Ardo areas is 

not possible using these models, as there are no significant accumulations in the model 

within the Monroe Swell field boundaries.  However, no significant petroleum migration 

of any kind occurred in the Monroe Swell area prior to 1 Ma.  Thus, we expect that oils in 
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the northern Salinas Basin to be mature relative to San Ardo oils.  In this sense, our 

models are consistent with Ts/Tm and BNH/hopane maturity indicators, but contradicts 

maturity results suggesting lower maturity for the MS oil (i.e., C29 sterane and C31 

terpane isomer ratios).  Both additional migration modeling and alternative geochemical 

approaches are necessary to better assess the possible origins and maturities of northern 

basin oils.  The use of compound-specific isotope analysis (CSIA) on asphaltene extracts 

of the oils may better elucidate northern oil field history. 

 Varying degrees of biodegradation are evident in most oil samples.  As one of the 

main controls on biodegradation is reservoir temperature, we examine the temperature 

history of reservoir layers at San Ardo, Lynch Canyon and King City fields.  Reservoir 

layers at all three locations are less than 80 °C, an approximate threshold below which 

biodegradation occurs (Connan, 1984; Fig. 41).  Geochemically, the Lynch Canyon oil is 

the most heavily degraded of the oils (rank 5-6), whereas San Ardo and King City oils are 

rank 3-4.  These relative degrees of degradation correlate with our modeled reservoir 

temperature history.  The warmer thermal history and more recent timing of a drop in 

temperature of the King City reservoir may have both delayed and reduced the magnitude 

of oil degradation compared with San Ardo and Lynch Canyon. 

 

5.3. Petroleum System, Basin Evolution and Tectonic History 

 The dynamic tectonic history of the basin profoundly impacted the petroleum 

system by defining initial basin configuration and depositional setting.  Such abrupt 

transitions from upper middle bathyal isolated depocenters to shallow-water settings 

characterized the Neogene depositional setting due to steep structural escarpments, 

formed through basement-cored faulting.  Transtensional tectonism created abundant 

accommodation for source and overburden rock deposition.  These elevated subsidence 

rates were matched by heightened diatom productivity and eventual deposition, leading to 

high sedimentation rates (Graham, 1976) and ideal conditions for organic matter 

preservation.  Tectonism further manipulates basin evolution by structurally deforming 

the basement and sedimentary cover, resulting in the formation of migration pathways 

(e.g., faults, fractures), structural traps and fractured reservoirs.  We have formulated this 

understanding from previous observations supported by additional observations from this 
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study, and apply these data to basin and petroleum system models to tell a more complete 

story of basin evolution. 

 Historically, our understanding of subsidence mechanisms in this basin stems 

from combined inferences based on mapped basin structure using field observations and 

wellbore penetrations (Compton, 1966; Durham, 1974; Dibblee, 1976; Graham, 1976, 

and very few 2D seismic reflection surveys (Graham et al., 1991).  Deformation episodes 

that post-date subsidence initiation have also been inferred mainly from surface geology.  

However, new 3D seismic reflection data obtained in 2013 by Venoco, Ltd. reveal 

additional insights into the interplay between sedimentary basin formation and its 

tectonic drivers (Menotti et al., 2013).  Coupled with our petroleum system analysis, we 

relate the tectonostratigraphic history to development of the petroleum system here. 

 Several structural and stratigraphic features indicative of the strike-slip dominated 

tectonic history of the southern Salinas Basin are illuminated by 2D profiles from the 

recent seismic survey.  We describe a four-part tectonic history for the basin based on our 

seismic interpretations in a literature-grounded regional context.  We demonstrate the 

synchronicity of these events with petroleum system events, and address the intertwining 

of these basin and petroleum system processes (Fig. 33).   

 A petroleum system events chart is a common approach in analyzing a petroleum 

system (Magoon and Dow, 1994).  Classically, this includes timing of hydrocarbon 

generation from source rock, reservoir rock deposition, and trap formation.  However, in 

instances where structural evolution of the basin contributes to not only trap formation, 

but large-scale changes to basin shape and petroleum system element configuration, we 

encourage addition of structural deformation history as an added component to make 

petroleum system analysis more complete.  Given the strong influence of strike-slip 

tectonism on evolution of the basin, we describe petroleum system evolution in a tectonic 

history context. 

 

Stage I 

 Basin initiation is marked by an early transtensional phase (Stage I; Fig. 33), 

demonstrated by down-stepping high-angle basement normal faults (Fig. 42a), draped 

with latest Oligocene-early Miocene strata.  This period coincides with gradual 
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subsidence across a broad shelf environment and deposition of the Vaqueros Fm.  

Biostratigraphic ages of the Vaqueros Fm indicate a diachronous base to this unit 

(Graham, 1976), wherein depositional ages are older in Hames Valley (late Oligocene 

age) in contrast with early Miocene ages of Vaqueros Fm to the north, until the formation 

laps onto basement.  This suggests that this subsidence phase began in the southern basin, 

and progressed northward.  Although the San Andreas transform had been set in motion 

by this time, strike-slip motion along the RRF system had not initiated yet.   Earliest 

onset on the RRF is estimated as Relizian or Luisian ages (middle Miocene time; 

Dibblee, 1976). 

 The modest but wide-spread subsidence resulting from local extensional faulting 

during latest Oligocene-early Miocene time is a manifestation of regional-scale plate 

margin processes.  Obliquely divergent plate motion of the Pacific plate relative to the 

North American plate combined with relatively weak continental lithosphere (Atwater, 

1970; 1989) triggered extensional deformation throughout much of the continental 

margin, initiating formation of borderland rifting.  This period coincides with the 

northward propagation of the Mendocino fracture zone along the continental margin, 

which was accompanied by the sequential eruption of volcanic centers in its wake (e.g., 

Morro Bay-Islay Hill complex and Pinnacles; Dickinson, 1997; Cole and Stanley, 1998).  

By late Oligocene (Sharman et al., 2013) to early Miocene (Atwater, 1989) time, the 

primary zone of lateral plate boundary displacement moved inland with initiation of the 

SAF. 

 Little occurred to influence the future petroleum system in the Salinas Basin by 

this time, other than initiating tectonically-driven subsidence that would lead to 

significant accumulation in the next few million years.  The Vaqueros Fm would also 

become a plausible hydrocarbon migration conduit.  Given that the Vaqueros Fm 

underlies the Monterey Fm source rock, and the overlying stratigraphy above the source 

rock is predominantly fine-grained, downward expulsion of hydrocarbons from the 

Monterey to the Vaqueros Fm is likely. 
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Stage II 

Stage II - Period of Profound Subsidence 

 Transtensional basement faults (Fig. 42; Fig. 43) provided a mechanism for 

continued accommodation in early-mid Miocene time.  This period of very rapid 

subsidence led to an abrupt change in depositional setting: from isolated pockets of deep 

marine water, up to lower middle bathyal (1500-2000 m) water depths in some cases 

(Graham, 1976).  The Lockwood-Paso Robles High uplift block (present-day positions on 

Fig. 7) created bathymetric relief during Relizian-Luisian time, relative to the deep basin 

setting of the HVT/AST to the north.  At this point, the RRF had not initiated (at least in 

its current form), thus these structural features were not yet bisected.   

 One possible mechanism for creation of this pull-apart style basin is a 

transtensional model evoking a right-stepping releasing bend or step in parallel strike-slip 

faults in an overall dextral system (e.g., Mann et al., 1983; Christie-Blick and Biddle, 

1985; Harding et al., 1985; Sylvester, 1988).  The structural escarpment at the basin’s 

eastern edge is a fault-defined lineament with some strike-slip motion (Dibblee, 1976).  

Given its position as a distinct boundary to the basin, this trend may have initially been 

the location of an oblique-slip strike-slip fault, causing localized extension to its west 

during early and early-middle Miocene time.   

 Regional oblique divergence was also at work during this time, further driving 

subsidence (Graham, 1976).  In the absence of definitive structural relationships of early 

basin-forming features, particularly in the western side of the basin, the precise 

mechanism for the extreme drop in base level is unclear.  However, a number of 

basement fault blocks on the southeastern margin of the 3D seismic reflection survey are 

down-thrown to the NW.  These observations are consistent with physical models of 

transtensional basins, such as those of Wu et al. (2009), in which the sidewall faults 

accommodate no major lateral offset.  Even given the current compressional state of the 

basin, these faults retain a normal sense of motion, suggesting minimal, if any 

reactivation as high-angle reverse faults.  Therefore, other structural features must 

accommodate late Cenozoic shortening.  We address those features in Stages III and IV 

below.   
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Stage II - Early Role of RRF 

 The presence of the RRF and its relevance to Neogene basin formation is poorly 

understood.  Because the basin is overprinted with a transpressional history, much of our 

understanding of this fault system relates to its role in accommodating late Neogene 

shortening, and not the transtensional period.  Research by Wu and colleagues (2009) 

offer some insight into transtensional pull-apart formation using physical sandbox 

models.  Applying their model to the Salinas Basin suggests that the RRF initially 

comprised several shorter en echelon wrench faults that first began as Riedel shear style 

faults (refer to Christie-Blick and Biddle, 1985 or Sylvester, 1988), responding to an 

obliquely divergent stress field (Fig. A-5a).  We postulate that the individual segments of 

the RRF (Reliz, Rinconada, Espinosa, San Marcos; Dibblee, 1976) may have been late-

transtensional stage faults that linked together as a cross-basin fault to accommodate ~40 

km of post-Saucesian displacement.  Additionally, one of the key features of the 

transtensional sandbox model by Wu et al. (2009) is the immediate development of two 

depocenters at either end of the pull-apart basin, separated by a central basin high, which 

becomes the location of the future cross-basin fault. The apparent en echelon offset of 

these narrow transtensional basins is suggestive of Salinas Basin geometry (Fig. A-5b).   

 We cannot know for certain which early subsidence model is best suited for the 

Salinas Basin however, the dual-depocenter model suggests that total post-Saucesian 

displacement along the RRF system is in fact less than the previously-estimated 40 km, 

although intermittent connectivity between the depocenters would have been likely in the 

early stages of pull-apart basin evolution.  The similarity in the time-transgressive nature 

of the base of the Monterey Fm in both the AST and HST (Graham, 1976; confirmed 

through mapping in this study) may be one line of evidence supporting an originally 

whole depocenter in early Miocene time.  This pattern of southward thickening is 

reminiscent of the preferentially thicker Vaqueros Fm in the southern stretch of the basin 

on both sides of the RRF, which further suggests one whole early depocenter.  For these 

reasons, in addition to previously-mentioned cross-fault ties, we proceed under the 

assumption of ~40 km of post-Saucesian displacement. 
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Stage II - Sedimentary Response to Early Subsidence 

 Marked thickening of sedimentary wedges into the basin depocenter suggests syn-

depositional extensional faulting through middle Miocene time (Menotti et al., 2013).  

Bifurcating seismic reflectors and overall thickening reflector packages to the west and 

north characterize much of the lower Monterey Fm basin fill (Fig. 42a).  The 

southeastern side of line A nicely demonstrates growth strata, where lowest sedimentary 

reflectors are parallel to the basement fault block surface, but progressively fan to 

subhorizontal upsection. A number of later structures disrupt the continuity of strata and 

obscure precise assessment of the degree of lateral thickening.  Nevertheless, thickening 

of the wedge between the blue horizon (approximately early late Miocene age) and the 

basement indicates the sedimentation locus was to the northwest in the HVT.  It is 

entirely possible, given the ample sedimentation that occurred during middle and late 

Miocene time, that sediment loading amplified subsidence (c.f., Steckler and Watts, 

1982).   

Stage II - Subsidence Timing 

 The MTJ migrates past the Salinas Basin ~6 m.y. (Dickinson and Snyder, 1979) 

before rapid subsidence of the basin floor.  Atwater (1970) noted the apparent 5-7 m.y. 

cooling period following introduction of a slabless window in a given location along the 

California margin.  Thermal modeling of the Los Angeles Basin (Sawyer, 1987) suggests 

the important role of lateral heat transfer in subsidence of a narrow strike-slip basin 

relative to adjacent pop-up blocks (Pitman and Andrews, 1985).  Perhaps rapid lateral 

heat transfer from the basin to uplifted basement blocks to the east (Gabilan Shelf) and 

south (Lockwood-Paso Robles High) adds to the explanation for the very sudden and 

deep subsidence in Saucesian-Relizian (middle Miocene) time.  Additionally, if we 

assume a model of thin-skinned transtensional-rifting, this would beget lower geothermal 

gradients than if deep-rooted rifting and mantle upwelling were involved.  Lower 

temperatures are expected particularly for sediments deposited after the initial rifting 

stage (Pitman and Andrews, 1985).  These concepts are consistent with the moderately 

low paleo-heat flow estimated for middle Miocene to present-day by our computational 

basin models (Fig. 10). 
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Stage II - Relevance to the Petroleum System 

 In its nascent stage, the basin was spatially restricted and its marine waters were 

shielded from communication with oxygenated ocean currents by pop-up basement fault 

blocks.  At upper middle bathyal water depths, benthic biologic activity occurred only 

minimally, allowing sub- to anoxic conditions to develop in the lower water column and 

sediments.  The highly laminated nature of much of the lower Monterey Fm unit attests to 

this (Graham, 1976; Mertz, 1986).  The sedimentation rates remained relatively low 

during Saucesian and Relizian time relative to the upper Monterey Fm (~50-100 m/m.y.; 

Graham, 1976) despite the rapid subsidence.  Without the dilution of detrital sediment, 

organic debris including foraminieral fauna and nanoplankton accumulating on the 

restricted ocean floor would become concentrated, eventually become a type II kerogen 

source rock with burial. 

 During Saucesian and Relizian time, little to no displacement had occurred on the 

RRF, so the AST and HVT would likely have shared the same depositional setting as one 

united depocenter.  Even if we apply the Wu et al. (2009) model of dual depocenter 

formation in a transtensional setting, the hypothetical bathymetric high between them 

would have been minimal, and potentially deep enough to maintain a shared water 

column and depositional setting across the AST and HVT. 

 Paleo-heat flow during this stage was likely relatively low (we estimate ~47-53 

mW/m
2
), despite the pulse of volcanism ~5 m.y. prior.   As increasingly more organic-

rich sediments accumulated and were buried, the depressed thermal gradients retarded 

organic matter maturation.  Moreover, lower heat flow is in line with thin-skinned 

extension, as has been inferred for the borderland style crustal extension in the Miocene 

coastal California basins (Heasler and Surdam, 1985).  Although our models include a 

thermal pulse in late Oligocene time to honor the volcanism, the heat dissipated by the 

time of Monterey Fm deposition, and thus had little effect on maturing the future source 

rock. 

 



 

175 

 

 

 

Stage III 

Stage III – Shift to Contractile Deformation  

 The basin continued to accumulate sediment through Stage III, while 

synchronously responding to newly introduced shortening in the form of syn-depositional 

folds and faults (i.e., Fig. 42b; Fig. 43a).  Such compressional features are abundant both 

in surface exposures of the Monterey Fm (Dibblee, 1976) and in subsurface seismic 

imaging (Menotti et al., 2013).  Extensive surface mapping (Dibblee, 1976) uncovered a 

multitude of densely spaced, narrow, doubly plunging, steep-flanked en echelon folds, 

oriented ~20° counterclockwise from the RRF.   These folds appear to be truncated and 

offset by segments of the RRF but folds incorporate Pliocene strata in some places, 

suggesting a later history of folding (Dibblee, 1976).  In the majority of locations 

however, these folds can be traced laterally only within the Monterey Fm, making the age 

of the folds unclear.  The wrench model of Wilcox et al. (1973) would predict this 

arrangement of folds as a response to distributed shear in the early stages of strike-slip 

faulting.  Thus, these conflicting observations suggest the possibility of multiple folding 

episodes over a time continuum spanning middle Miocene through modern times.  

During this time, the en echelon folds within the Monterey Fm accommodated 2-5 km of 

contractile deformation within a 20 km area around the Rinconada segment of the RRF 

(Titus et al., 2007).  This is based on analysis of fold orientations and paleomagnetic data 

from surface exposures.  This style of deformation is observed much more commonly on 

the west side of the RRF than the east, particularly where the Monterey Fm is thinner (<1 

km).   

 Our seismic data, which are east of the fault, suggest that this oblique wrench 

tectonism is partly taken up by low-angle detachment faults within the Monterey Fm.  

One of these detachments cuts upsection and ramps up over basement fault blocks, 

eventually joining and inverting along preexisting extensional faults (Fig. 43a).   This 

effectively squeezes the basin fill up and laterally out the basin.  The NW-SE lines A and 

C (see Fig. 1) demonstrate the existence of this lower detachment surface, ramping over 

the faulted basement surface, and a second sub-horizontal detachment mid-way up the 
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basin stratigraphy.  The faults preferentially follow zones within the sedimentary section, 

likely in mechanically weak stratigraphic sections within the Monterey Fm. Both 

detachments suggest a vergence direction generally to the southeast.  These detachments 

are possibly part of a positive flower structure, which is commonly associated with 

transpressional tectonism (e.g., Sylvester, 1988).  We suspect these detachments are fault 

strands that are rooted in a near-vertical strike-slip fault root, the root of the RRF.  Rather 

than compressive stresses forcing reactivation and reversal on normal faults in basement 

rock, it appears the Monterey Fm instead took up much of the shortening, due to the 

mechanically weak nature of the interbedded shale and porcelanite.  These zones yielded 

to the late Miocene contractile pressures, forming low-angle décollment surfaces.  These 

detachments may also be more pronounced given the incipient geometry of the basin, 

with steep walls on its NE flank, forcing escape of the lower Monterey Fm up the more 

gradual basement slope to the south. 

 Relative timing of this deformation pulse is evident from growth of folds 

associated with the upper detachment surface (Fig. 42; Fig. 43a).  This is apparent in 

post-blue horizon stratigraphy, suggesting deformation along the upper detachment began 

after the blue horizon, and continued steadily as more Monterey Fm was deposited.  This 

coupled shortening and deposition ceased prior to Pliocene deposition, as evidenced by 

an over-lapping, southeast-prograding clinoform package.  The undulating diagenetic 

boundary may be an indication that the diagenetic front reached its deepest point prior to 

disruption by compressional folding (Fig. 43a).  We estimate this shortening probably 

occurred during Mohnian time, synchronous with the rapid deposition of biosiliceous 

Monterey Fm.   

Stage III – Early Lateral Movement on RRF 

 Middle to late Miocene time was a period of significant lateral slip along the RRF 

(Dibblee, 1976; Graham, 1976; 1978).  Prior to this, during the transtensional period of 

Stage II, the shear segment precursors to the RRF accommodated and distributed oblique 

stress tensors through extension of a pull-apart basin (per the transtensional model after 

Wu et al., 2009).  By middle Miocene time, the shear segments had begun to operate as a 

unified strike-slip fault zone, and the 40 km of future offset of the main depocenter (per 
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Dibblee, 1976 and Graham, 1976; 1978) was initiated.  In fact, over half the estimated 

separation on the RRF since middle Miocene time occurred during Stage III (Fig. 33).  

 Under the influence of local compressional stress by late Miocene time, the strike-

slip fault zone responded with progressive development of shortening structures 

resembling a modest positive flower structure.  The low-angle detachment faults 

described above appear to be rooted in near-vertical strands that most likely emanate 

from a core strike-slip fault within the RRF zone.  The 3D seismic survey does not extend 

far enough west to capture images of the RRF, but prior interpretations on earlier seismic 

reflection profiles that include the Rinconada Fault (Graham et al., 1991; Colgan et al., 

2012), as well as gravity model (Langenheim et al., 2012) and seismic data (Hardebeck, 

2012), clearly illustrate the deep (>5 km), near-vertical root of the fault.   

 The presence of contractile deformation during a period of regional transtension 

may be perplexing.  However, we interpret this deformation as a local response to 

preexisting basin geometry, and perhaps a manifestation of the acceleration in tectonic 

plate motion: the relative motion of the Pacific Plate relative to the North American plate 

increased from 33 mm/yr to 52 mm/yr during this time (Atwater, 1998; Fig. 33).  This 

significant shift in rate of plate motion, combined with the relatively steep-walled 

geometry of the basin, perpetuated low-angle displacement of some of the basin fill up 

and out of the rapidly filling depocenter. 

Stage III – Sedimentary Response during Contractile Period 

 We have identified Stage II as a period of tectonic subsidence driven by 

transtension, with profound sedimentation keeping pace with subsidence.  In contrast, 

Stage III is primarily a period of accommodation destruction, both through deposition 

and uplift.  Although sedimentation rates remained high (Graham, 1976), subsidence 

appears to have declined.  The northwestward fanning sedimentary wedges observed in 

older strata are not present at shallower depths, and the depositional focus had shifted 

location entirely in late Miocene time.  Seismic reflectors bifurcating to the southeast 

(Fig. 42a; Fig. 43a) are indicative of this shift, and suggest syn-depositional subsidence, 

albeit less profound than that of Stage II.   

 Sedimentation of the Monterey Fm continued during this time, occurring 

concurrently with contractile deformation.  The synchronicity of deposition and 
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deformation is apparent in the growth of folds within the Stage III stratigraphy.  The 

seismic stratigraphy records relationships with locally extensional processes as well, such 

as growth strata thickening into to a late Miocene age high-angle normal fault (Fig. 42a).  

This seemingly contradictory occurrence of contraction and extension is commonplace in 

strike-slip settings (e.g., Biddle and Christie-Blick, 1985), and comparison of the 

contractile folds and detachment in line C with the extensional fault of adjacent line A is 

an example of this. 

 The reversal we observe in depocenter locations (i.e., from northwest to 

southeast), and corresponding destruction of accommodation in the northwest (Fig. 42a) 

appears to be driven by the transpressional faults related to early RRF displacement.  

Uplift to the north and west eventually gave rise to the transition from deep marine facies 

to shelfal deposits, most notably as clinoforms of the Pancho Rico Fm prograding off a 

local high to the northwest into the subbasin to the southeast (Fig. 42a).  The wavy 

character of the inferred opal-CT/quartz transition on line C (Fig. 43a) may be an 

indication that the lower strata achieved quartz phase diagenetic grade (and therefore 

sufficient burial) prior to Stage III contractile deformation.  

Stage III - Relevance to the Petroleum System 

 This is a key stage in the evolution of the petroleum system.  Deposition of the 

upper Monterey Fm during this time placed overburden on the lower Monterey Fm 

source rock, pushing it into the oil window.  Petroleum generation continued in earnest 

(TR ~20-40% in latter half of Stage III) in both the HVT and the AST.  Our seismic 

evidence demonstrates that strike-slip faulting was syndepositional for both depocenters, 

which is also supported by observations of Graham (1976).   As the AST and HVT 

separated contemporaneously with petroleum generation, a separate petroleum system 

formed (Fig. 33).  In both cases, the reservoir and seal rocks for these systems also 

formed during this time as the interbedded sandstone and shale units of the upper 

Monterey Fm deposited on the Gabilan Shelf.  The detachment surfaces and other Stage 

III faults were potential hydrocarbon conduits for migration, and associated folding 

offered opportunities for structural trapping.  These modest anticlinal features are within 

the slope-basin lithofacies of the Monterey Fm, and would therefore require extensive 

fractured reservoirs to be a successful resource play. 
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Stage IV 

Stage IV – Shift to Transpression 

 By late Neogene time, coastal California transitioned into a transpressional phase 

(Graham, 1978; Page et al., 1998) triggered by a ~23° clockwise change in the Pacific 

plate pole-of-rotation relative to the North American plate (Atwater, 1989; Fig. 33).  

Seismic and surface mapping evidence provide age constraints for Stage IV as beginning 

in late Pliocene time and continuing to present-day.  The transpressional deformation of 

Stage IV is most notably documented by the uplift and broad folds of Neogene strata, 

including the Pliocene clinoforms package of the Pancho Rico Fm (Fig. 42a).  High-

angle thrust faults cut through all Neogene stratigraphy, locally inverting parts of the 

basin.  Some faults break the surface, such as the Los Lobos Fault (LLF) near San Ardo 

field, indicating recent offset (Gribi, 1979).  Others are blind thrusts, and are visible only 

on seismic profiles (e.g., Fig. 43b).  At least three such faults are identified in the western 

side of the seismic survey, all of which are subparallel to one another and strike NE-SW, 

dipping steeply to the SW.  Although the LLF demonstrates reverse sense of motion, 

uplifting basinal facies of the Monterey Fm in juxtaposition with shallow marine to 

terrestrial facies on the eastern footwall (Gribi, 1979), this thrusting motion probably has 

a strike-slip component, as well.  These observations can be viewed in the context of 

distributed shear models of a convergent strike-slip setting, per Biddle and Christie-Blick 

(1985).  These models predict en echelon thrusting in this orientation, possibly forming a 

positive flower structure.  Given the geometries we observe and the regional tectonic 

context, we interpret these late-stage faults as branches off a positive flower structure, 

where the RRF is the subvertical root fault.  In fact, we further suggest that the San 

Antonio Hills are possibly the topographic manifestation of this positive flower structure.  

Less apparent in the seismic survey is NW-SE striking en echelon folds which continued 

to deform stratigraphy through post-Pliocene time.  Surface mapping identifies folds in 

the Monterey Fm that also incorporate Pancho Rico Fm, placing maximum age constraint 

of the deformation as late Pliocene (Dibblee, 1976).   

 The deformation that occurred during tectonic Stage IV is linked to the Coast 

Range orogeny.  Precise timing of onset of the orogeny is widely debated: estimates 
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range from as early as 8 Ma (Argus and Gordon, 2001) to 3.5 Ma (Cox and Engebretson, 

1985).  Much of the shortening of the Coast Range is taken up by rocks outboard (west) 

of the Salinas Basin.  Generally, the degree of deformation in the Salinas Basin, 

particularly on the eastern side, is minimal in comparison.  This is attributed in part to 

differences in composition of the underlying basement (Graham, 1987).  The highly 

metamorphosed and deformed Franciscan subduction complex comprises basement west 

of the Nacimiento Fault.  The Franciscan and its sedimentary cover responded to 

transpressional stresses with much more shortening than the rigid Salinian granite 

basement underlying the Salinas Basin (Graham, 1987; Titus et al., 2011).  

Stage IV – Continued Influence of RRF 

 In addition to its role as the root to a positive flower structure, off-shooting 

duplexed high-angle thrust faults, the RRF also underwent considerable lateral offset in 

latest Neogene time through Quaternary time.  Though there is indication of Quaternary 

slip, there is no apparent Holocene offset on the Rinconada Fault (Rosenberg and Clark, 

2005), but Hardebeck (2012) reports modern seismicity on the Rinconada Fault near Paso 

Robles.  Regardless, by present-day the RRF has accrued the 40 km of displacement 

described earlier.   

Stage IV – Sedimentary Response to Transpression 

 With the shift in the regional stress field from obliquely extensional to obliquely 

compressional, the trend toward uplift and shoaling of depositional facies witnessed in 

late Miocene time continued and accelerated during this period.  Inversion of basin 

stratigraphy along the RRF, and the north and western basin margins led to considerable 

erosion and redistribution of sediment as a fluvial system flowing southeast, ultimately 

into the Central Valley (Galehouse, 1967).  These deposits would become the Paso 

Robles Fm, which documents the cannibalization of the Monterey Fm through inclusion 

of porcelaneous pebbles in its conglomeratic lithofacies.   

Stage IV - Relevance to the Petroleum System 

 The structural deformation produced during this final tectonic stage impacted the 

petroleum system in a number of ways.  First, lateral displacement along the RRF offsets 

the HVT and AST pods of active source rock even farther by another ~20 km, placing the 

AST fetch area in close proximity to the potential traps in Gabilan Shelf reservoirs in the 
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northern Salinas Basin.  Today, the Monroe Swell field is due west of the AST.  The 

shortening taken up by the Arroyo Seco syncline effectively kept the source rock in the 

AST in the oil window by structurally increasing overburden load on the source rock.  

Thus, although the contractile deformation experienced across the Coast Ranges during 

this time led to uplift and erosion, and thus removal of overburden in some places, this 

was counterbalanced with structural loading in the AST. 

 Petroleum migration and accumulation also benefitted from transpressional 

tectonism during Stage IV.  Tectonic fracturing, particularly of the Monterey Fm, 

enhanced migration networks and produced fractured reservoir potential.  Observations 

of oil-stained fractures have been observed in wellbores through the Monterey Fm in this 

basin, although an economically successful oil resource play is not yet confirmed.  

Conventional accumulations involving structural trapping in the upper Monterey Fm 

shelfal sandstone units do prove successful, however.  A number of these fields owe their 

success to flexure of reservoir strata, such as San Ardo field, or thrust faulted reservoirs, 

such as in the King City or Monroe Swell fields.  In the context of our structural 

observations, we posit that these trap-defining features may represent the manifestation of 

transpression along the RRF system, and faults such as the Doud Fault, a blind thrust 

fault at King City field, may be branches off RRF-rooted flower structures.  This implies 

a late-stage, post-Pliocene age of trap formation.   

 The high-angle thrust faults of Stage IV are also pivotal for migration of deeply 

sourced petroleum from the base of the Monterey Fm to reservoirs that are over a 

kilometer shallower.  In particular, the Los Lobos Fault provides a conduit for oil 

migration to San Ardo field.  Although this is not the only migration pathway for San 

Ardo field (the weathered basement, and possibly Vaqueros Fm play a role, and probably 

fracturing within the Monterey Fm), the Los Lobos Fault is a primary contributor.  It is 

possible that application of a transpressional stress field on the pods of active source rock 

elevated pore pressures.  Consequently, expulsion of hydrocarbons from the AST may 

have been enhanced during this period. 
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5.4 Future Opportunities 

 Though this work represents a significant advancement in our understanding of 

Salinas Basin petroleum system history, our models leave room for future study in a 

number of areas.  First, the erosion models, particularly in the western basin, can be 

improved upon to more precisely reflect differential uplift and denudation, as estimated 

from 1D modeling (see Chapter 1).  This will affect and enhance source rock maturity 

and petroleum generation estimates, and potentially have implications for simulated 

accumulation distribution.  Second, implementation of faults, whether through model 

fault planes or approximations using facies maps, would potentially enhance migration 

potential where carrier beds are unavailable or ineffective.  For example, the 

transpressional fault observed at King City and Monroe Swell fields may play a role in 

transmitting hydrocarbons to these traps.  Third, migration through the fine-grained 

Monterey Fm layers could be enhanced through better approximations of fracture 

permeability.  The timing of simulated fracture development could be linked to both 

tectonic events and the simulated diagenetic stages of the Monterey Fm (Gross, 1993; 

Eichhubl and Behl, 1998).  Given the ubiquitousness of the Monterey Fm in this basin 

and throughout central and southern California, improving petroleum migration models 

through this unit could be of great value in assessing petroleum systems.  Fourth, the 

details of field-filling in the northern reservoirs can be better reasoned through the 

addition of geochemical source-oil correlation information.  This would require extracts 

of source rock from the MST to contrast with Monroe Swell oils. 

 Future modeling efforts would also benefit from testing conceptual models of 

geologic processes such as the magnitude and timing of displacement on the RRF.  The 

margin of error on cross-fault ties currently guiding the interpretation of offset history 

(Fig. 33), as well as simply their reliability as piercing points, encourages exploration of 

alternative fault histories through 3D strike-slip basin modeling.  Additionally, the impact 

of oblique compression on pore pressure prediction and hydrocarbon expulsion, 

especially in the AST POASR, would add value to future exploration and development, 

as well as further integrate the impact of tectonism on petroleum systems.  For this, pore 

pressure measurements from the POASRs would be necessary for calibration. 
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 Exploration for untapped oil resources will, and already has, begun to refocus 

from the conventional reservoirs of the Gabilan Shelf, and focus on potential within the 

fine-grained Monterey Fm and the source rocks themselves.   Features common to 

unconventional resource plays are large areal extent, pervasive charge, and lower matrix 

permeability.  Our models demonstrate the likelihood of hydrocarbons remaining within 

the low-permeability shale, porcelanite and chert layers in the HVT and AST.  Improved 

modeling that incorporates fracture permeability and lateral stress fields will focus these 

exploration efforts further.  Careful analysis of the interplay of hydrocarbon migration 

and silica diagenesis also has potential for identifying diagenetic traps. 

 

6. Summary 

 We have shown how profoundly the Salinas Basin is influenced by tectonism, and 

have highlighted the relevance of tectonism to petroleum system evolution.  Here, we 

summarize the key tectonic events and processes and how they relate to our 

understanding of petroleum system development according to our model results. 

1. Brief periods of rapid subsidence and uplift constrained petroleum system 

development.  Strike-slip basins have comparatively brief lifespans, experiencing 

rapid subsidence and uplift.  For the Salinas Basin, its strike-slip history occurred 

within the past ~20 m.y., leaving minimal time for petroleum system development, 

relative to basins recording longer depositional histories.  In contrast with the San 

Joaquin Basin, for example, which contains rocks dating back to its Mesozoic forearc 

basin stage, the Salinas Basin contains source rock of essentially one age, whereas the 

San Joaquin Basin includes four separate source rocks ranging in age from 

Cretaceous to Miocene (Peters et al., 2008).   The short-lived nature of the Salinas 

Basin is evident in its partial inversion by end Neogene time, which consequently 

slowed hydrocarbon generation considerably, particularly in the western POASR.  

Furthermore, the profoundly rapid subsidence that is a hallmark trait of strike-slip 

basins allowed for formation of depositional settings conducive to organic matter 

deposition and preservation.  This also created the ample accommodation space into 

which organic-rich sediments could accumulate and overburden rocks could deposit.   
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2. Confined, steep-walled basin geometries created opportunities for PSE 

formation.  The Miocene borderland setting that developed in response to the 

California transform formation created a patchwork of alternating depositional 

settings and uplift blocks offshore.  This basin configuration led to isolation of some 

basins (Salinas Basin included) from ocean circulation currents or from terrigenous 

sediment influx.  It is this geometry that defined the contrast in depositional styles of 

upper middle bathyal Monterey Fm facies in the HVT and AST with the stacked 

shallow marine sandstone and mudstone of the Gabilan Shelf.  This allowed the 

advantageous juxtaposition of excellent source rock and potential reservoir beds, with 

fault-enhanced migration pathways connecting the two. 

3. Lateral displacement altered basin and petroleum system geometry.  The RRF 

changed not only the entire shape of the Salinas Basin by bisecting and offsetting its 

major depocenter, but it profoundly altered how we define the petroleum system here.  

Our models demonstrate that hydrocarbon generation and expulsion both increased 

rapidly in late Miocene time, concurrent with fault displacement, thus we recognize a 

transition from one POASR into two.  This expands how we view petroleum systems 

in the classical sense (per Magoon and Dow, 1994): we acknowledge the possibility 

that past petroleum systems (e.g., the late Miocene petroleum system of the Salinas 

Basin) may need to be defined differently from their present state.  And in the specific 

case of the Salinas Basin, one petroleum system can become two. 

4. Faults influenced migration and accumulation processes.  In the absence of many 

high-permeability flow units within the Monterey Fm, faults related to strike-slip 

tectonic processes provided additional hydrocarbon migration pathways.  We 

described the LLF, which formed in Pleistocene time (Gribi, 1979) late in Stage III, 

as a primary method for transporting petroleum from the HVT to the San Ardo area 

accumulations.  In combination with this, the westward down-stepping basement 

faults that initiated subsidence in late Oligocene-early Miocene time (Stage I) likely 

contributed to hydrocarbon migration, particularly along the Gabilan Shelf edge.  We 

employ neither of these in our models, and instead approximate migration out of the 

HVT by relying on carrier beds in the form of the weathered basement.  We note that 

timing of offset on the LLF post-dates the beginning of simulated San Ardo 
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accumulation, thus this is not an unreasonable simplification as field-filling is 

accomplished without the initial aid of fault transmission.  We do not know for 

certain if the RRF was a migration pathway, but we assume it is permeable in our 

models.  Our models demonstrate that migration follows dominantly vertical 

trajectories along the fault, indicating that the RRF did not provide a means of 

significant fault-parallel migration (Fig. 40).  The RRF did however allow abundant 

migration directly from the HVT westward to the weathered basement top of the 

LWH, and minimal migration eastward from the AST.  Not surprisingly, models 

assuming a sealed RRF prevent any cross-fault migration.  Smaller-scale faults with 

sealing properties are known elsewhere, including faults that provided the main 

trapping mechanisms at Paris Valley, Quinado Canyon and King City oil fields 

(DOGGR, 2010).  As we interpret these faults as manifestations of Stage IV 

transpression (see section 5.3), this places bounds on structural trap ages: these field 

accumulations occurred after the San Ardo accumulation, probably within the last 1-2 

m.y. (Fig. 33). 

5. Oblique compression and uplift impacted generation and accumulation 

distribution.  Although our models focus on lateral displacement along the RRF, 

compressional stresses are a major component in basin deformation as well.  The 

seismic reflection data we presented in this paper provide evidence suggesting two 

main periods of compression (see section 5.3), one we interpreted as relating to the 

RRF (Stage III), and the second more dramatic transpressional event relating to 

change in pole-of-rotation of the Pacific plate (Stage IV).  In addition to producing 

much of the faulting described above, shortening was also taken up by flexure of 

strata, such as the bowing reservoir units along the Gabilan Shelf edge at San Ardo 

(prior to end Pliocene time) and Monroe Swell (in last 1 m.y.).  The POASRs were 

also subject to the oblique compression, manifesting as large-scale folding and tilting 

in the AST and in the squeezing of the HVT via intra-Monterey Fm detachments.  

This profoundly impacted the petroleum system by reversing subsidence and halting 

sedimentary burial of source rock in the AST, thereby reducing hydrocarbon 

generation potential.  However, shortening related to these same events also led to 

structural thickening of the AST overburden, effectively reducing the effect of basin 
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uplift and erosion.  Shortening also led to uplift of petroleum accumulations, such as 

the exhumed oil accumulation near San Antonio Dam, located at the southern end of 

San Antonio Valley (i.e., geochemical sample Seep-NDss; see section 4 Oil 

Geochemistry).  Much of the younger sedimentary cover was removed by erosion 

along a swath down the center of the basin, begging the question of whether 

additional accumulations were lost to basin exhumation.  Our models do predict some 

petroleum loss through the surface in the past. 

6. Monterey Fm mechanical stratigraphy responded to tectonism.  The cyclic 

bedding of alternating clay-rich/clay-poor layers in the Monterey Fm make these 

strata conducive to flexural folding and slip along intraformational detachment 

surfaces.  We attribute the relative lack of structural deformation in the Hames Valley 

area to this deformational style.  Instead of prolific folding and significant uplift as is 

observed west of the RRF, the thick accumulation of Monterey Fm in the HVT 

responded to compression through low-angle detachment faults within the Monterey 

Fm itself (see section 5.3).  This uplifted the eastern POASR, although to a much 

lesser extent than the AST, leading to shoaling of depositional lithofacies, slowing of 

sedimentary burial, and retardation of source rock maturation.  The biosiliceous 

stratigraphy of the Monterey Fm is also prone to fracturing, particularly in its more 

silica-rich porcelanite and chert layers.  Although we do not specifically explore it in 

our models, the role of tectonic fracturing in the Monterey Fm has significant 

implications for modeling hydrocarbon migration and oil-shale accumulations. 

 

7. Conclusion 

 In this paper, we demonstrate that the evolution of petroleum systems in the 

Salinas Basin is inextricably linked to regional and local tectonic history.  We apply the 

novel approach of 3D basin and petroleum system modeling with lateral fault 

displacement, allowing us to track evolution of strike-slip basin structure in parallel with 

sedimentary burial and uplift, and petroleum generation, migration and accumulation.  

This produces a more complete assessment of basin and petroleum system history.  

Additionally, this work demonstrates the marriage between BPSM and geochemistry and 

the potential value of their integration.  A key benefit of synchronous analysis of tectonic 
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and basin history and petroleum system evolution is that this leads to consistency in 

construction of conceptual and computational models.  Selection of model parameters 

and boundary conditions, such as heat flow history, tectonic burial, or erosional timing, 

might be better-guided as we observe, infer, and consider multiple processes and events 

that are all interrelated.  As it is one of more than eight strike-slip basins of similar age in 

California, and an analog for transtensional and transpressional basins elsewhere, our 

findings from modeling the Salinas Basin are applicable well beyond this field area. 
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Table 1.  Basin model layer lithologies and ages. 

 

Geologic Layer 
No. of 

Model Layers 
PSE PM Lith. 

Depo. Ages 

(Ma) 

To From 

Modern alluvium and Paso Robles Fm 1 Overburden Sandstone (typical) 1 0 

Pancho Rico Fm 1 Overburden Siltstone (organic lean) 5.3 2.6 

Delmontian Hames Mbr, Santa Margarita Ss 10 Overburden Diatomite (clay-poor)
a
 7.3 5.3 

       Santa Margarita Sandstone   (7) Overburden Siltstone (organic lean) --- --- 

Upper Mohnian Hames Mbr 16 Overburden Diatomite (clay-poor)
a
 11.5 7.3 

       Upper Mohnian Seal   (1)  (1) Seal Shale (typical) --- --- 

       Upper Mohnian Reservoir   (3)  (3) Reservoir/Carrier Bed Sandstone (typical) --- --- 

Lower Mohnian Hames Mbr 11 Overburden Diatomite (clay-poor)
a
 13.5 11.5 

       Lower Mohnian Seal   (1) Seal Shale (typical) --- --- 

       Lower Mohnian Reservoir   (3) Reservoir/Carrier Bed Sandstone (typical) --- --- 

Luisian Hames Mbr 10 Source Rock Diatomite (clay-poor)
ab

 13.9 13.5 

Luisian Sandholdt Mbr 10 Source Rock Shale (organic rich, 3% TOC)
b
 14.9 13.9 

       Luisian Seal   (1) Seal Shale (typical) --- --- 

       Luisian Reservoir   (2) Reservoir/Carrier Bed Sandstone (typical) --- --- 

Relizian Sandholdt Mbr 1 Source Rock Shale (organic rich, 3% TOC)
b
 17.5 14.9 

Saucesian Sandholdt Mbr 1 Source Rock Shale (organic rich, 3% TOC)
b
 18.4 17.5 

Vaqueros Fm 1 Carrier Bed Sandstone (wacke)
a
 23 18.4 

Weathered Basement 1 Carrier Bed Sandstone (typical) n/a n/a 

Basement 1 Underburden BASEMENT n/a n/a 

            

RRF 34
c
 Carrier   Sandstone (typical)

a
 n/a n/a 

      a
Customized.  See below. 

 b
Source rock characteristics defined by maps (Fig. 15) and kinetics after Behar et al. (1997). 

 c
Luisian Sandholdt Mbr-Upper Mohnian Reservoir. 

   



 

 

 

2
0

0
 

Table 2.  Customizations to basin model lithologies. 

Geologic Layer Customization 

Hames Mbr, Mohnian-Delmontian 

Diagenetic alteration governed by Keller and Isaacs (1985) kinetics, 30% clay.  Opal-CT and quartz use "Shale (organic 

lean, siliceous, 95% Opal-CT)" as base lithology. Opal-CT and quartz phases use "Siltstone (organic lean)" permeability; 

opal-CT uses manually adjusted lower porosity; quartz phase uses siliceous shale porosity and "Sandstone (typical)" 

capillary pressure, fracture limit of 80%. 

Hames Mbr, Luisian* 
Diagenetic alteration, as above; oil and gas components customized to track West Hames Mbr vs. East Hames Mbr, and 

applied to source rock through kerogen kinetics. 

Sandholdt Mbr, Saucesian-Luisian* 
Oil and gas components customized to track West Sandholdt Mbr vs. East Sandholdt Mbr, and applied to source rock 

through kerogen kinetics. 

Vaqueros Fm Manually adjusted lower porosity - lower than siltstones, but higher than shale below 2km depth. 

RRF 
Applied an upscaled vertical anisotropy (Anisotropy Factor Permeability: 0.05) to "Sandstone (typical)" to encourage 

vertical migration. 

  *Source rock maps and kerogen kinetics applied. 
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Table 3.  Oil, seep and source rock sample information. 

Sample 

No. 

Well 

API no. Latitude Longitude Source Field or Area Reservoir 

Approx. Depth 

(ft (m) TVD) 

Date 

collected Comments 

BL 05321651 35.81244 -120.85517 Trio Petroleum Hames Valley Hames Mbr,  
Monterey Fm 

7806-9825  
(2380-2995) 

<2008 Brown lease, near Buttle diatomite 
locality 

KC 05301023 36.14103 -121.12717 USGS   King City Thorup Sandstone, 

Monterey Fm 

2000 (610) ? Pre-2009 Luisian age reservoir 

LC 05321972 35.99765 -120.84530 Trio Petroleum Lynch Canyon Lanigan Sandstone, 
Monterey Fm 

1800 (549) April. 2010   

MS 05320363 36.26271 -121.24774 CA Oil 

Independents 

Monroe Swell Beedy & Doud Ss, 

Monterey Fm 

3200 (975) April. 2010 Doud 7 lease 

MR 05321182 36.01805 -120.86181 CA Oil 
Independents 

McCool Ranch Lombardi Sandstone,  
Monterey Fm 

2150 (655) April. 2010 Brinan lease 

SA1 05300162 35.93439 -120.82957 USGS   San Ardo  Lombardi Sandstone,  

Monterey Fm 

2300-2700  

(700-820) 

Pre-2009   

SA2 05320897 35.92761 -120.87627 USGS   San Ardo  Aurignac Sandstone, 

Monterey Fm 

3432-3875  

(1046-1181) 

b/w 1980- 

2009 

  

SAA 05320367 35.94928 -120.85345 Aera San Ardo 

(Aurignac) 

Aurignac Sandstone, 

Monterey Fm 

2400 (732) May. 2010   

SAL 05321899 35.93504 -120.85477 Aera San Ardo 
(Lombardi) 

Lombardi Sandstone,  
Monterey Fm 

2100 (640) May. 2010 Orradre lease 

            

Seep-

NDss 

NA 35.79332 -120.86636 self east of San 
Antonio dam 

Paso Robles Fm 0 (0) Feb. 2010 Asphalt-impregnated Paso Robles 
Fm sandstone 

Seep-

NDsh 

NA 35.79332 -120.86636 self east of San 

Antonio dam 

Hames Mbr,  

Monterey Fm 

0 (0) Feb. 2010 Asphalt-line fractures of 

porecelaneous Monterey Fm 

Seep-SA NA 35.95183 -120.88197 self within San Ardo Hames Mbr,  
Monterey Fm 

0 (0) April. 2010 Seep 3-31 in CA Seeps database, 
on old well pad (Chevron property) 

Seep-

Mf1487 

NA 36.19313 -121.27865 self Reliz Canyon Hames Mbr,  

Monterey Fm 

0 (0) Jan. 2012 Thin, foarm-rich sandstone with 

rare migrated oil staining, top of 
Sandholdt Mbr, Luisian 

            

SR-AS NA 36.23664 -121.48104 self Arroyo Seco Sandholdt Mbr,  

Monterey Fm 

0 (0) Sept. 2010 Relizian Sandholdt Mbr, organic-

rich, laminated shale 

SR-TX 

Beedy1 

05301354 36.21531 -121.26206 Shell Oil. Reliz Canyon Sandholdt Mbr,  
Monterey Fm 

7510 (2289) Jan. 1958 Luisian-Relizian Sandholdt Mbr, 
organic-rich, laminated mudstone 
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Table 4.  Biodegradation ranks of oil and seep samples. 

Sample ID Location Biodegradation Rank* 
Approx. Reservoir Depth (ft 

(m) TVD) 
Rank Assignment Reasoning 

BL HVT 0 7806-9825 (2380-2995) Intact n-alkanes, isoprenoids and biomarkers 

BL-2 HVT 0 7806-9825 (2380-2995) Intact n-alkanes, isoprenoids and biomarkers 

SA2 San Ardo field 1 3432-3875 (1046-1181) Lightly degraded n-alkanes 

MS 
Monroe Swell 
field 

3 3200 (975) Degraded n-alkanes and isoprenoids (Pr, Ph may still be present) 

KC King City field 3 2000 (610) Degraded n-alkanes and isoprenoids 

SAA San Ardo field 3 2400 (732) Very degraded n-alkanes; degraded isoprenoids 

SA1 San Ardo field 3 or 4 2300-2700 (700-820) Absent n-alkanes; very degraded isoprenoids 

SAL San Ardo field 3 or 4 2100 (640) Absent n-alkanes; very degraded isoprenoids 

MR 
McCool Ranch 

field 
4 2150 (655) Absent n-alkanes; absent isoprenoids; hopanes and steranes still present 

Seep-NDss 

Outcrop east of 
San Antonio 

dam 

4 or 5 0 
Absent n-alkanes; absent isoprenoids; steranes depleted; hopanes 

present 

Seep-Mf1487 
Outcrop in Reliz 
Canyon 

4 or 5 0 
Absent n-alkanes; absent(?) isoprenoids; steranes depleted (more than 
Seep-NDss); hopanes present 

LC 
Lynch Canyon 

field 
5 or 6? 1800 (549) 

Absent n-alkanes; absent(?) isoprenoids - high signal-noise on GC; 

steranes degraded relative to diasteranes; hopanes still present; C29 Tm 
17α21β-norhopane/C30 hopane >1 

LC-2 
Lynch Canyon 

field 
5 or 6? 1800 (549) 

Absent n-alkanes; absent(?) isoprenoids - high signal-noise on GC; 

steranes degraded relative to diasteranes; hopanes still present; C29 Tm 
17α21β-norhopane/C30 hopane >1 

Seep-NDsh 

Outcrop east of 

San Antonio 
dam 

6 or 7 0 
Absent n-alkanes; absent isoprenoids; C30 hopane and homohopanes 

absent; degraded steranes 

Seep-SA 
Outcrop within 

San Ardo field 
6 or 7 0 

Absent n-alkanes; absent isoprenoids; C30 hopane and homohopanes 

absent; degraded steranes 

*Biodegradation rank after Wenger et al., 2002.     
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Figure 1.  Location map for Salinas Basin, central California, U.S.A.  Blue outline delineates basin 

boundary.  Transects A-A’, B-B’, C-C’ and D-D’ correspond to seismic reflection profile locations 

presented in Figures 42 and 43.  Green polygons refer to oil fields (DOGGR, 2010): SA: San Ardo; LC: 

Lynch Canyon; MR: McCool Ranch; PV: Paris Valley; QC: Quinado Canyon; KC: King City; MS: Monroe 

Swell.  Other abbreviations: AST: Arroyo Seco Trough; HVT: Hames Valley Trough; RRF: Reliz-

Rinconada Fault; SAF: San Andreas Fault; LLF: Los Lobos Fault; NF: Nacimiento Fault; SHF: San 

Gregorio-Hosgri Fault.  
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Figure 2.  Size distribution of Salinas Basin oil fields.  Recoverable oil estimates from DOGGR (2010).  
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Figure 3.  Stratigraphy of the Salinas Basin.  Strata depicted here are the key petroleum system units; west 

of the study area, Cretaceous-Eocene strata are also present in the basin.  Rock types and paleowater depths 

(PWD) are generalized from Graham (1976; 1978).  Benthic foraminiferal stage and age framework are 

based on McDougall (2008).  VENT.: Venturian; WHEEL.: Wheelerian; HALL.: Hallian.  PSE: petroleum 

system elements.  
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Figure 4.  Source rock characteristics of the Sandholdt and Hames Members of the Monterey Formation by 

location.  a) Total organic carbon (TOC) and b) hydrogen index (HI). The following abbreviations refer to 

locations in the basin: NW: northwestern; CW: central western; SW: southwestern; NE: northeastern; CE: 

central eastern; SE: southeastern.  Data are derived from outcrop and subsurface samples from Mertz 

(1984); Kablanow (1986); Marion (1986), unpublished reports from private company assessments, and this 

study.  These data include all source rock ages corresponding to Saucesian, Relizian, Luisian, and 

(minimally) Mohnian ages.  Although these data include both Sandholdt and Hames Mbrs, the majority of 

the data are derived from the Sandholdt Mbr.  
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Figure 5.  Kerogen types based on modified van Krevelen diagram after Mertz (1984).  These data are 

largely based on immature or marginally mature outcrop samples of Sandholdt Mbr source rock, and 

indicate mainly type II kerogen is present in the most organic-rich shale, though there is some dependency 

on lithofacies and organic content.  
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Figure 6.  Schematic representation of basin structure and petroleum system elements at present-day.  

Dextral strike-slip fault represents the RRF.  Cartoon oil derricks roughly correspond to the San Ardo, King 

City, and Monroe Swell fields from south to north, respectively.  The cross-sectional view reveals basic 

basin shape defining the Hames Valley Trough (HVT) POASR geometry.  
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Figure 7.  Structure map of the base of the Monterey Formation.  Contour lines refer to depth below sea 

level; contour lines are in meters.  Grey shading denotes granitic and metamorphic basement, as well as 

sedimentary layers beneath the Vaqueros Fm, which are considered “economic basement” in this study.  

Tan shading denotes Monterey Fm rocks that crop out as shown and are also observed at depth, but not 

included in “economic basement” (i.e., mainly Vaqueros Fm).  Modified from Marion (1986).  HVT: 

Hames Valley Trough; AST: Arroyo Seco Trough; LWH: Lockwood High; PRH: Paso Robles High.  

Black squares represent major towns. 
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Figure 8.  Maps of present-day layer and facies extents.  These maps are derived from a 3D model viewed 

from above, hence subtle shading reflecting relief.  Formation extent is based on interpolation of outcrop 

exposures and subsurface biostratigraphic and lithostratigraphic data from 126 wells (see Table B-1).  

Light pink corresponds to Salinian granite basement.  Roman numerals correspond to relative depth of 

layers (i.e., layer “i” is lowest; layer “viii” is the highest).  General lithologies label each facies map; refer 

to Tables 1 and 2 for more detailed explanation of lithologies.  
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Figure 9.  Present-day topography and paleobathymetric maps.  Present-day map is based on merged 30-m 

digital elevation models, coarsened to the resolution of the basin model.  Paleowater depth (PWD) maps are 

digitized and interpolated versions of interpretations by Graham (1976; 1978) based on microfaunal 

assemblages.  The offset isobaths serve as cross-fault ties used in RRF restoration estimates (Graham, 

1976; 1978).  
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Figure 10.  Basin model boundary conditions.  a) Heat flow trends taken from multiple sources 

demonstrate variability in inferred thermal histories.  Data is from Kablanow (1986), Peters et al. (2008), 

He et al. (2014), and this study (see Chapter 1; black curves correspond to eastern model, grey curves 

correspond to western models).  Peters et al. (2008) heat flow maps are based on present-day surface heat 

flow measurements.  He et al. (2014) heat flow trend rises rapidly in early Miocene due to asthenospheric 

upwelling associated with MTJ migration.  b) Paleowater depth (PWD) and sediment-water interface 

temperature (SWIT) trends based on 1D modeling of well API 05321243 (see Chapter 1).  The SWIT is 

calculated using models developed by Wygrala (1989), which take PWD, latitude, and longitude into 

account.  These plots are one example, though the 3D basin models apply spatially variable PWDs maps 

(see Fig. 9), and calculate SWIT trends from these.  
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Figure 11.  Source rock isochore map.  This map represents total source rock vertical thickness based on 

well log estimates.  White area within the basin boundary represents the absence of source rock.  Plus sign 

symbols illustrate the distribution of wells used in construction of all model horizons, including source rock 

depth maps.  
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Figure 12.  Overburden isochore map. This map represents total vertical overburden thickness based on 

well log estimates.  Overburden rock includes the Hames Mbr of the Monterey Fm, Pancho Rico Fm and 

Paso Robles Fm/Quaternary alluvium.  White area within the basin boundary represents the absence of 

overburden rock.  Plus sign symbols illustrate the distribution of wells used in construction of all model 

horizons. 
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Figure 13.  Maps of source rock characteristics.  a) Total organic carbon (TOC) and b) hydrogen index 

(HI) distributions are based on average values from outcrop and subsurface source rock samples.  Data are 

from Mertz (1984), Kablanow (1986), Marion (1986), unpublished reports from private company 

assessments, and this study.  These maps define source rock richness and quality in basin models.  
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Figure 14.  Source rock thermal maturity through time.  These maps are products of 3D basin and 

petroleum system models, assuming the “Easy%Ro” method for vitrinite reflectance calculation (Sweeney 

and Burnham, 1990).  Note offset of western side of basin over time.  Numbers correspond to relative depth 

of layers (i.e., layer “1” is lowest; layer “4” is highest).  These maps are derived from a 3D model viewed 

from above, hence subtle shading reflecting relief.  HVT: Hames Valley Trough; AST: Arroyo Seco 

Trough.  
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Figure 15.  Source rock transformation ratio through time.  These maps are products of 3D basin and 

petroleum system models, with transformation ratios calculated assuming type II kerogen kinetics (Behar et 

al., 1997).  Note offset of western side of basin over time.  Numbers correspond to relative depth of each 

layer.  These maps are derived from a 3D model viewed from above, hence subtle shading reflecting relief.  

HVT: Hames Valley Trough; AST: Arroyo Seco Trough.  
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Figure 16.  Migration models through time.  These migration maps are the product of 3D basin and 

petroleum system modeling using a Hybrid method, which combines flowpath and Darcy migration 

methods.  In order to visualize migration in the high and low permeability layers, we observe migration 

outputs from the flowpath method for reservoir and carrier layers and Darcy method for the fine-grained 

layers.  These models assume type II kerogen kinetics and a non-sealing RRF without a specified fault 

lithology.  Migration symbols represent total flowpath (thin red and green lines in left column) and Darcy 

(red and green arrows in right column) migration for all layers.  Note offset of western side of basin over 

time.  These maps are of the downward view on the 3D model, hence subtle shading reflecting relief.   
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Figure 17.  Models of petroleum migration within Luisian (left), lower Mohnian (center), and upper 

Mohnian (right) reservoirs.  Letters C, D, and E correspond to relative depths of each layer.  Migration 

symbols represent flowpath migration.  These migration maps are the product of 3D basin and petroleum 

system modeling, assuming type II kerogen kinetics and a non-sealing RRF without a specified fault 

lithology.  Note offset of western side of basin over time.  These maps are of the downward view on the 3D 

model, hence subtle shading reflecting relief.  
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Figure 18.  Models of petroleum migration within weathered basement (left) and the Vaqueros Fm 

(center).  Letters A and B correspond to relative depths of each layer.  Migration symbols represent 

flowpath migration.  The right-hand image combines weathered basement and Vaqueros Fm migration 

models.  Letters correspond to relative depths of layers.  These migration maps are the product of 3D basin 

and petroleum system modeling, assuming type II kerogen kinetics and a non-sealing RRF without a 

specified fault lithology.  Note offset of western side of basin over time.  These maps are of the downward 

view on the 3D model, hence subtle shading reflecting relief.   
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Figure 20.  Gas chromatograms of oils and source rock extract.  Pr: pristane; Ph: phytane; n-#: n-alkane.  

Sample names refer to oil and source rock samples listed in Table 3.   
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Figure 21.  Terpane (m/z 191) mass chromatograms for select oils and seep extract.  Sample names refer to 

oil and seep extract samples listed in Table 3.  
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Figure 22.  Sterane (m/z 217) mass chromatograms for select oils, seep and source rock extracts.  Sample 

names refer to oil, seep and source rock extract samples listed in Table 3.   
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Figure 23.  Petroleum source indicators (Part 1). C27-C29 sterane ternary diagrams include data that are 

based on m/z 217 (top) and m/z 218 (bottom) mass chromatograms for all samples.  Source interpretations 

are from Moldowan et al. (1985).  
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Figure 24.  Petroleum source indicators (Part 2).  a) C27-C29 monoaromatic steroid ternary diagram 

includes data based on m/z 253 mass chromatograms for all samples.  Source interpretations are from 

Moldowan et al. (1985).   b) A cross-plot of pristane/phytane ratios to C27 diasterane abundances relative to 

regular steranes are based on gas chromatograms and m/z 217 gas chromatograms, respectively.  These 

source interpretations are from Moldowan et al. (1994).   
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Figure 25.  Diamondoid versus sterane concentrations in oils.  This plot illustrates the relationship between 

sterane and diamondoid abudnaces as a function of oil cracking to gas, after Dahl et al. (1999).  Arrows 

denote paths toward increasing thermal maturity.  Dashed line approximates a diamondoid baseline for 

these samples. 
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Figure 26.  Biodegradation of oils.  Biodegradation rank is plotted against a) average reservoir depth and 

b) average reservoir temperature.  API gravity is plotted against c) average reservoir depth and d) 

biodegradation rank.  Depths, temperatures and API gravity measurements are from DOGGR (2010).  
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Figure 27.  Petroleum source indicators (Part 3).  Tricyclic terpanes data are based on m/z 191 mass 

chromatograms for all samples.  Source interpretation is from Peters and Moldowan (2005).  
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Figure 28.  Thermal maturity indicators (Part 1).  a) Pristane, phytane and n-alkane data are based on gas 

chromatograms.  *Prior work data is from unpublished private reports requested by SOHIO (Janezic et al., 

1985).  b) Tricyclic terpane data are based on m/z 191 mass chromatograms.  
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Figure 29.  Thermal maturity indicators (Part 2).  a) C31 terpane and C29 sterane isomers data are based on 

m/z 191 and m/z 217 mass chromatograms, respectively.  b) These C29 sterane isomers are also based on 

m/z 217 mass chromatograms.  
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Figure 30.  Thermal maturity indicators (Part 3).  a) C28 17α18α21β(H)-bisnorhopane (BNH) and hopane 

data are based on m/z 191 mass chromatograms; trisnorhopane (TNH) data are based on m/z 171 mass 

chromatograms; C29 25-norhopane data are from both ions.  Relative distance is an approximation of the oil 

field spatial distribution for comparison with maturity trend.  b) Ts/Tm data and C27 diasterane abundances 

are based on m/z 191 and m/z 217 mass chromatograms, respectively.  
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Figure 31.  Petroleum a) generation, b) expulsion and c) source accumulation through time.  Simulated 

abundances vary according to source rock age/depth.  These curves represent total abundances for both 

eastern and western side of the model.  Numbers correspond to relative depths of layers.  d) Simulated 

petroleum generation and expulsion varies according to POASR location (e.g., east versus west).  Each 

curve includes results for all source rock layers combined.   
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Figure 32.  Transformation ratios through time.  Simulated transformation ratios (TR) vary according to 

location (Hames Valley versus Arroyo Seco POASRs), source rock depth and kerogen type.  Solid lines 

correspond to models assuming type II kerogen kinetics; dashed lines correspond to models using type II-S 

kerogen kinetics.  Both kinetics are from Behar et al. (1997).  Onset of generation is occurred at 10% TR 

(black arrows, solid: type II, dashed: type II-S); the critical moment is at 50% TR (red arrows, solid: type 

II, dashed: type II-S); spent source rock is at 90% TR (Magoon and Dow, 1994).  The purple arrows 

highlight the approximate time when generation stops for all source rock layers.  S: Saucesian; R: Relizian; 

Ls: Luisian Sandholdt Mbr; Lh: Luisian Hames Mbr.  

  



 

243 

 

 

 

 

 

 

 

 

 

 

 

Figure 33.  Tectonostratigraphic chart.  This illustrates the temporal relationships of key tectonic, 

stratigraphic and petroleum system-related events in the Neogene Salinas Basin.  Benthic foram stages and 

age framework are from McDougall (2008).  Generalized stratigraphy and paleowater depths (PWD) are 

from Graham (1976; 1978); volcanism data are summarized in Dickinson (1997); RRF displacement curve 

is based on observations of Durham (1965), Dibblee (1976) and Graham (1976; 1978); plate motions are 

from Atwater and Stock (1998); San Andreas Fault initiation is from Graham (1976; 1978); Mendocino 

Triple Junction migration is from Atwater (1989) and Atwater and Stock (1998).  Petroleum system 

elements (PSE) and Salinas Basin tectonism summary is based on interpretations of reflection seismic data 

(this study).  Benthic foram stage abbreviations: REF. (Refugian); REP. (Repettian); VENT. (Venturian); 

WHEEL. (Wheelerian); HALL. (Hallian).  
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Figure 34.  Effect of kerogen kinetics on source rock transformation ratio.  These maps are products of 3D 

basin and petroleum system models, with transformation ratios calculated assuming type II or type II-S 

kerogen kinetics (Behar et al., 1997).  Numbers correspond to relative depth of each layer.  These maps are 

derived from a 3D model viewed from above, hence subtle shading reflecting relief.  HVT: Hames Valley 

Trough; AST: Arroyo Seco Trough.  
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Figure 35.  Petroleum from the western POASR that migrated east of the RRF.  Simulated western oil (top) 

and gas (bottom) migrated from the AST (cut out of view) across the RRF to the eastern side of the basin.  

View is to the northeast; southern and western basin areas are cut away; the western cut corresponds to the 

location of the RRF.  MS: Monroe Swell field; KC: King City field; PV: Paris Valley field; SA: San Ardo 

field.  
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Figure 36.  Western oil component masses in eastern basin through time.  Maps of simulated western oil 

masses illustrate progressive migration through the eastern basin over time.  Southern and western basin 

areas are cut away; the western cut corresponds to the location of the RRF.  Numbers correspond to relative 

depth of layers.  
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Figure 37.  Western gas component masses in eastern basin through time.  Maps of simulated western gas 

masses illustrate progressive migration through the eastern basin over time.  Southern and western basin 

areas are cut away; the western cut corresponds to the location of the RRF.  Numbers correspond to relative 

depth of layers. 
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Figure 38.  Field-specific petroleum accumulations through time.  Curves illustrate simulated masses of 

total petroleum in reservoir layers only (Upper Mohnian, Lower Mohnian, and Luisian reservoirs).  In 

addition to differentiating by layer, accumulations falling within known field boundaries are also 

highlighted: SA (San Ardo field); LC (Lynch Canyon field); PV (Paris Valley field).  Letters C, D, and E 

correspond to relative depth of each layer (see Fig. 17).   
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Figure 39.  Reservoir filling at San Ardo field.  Simulated flowpath migration and accumulation images 

illustrate the history of trap-filling in the lower (left) and upper (right) Mohnian reservoir layers.  The lower 

and upper Mohnian layers are analogous to the Aurignac and Lombardi Sandstones, respectively, which are 

the producing reservoirs at San Ardo field.  Migration lines are shown in all higher-permeability layers 

(including weathered basement and Vaqueros Fm).  Yellow stippling represents the reservoir facies map for 

both Mohnian reservoirs.  View is to the northeast.   
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Figure 40.  Comparison of petroleum migration models with different approaches to modeling Reliz-

Rinconada Fault.  Migration and accumulation models are illustrated for models assuming no specified 

fault lithology (top) and assuming a permeable lithology in the facies map in the fault zone (bottom).  

Flowpath migration model visualizations (left) include the Mohnian reservoir for reference.  All other 

layers are absent from view except the basement.  Minor details in flowpath lines along the fault zone are 

the primary visual differences between upper and lower models. Petroleum mass visualizations (right) are 

visualized for the Relizian Sandholdt Mbr layer only.  Note small areas of oil masses east of the RRF 

(black bold arrows).  Flowpath lines for western petroleum only are displayed for reference.  View is to the 

north-northwest.  Nearly the entire western basin is cut away for the petroleum mass models (right).  Black 

bold lines delineate the trace of the RRF.  MS: Monroe Swell field; KC: King City field; SA: San Ardo 

field.  HC: hydrocarbons.  
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Figure 41.  Biodegradation susceptibility based on reservoir temperature.  Simulated temperature histories 

are shown for reservoirs analogous to King City (KC), San Ardo (SA) and Lynch Canyon (LC) fields.  The 

approximate reservoir temperature threshold below which biodegradation is likely to occur is at 80 °C 

(Connan, 1984).  
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Figure 42.  Seismic reflection profiles from Hames Valley (Part 1).  Uninterpreted (top) and interpreted 

(bottom) seismic profiles are displayed for transects a) A-A’ and b) B-B’ (see Fig. 1 for locations).  

Horizon notations refer to 1: basement, 2: top of Monterey Fm, 3: clinoform package top, and A: opal-

CT/quartz diagenetic transition.  Locations of intersecting transects are noted with vertical arrows.  
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Figure 43. Seismic reflection profiles from Hames Valley (Part 2).   Uninterpreted (top) and interpreted 

(bottom) seismic profiles are displayed for transects a) C-C’ and b) D-D’ (see Fig. 1 for locations).  

Horizon notations refer to 1: basement, 2: top of Monterey Fm, 3: clinoform package top, and A: opal-

CT/quartz diagenetic transition.  Locations of intersecting transects are noted with vertical arrows.   
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APPENDIX A – Supplementary material for Chapter 3 

 

Table A-1.  Wells used in 3D basin model construction and calibration. 

 Well API No. / 

Well Name 

Latitude 

(NAD83) 

Longitude 

(NAD83) 
Location Data Sources 

05300104 35.982741 -120.902864 East Brabb (2011) 

05300448 36.023797 -120.953461 East Brabb (2011) 

05300550 35.960331 -120.895743 East Brabb (2011) 

05300577 35.960645 -120.89224 East Brabb (2011) 

05300581 35.946901 -120.890128 East Brabb (2011) 

05300923 35.985538 -120.88596 East Marion (1986) 

05301031 36.14873 -121.138338 East Brabb (2011) 

05301033 36.140709 -121.124109 East Marion (1986) 

05301041 36.144505 -121.107852 East Marion (1986) 

05301043 36.138641 -121.10334 East Brabb (2011) 

05301054 36.265928 -121.26299 East Marion (1986) 

05301059 36.268723 -121.243321 East Marion (1986) 

05301109 36.044989 -120.973967 East Marion (1986) 

05301142 35.804778 -120.720452 East Marion (1986) 

05301145 36.064334 -121.06633 East Brabb (2011) 

05301149 35.957199 -120.933312 East Brabb (2011) 

05301150 35.821501 -120.654778 East Marion (1986) 

05301155 35.801659 -120.803702 East Brabb (2011) 

05301202 36.287052 -121.316767 East Brabb (2011) 

05301208 36.090441 -121.104805 East Marion (1986) 

05301209 36.337184 -121.313351 East Marion (1986) 

05301214 35.930555 -121.056915 West Marion (1986) 

05301219 35.995932 -121.146257 West Marion (1986) 

05301221 36.269532 -121.327724 West Marion (1986) 

05301227 35.952267 -121.081616 West Marion (1986) 

05301228 36.318227 -121.301674 East Marion (1986) 

05301232 36.057635 -121.018967 East Brabb (2011) 

05301237 36.071741 -121.041484 East Brabb (2011) 

05301252 35.807071 -120.689175 East Brabb (2011) 

05301257 35.916283 -121.039063 West Marion (1986) 

05301260 36.264073 -121.42979 West Marion (1986) 

05301262 36.284058 -121.2605 East Marion (1986) 

05301269 35.986118 -121.022797 East 

Kablanow (1986), Marion 

(1986) 

05301271 35.957019 -121.025561 West Brabb (2011) 

05301300 35.829263 -120.888513 East Brabb (2011) 

05301303 36.292668 -121.284471 East Marion (1986) 

05301307 35.805651 -120.884478 East Brabb (2011) 

05301346 36.011229 -121.034854 East Brabb (2011) 

05301347 35.998332 -120.934187 East Brabb (2011) 

05301351 36.12853 -121.085502 East Marion (1986) 

05301352 35.909407 -120.903307 East Marion (1986) 

05301354 36.21528 -121.263092 West Marion (1986) 

05301355 36.216027 -121.222626 East Marion (1986) 
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Well API No. / 

Well Name 

Latitude 

(NAD83) 

Longitude 

(NAD83) 
Location Data Sources 

05301356 35.914152 -120.783956 East Brabb (2011) 

05301366 36.246448 -121.183316 East Brabb (2011) 

05301373 36.007842 -121.186759 West Brabb (2011) 

05301387 35.89768 -120.808464 East Marion (1986) 

05301388 35.915248 -120.688703 East Graham et al. (1991) 

05301390 35.963745 -120.74005 East Marion (1986) 

05301392 36.06428 -121.011841 East Brabb (2011) 

05301395 36.028319 -121.10183 West Brabb (2011) 

05301401 36.002444 -120.951102 East Brabb (2011) 

05301403 36.024877 -120.985514 East Marion (1986) 

05301405 35.971234 -120.923761 East Brabb (2011) 

05301406 35.960777 -120.910544 East Brabb (2011) 

05301407 35.962049 -120.905777 East Brabb (2011) 

05301408 36.148092 -121.155423 East Marion (1986) 

05301415 36.090012 -121.043108 East Marion (1986) 

05301429 36.289774 -121.329346 East Marion (1986) 

05301431 35.895447 -120.972692 West Marion (1986) 

05301432 35.991003 -121.0865 West Marion (1986) 

05301437 35.933926 -120.875155 East Marion (1986) 

05301438 36.279108 -121.383762 West Marion (1986) 

05301445 35.921851 -121.016976 West ----- 

05301446 36.181423 -121.159297 East Brabb (2011) 

05301449 36.172752 -121.160947 East Marion (1986) 

05301451 36.033843 -120.938798 East Marion (1986) 

05301455 35.876239 -120.768181 East Marion (1986) 

05301457 35.870562 -120.933815 East 
Kablanow (1986), Marion 

(1986) 

05301458 36.005799 -120.976019 East Marion (1986) 

05301459 35.818232 -120.894693 East Marion (1986) 

05301463 35.982901 -121.067045 West Marion (1986) 

05301473 35.964351 -121.084332 West Brabb (2011) 

05301474 35.964516 -121.133065 West Brabb (2011) 

05301477 36.036887 -121.127118 West Marion (1986) 

05301479 36.035914 -121.130224 West Brabb (2011) 

05301492 36.048941 -120.956793 East Marion (1986) 

05301493 36.020054 -120.919156 East Marion (1986) 

05320065 36.117663 -121.199741 West Brabb (2011) 

05320066 36.184842 -121.294283 West Brabb (2011) 

05320068 35.988396 -121.118469 West Marion (1986) 

05320120 36.200238 -121.218366 East Brabb (2011) 

05320129 36.134188 -121.131707 East Marion (1986) 

05320130 36.087836 -121.050674 East Brabb (2011) 

05320191 35.844593 -120.498403 East Brabb (2011) 

05320212 35.95627 -120.786947 East Marion (1986) 

05320265 35.957254 -120.810458 East Marion (1986) 

05320278 36.027586 -121.16612 West Brabb (2011) 

05320465 36.083042 -121.089263 East 
Kablanow (1986), Marion 

(1986), Brabb (2011) 
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Well API No. / 

Well Name 

Latitude 

(NAD83) 

Longitude 

(NAD83) 
Location Data Sources 

05320516 35.946667 -120.854524 East Marion (1986) 

05320773 35.883235 -120.788142 East Marion (1986) 

05321651 35.812429 -120.855196 East unpublished industry reports 

05321910 35.87026 -120.860917 East unpublished industry reports 

05322029 35.869472 -120.825009 East unpublished industry reports 

05322059 35.889459 -120.858922 East unpublished industry reports 

05322123 35.869503 -120.825068 East unpublished industry reports 

07900102 35.534673 -120.474709 East Brabb (2011) 

07900167 35.784274 -120.669497 East Marion (1986) 

07900229 35.652237 -120.669629 East Marion (1986) 

07900239 35.553297 -120.646834 East Brabb (2011) 

07900260 35.761959 -120.481005 East Brabb (2011) 

07900268 35.598019 -120.447814 East Brabb (2011) 

07900270 35.784642 -120.541614 East Marion (1986) 

07900279 35.774562 -120.511556 East Brabb (2011) 

07900295 35.531515 -120.395554 East Brabb (2011) 

07900330 35.599456 -120.746173 West Brabb (2011) 

07900332 35.709465 -120.642909 East Marion (1986) 

07900333 35.765467 -120.637884 East Brabb (2011) 

07900346 35.638053 -120.409928 East Brabb (2011) 

07900347 35.714761 -120.458865 East Marion (1986) 

07900389 35.721712 -120.848414 West Brabb (2011) 

07900483 35.538749 -120.663463 West Brabb (2011) 

07900485 35.769656 -120.487516 East Brabb (2011) 

07900489 35.738127 -120.507957 East Marion (1986) 

07900497 35.601749 -120.637457 East Marion (1986) 

07900498 35.764665 -120.668426 East Marion (1986) 

07900509 35.733177 -120.60347 East Marion (1986) 

07900517 35.548657 -120.274577 East Brabb (2011) 

07900519 35.58499 -120.44588 East unpublished industry reports 

07900532 35.739476 -120.715189 East ----- 

07900570 35.782097 -120.866856 East Marion (1986) 

07920380 35.658699 -120.443102 East Marion (1986) 

Bandini Doud 

54X 
36.266416 -121.252053 East Marion (1986) 

Marport 

Mozzini Block 

2-1 

36.202977 -121.165445 East Marion (1986) 

Texaco 

Rosenberg 3 
35.971748 -120.874239 East Marion (1986) 

General 

Petroleum 

Wright-Texas 1 

35.957052 -121.024538 West Marion (1986) 
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Table A-2.  Salinas Basin oil field properties.  Data source: DOGGR (2010). 

Oil Field Trap Type Pools (*main pool) 
Discovery 

Year 

Recoverable 

Oil (MMbbl) 

Res. Temp. 

(°F (°C)) 

Ave. Res. Depth 

(ft (m) TVD) 

Oil °API 

Gravity 

        
San Ardo Structural anticlinal dome, 

stratigraphic pinch-out on 

basement 

Lombardi*, 

Aurignac 

1947 532.50 108 (42.2) 2100 (640) 10 to 13 

King City Faulted anticline Thorup 1959 1.96 110-116 

(43.3-46.7) 

2000 (610) 13 to 16 

Lynch Canyon Slight doming of basal sand on 

basement 

Lanigan 1962 1.77 104 (40) 1800 (549) 10 to 12 

Monroe Swell Anticlinal trap, with pinch-out to 

SW 

44, Doud*?, Beedy 1949 0.89 104 (40) 3200 (975) 17 to 19 

McCool Ranch Stratigraphic pinch-out on 

basement 

Lombardi*, E 1964 0.17 102 (38.9) 2150 (655) 11.7 

Paris Valley Anticlinal trap, with pinch-out to 

SW 

Ansberry 1958 

(main) 

0.14 87 (30.6) 710 (216) 10 to 12 

Quinado Canyon Faulted anticlinal trap Gamboa-Kelly 1963 0.01 110 (43.3) 2030 (619) 18 to 19 
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Table A-3.  Terpane ratios for saturate fractions of oils, seep and source rock extracts. 

PPM Based on external-internal std BL KC LC MS MR SA1 SA2 SAA SAL 

PPM HBI I.S.  Spike 148.8 238.6 274.9 200.7 183.3 234.2 218.0 301.1 421.5 

PPM Cholane Spike 71.8 115.2 132.7 96.9 88.5 113.1 105.3 145.4 203.5 

Oleanane/(Oleanane+Hopane) 0.191 0.274 0.341 0.160 0.199 0.156 0.160 0.179 0.164 

Gammacerane/Hopane 0.020 0.023 0.113 0.066 0.076 0.083 0.045 0.050 0.071 

C29/C30 Hopane 0.262 0.342 1.314 0.327 0.579 0.474 0.383 0.433 0.465 

Bisnorhopane/Hopane 0.054 0.393 0.587 0.291 0.545 0.493 0.606 0.506 0.523 

Diahopane/(Diahopane+Hopane) 0.067 0.031 0.065 0.028 0.034 0.021 0.020 0.025 0.023 

Moretane/Hopane 0.154 0.183 0.428 0.169 0.256 0.210 0.182 0.218 0.227 

25-nor-hopane/hopane 0.013 0.029 0.033 0.030 0.019 0.013 0.017 0.024 0.030 

Ts/(Ts+Tm) trisnorhopanes 0.705 0.369 0.281 0.357 0.268 0.244 0.265 0.293 0.261 

C29Ts/(C29Ts+C29Tm Hopanes) 0.484 0.294 0.200 0.250 0.203 0.186 0.209 0.235 0.209 

H32 S/(R+S) Homohopanes 0.492 0.488 0.483 0.488 0.486 0.487 0.486 0.484 0.490 

H35/(H34+H35) Homohopanes 0.476 0.530 0.474 0.502 0.494 0.512 0.561 0.507 0.458 

C24 Tetracyclic/Hopane 0.040 0.045 0.132 0.044 0.070 0.056 0.047 0.051 0.056 

C24 Tetracyclic/C26 Tricyclics 0.410 0.372 0.376 0.381 0.319 0.288 0.266 0.320 0.306 

C23/C24 Tricyclic terpanes 1.099 1.399 1.255 1.503 1.167 1.141 1.028 1.224 1.164 

C19/(C19+C23) Tricyclic terpanes 0.162 0.146 0.100 0.155 0.088 0.075 0.083 0.095 0.083 

C26/C25 Tricyclic terpanes 1.269 1.122 1.205 1.260 1.046 1.069 0.992 1.137 1.103 

(C28+C29 Tricyclics)/Ts 1.529 3.705 4.106 3.094 5.855 7.024 7.832 5.138 6.289 

Homohopane index (HHI) 0.097 0.126 0.128 0.104 0.111 0.116 0.126 0.109 0.110 

(C28+C29 Tricyclics)/Ts+C28+C29 Tricyc) 0.605 0.787 0.804 0.756 0.854 0.875 0.887 0.837 0.863 

HBI (ppm) (saturates) 285.9 2576.4 614.0 2986.8 2178.1 2402.7 1598.6 2903.0 2531.0 

Homohop Isomer: 22S/(22S+22R) (C31-C35) 0.521 0.524 0.571 0.515 0.528 0.531 0.521 0.524 0.519 

C22/C21 Tricyclic terpanes 0.151 0.300 0.235 0.261 0.248 0.253 0.172 0.256 0.243 

C24/C23 Tricyclic terpanes 0.910 0.715 0.797 0.665 0.857 0.876 0.973 0.817 0.859 

C31 22S/(22S+22R) 0.564 0.579 0.650 0.568 0.575 0.569 0.592 0.575 0.569 
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Table A-3 (continued).  Terpane ratios for saturate fractions of oils, seep and source rock extracts. 

PPM Based on external-internal std BL-2 
Seep-

NDss 

Seep-

NDsh 
Seep-SA SR-AS 

SR-TX 

Beedy-7550' 

Seep-

Mf1487 
LC-2 MS asph MR asph 

PPM HBI I.S.  Spike 242.3 105.6 1403.8 219.9 644.1 282.5 270.9 262.1 88.3 88.4 

PPM Cholane Spike 131.4 57.3 761.5 119.3 349.4 97.7 93.8 90.7 33.9 33.9 

Oleanane/(Oleanane+Hopane) 0.198 0.311 0.910 0.886 0.197 0.162 0.217 0.417 0.063 0.092 

Gammacerane/Hopane 0.034 0.623 13.582 21.237 0.396 0.014 0.079 0.102 0.031 0.123 

C29/C30 Hopane 0.351 0.900 9.188 18.719 0.267 0.363 0.280 1.234 0.407 0.561 

Bisnorhopane/Hopane 0.064 0.192 0.661 1.125 3.362 0.090 1.494 0.526 0.033 0.089 

Diahopane/(Diahopane+Hopane) 0.045 0.023 0.304 0.406 0.007 0.016 0.024 0.035 0.008 0.006 

Moretane/Hopane 0.125 0.127 0.759 2.576 0.179 0.171 0.256 0.445 0.398 0.326 

25-nor-hopane/hopane 0.011 0.016 0.198 0.576 0.014 0.002 0.011 0.011 0.000 0.000 

Ts/(Ts+Tm) trisnorhopanes 0.679 0.109 0.147 0.109 0.182 0.474 0.331 0.305 0.034 0.057 

C29Ts/(C29Ts+C29Tm Hopanes) 0.335 0.081 0.173 0.056 0.475 0.276 0.202 0.188 0.052 0.000 

H32 S/(R+S) Homohopanes 0.561 0.526 0.103 0.550 0.418 0.512 0.468 0.464 0.418 0.410 

H35/(H34+H35) Homohopanes 0.468 0.646 0.022 0.686 0.645 0.504 0.605 0.501 0.416 0.473 

C24 Tetracyclic/Hopane 0.031 0.160 2.298 4.399 0.056 0.043 0.013 0.124 0.069 0.084 

C24 Tetracyclic/C26 Tricyclics 0.262 0.518 0.436 0.917 1.721 1.081 0.170 0.365 0.530 0.313 

C23/C24 Tricyclic terpanes 1.553 1.120 0.993 0.541 1.085 1.500 1.043 1.299 1.312 1.464 

C19/(C19+C23) Tricyclic terpanes 0.083 0.208 0.086 0.861 0.520 0.227 0.015 0.073 0.211 0.115 

C26/C25 Tricyclic terpanes 1.195 0.777 0.781 2.771 2.040 1.287 1.259 1.139 1.091 1.006 

(C28+C29 Tricyclics)/Ts 2.109 11.369 8.006 13.368 1.231 0.770 4.872 3.886 12.475 22.253 

Homohopane index (HHI) 0.089 0.209 0.003 0.255 0.172 0.094 0.179 0.135 0.048 0.087 

(C28+C29 Tricyclics)/Ts+C28+C29 Tricyc) 0.678 0.919 0.889 0.930 0.552 0.435 0.830 0.795 0.926 0.957 

HBI (ppm) (saturates) 4354.0 23.2 127.4 525.7 8064.9 1767.0 27.0 641.3 51.2 22.2 

Homohop Isomer: 22S/(22S+22R) (C31-C35) 0.579 0.549 0.265 0.501 0.311 0.536 0.493 0.579 0.636 0.568 

C22/C21 Tricyclic terpanes 0.257 0.396 0.740 0.100 0.198 0.353 0.356 0.263 0.444 0.577 

C24/C23 Tricyclic terpanes 0.644 0.893 1.007 1.848 0.922 0.667 0.959 0.770 0.762 0.683 

C31 22S/(22S+22R) 0.597 0.484 0.422 0.244 0.299 0.541 0.480 0.655 0.458 0.466 
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Table A-4.  Sterane and diasterane ratios for saturate fractions of oils, seep and source rock extracts. 

PPM Based on external-internal std BL KC LC MS MR SA1 SA2 SAA SAL 

PPM HBI I.S.  Spike 148.8 238.6 274.9 200.7 183.3 234.2 218.0 301.1 421.5 

PPM Cholane Spike 71.8 115.2 132.7 96.9 88.5 113.1 105.3 145.4 203.5 

%C27 abbS (218) 0.28 0.23 0.25 0.26 0.24 0.25 0.25 0.24 0.23 

%C28 abbS (218) 0.41 0.45 0.42 0.42 0.44 0.44 0.45 0.44 0.46 

%C29 abbS (218) 0.31 0.32 0.33 0.32 0.32 0.32 0.30 0.32 0.31 

%C27 aaaR (217) 0.26 0.23 0.08 0.27 0.24 0.17 0.24 0.23 0.22 

%C28 aaaR (217) 0.36 0.39 0.66 0.38 0.42 0.54 0.39 0.41 0.43 

%C29 aaaR (217) 0.38 0.37 0.26 0.35 0.33 0.30 0.37 0.36 0.35 

S/(S+R) (C29 aaa) (217) 0.47 0.46 0.74 0.40 0.45 0.66 0.37 0.40 0.47 

bbS/(bbS+aaR) (C29) (217) 0.59 0.54 0.64 0.45 0.59 0.69 0.48 0.51 0.60 

(C21+C22)/(C27+C28+C29) (217) 0.05 0.04 0.14 0.02 0.05 0.06 0.02 0.03 0.05 

C27/C29 (abbS) (218) 0.91 0.71 0.74 0.81 0.75 0.78 0.83 0.77 0.73 

C28/C29 (abbS) (218) 1.30 1.39 1.28 1.29 1.40 1.38 1.51 1.40 1.45 

Diaster/(Diaster+ster) (C27) (217) 0.48 0.42 0.64 0.29 0.35 0.34 0.20 0.28 0.35 

Steranes/17a-hopanes 1.656 1.853 1.707 0.739 2.192 1.461 1.327 2.572 2.085 

 

PPM Based on external-internal std BL-2 
Seep-

NDss 

Seep-

NDsh 
Seep-SA SR-AS 

SR-TX 

Beedy-7550' 

Seep-

Mf1487 
LC-2 MS asph MR asph 

PPM HBI I.S.  Spike 242.3 105.6 1403.8 219.9 644.1 282.5 270.9 262.1 88.3 88.4 

PPM Cholane Spike 131.4 57.3 761.5 119.3 349.4 97.7 93.8 90.7 33.9 33.9 

%C27 abbS (218) 0.33 0.20 0.35 0.35 0.12 0.24 0.10 0.25 0.24 0.29 

%C28 abbS (218) 0.37 0.39 0.32 0.29 0.36 0.44 0.62 0.43 0.41 0.40 

%C29 abbS (218) 0.30 0.41 0.33 0.37 0.52 0.32 0.27 0.32 0.35 0.31 

%C27 aaaR (217) 0.34 0.05 0.27 0.19 0.07 0.22 0.09 0.13 0.28 0.26 

%C28 aaaR (217) 0.36 0.14 0.61 0.24 0.00 0.38 0.88 0.53 0.43 0.44 

%C29 aaaR (217) 0.30 0.81 0.12 0.57 0.93 0.40 0.03 0.35 0.30 0.30 

S/(S+R) (C29 aaa) (217) 0.51 0.31 0.84 0.29 0.03 0.46 0.88 0.78 0.32 0.34 

bbS/(bbS+aaR) (C29) (217) 0.54 0.28 0.67 0.40 0.21 0.54 0.82 0.62 0.27 0.35 

(C21+C22)/(C27+C28+C29) (217) 0.07 0.53 0.24 0.30 0.02 0.05 0.09 0.16 --- --- 

C27/C29 (abbS) (218) 1.11 0.48 1.04 0.95 0.24 0.75 0.37 0.76 0.69 0.94 

C28/C29 (abbS) (218) 1.22 0.96 0.96 0.78 0.70 1.35 2.27 1.32 1.16 1.30 

Diaster/(Diaster+ster) (C27) (217) 0.27 0.77 0.79 0.79 0.42 0.35 0.44 0.68 --- --- 

Steranes/17a-hopanes 0.957 0.093 0.185 0.106 1.202 0.941 0.072 0.649 --- --- 
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Table A-5.  Monoaromatic and desmethyl triaromatic steroid ratios for aromatic fractions of oils, seep and source rock extracts. 

  BL KC LC MS MR SA1 SA2 SAA SAL 

Monoaromatic Steroids 

        

  

%C27 (253) 0.32 0.29 0.27 0.28 0.33 0.29 0.28 0.28 0.29 

%C28 (253) 0.45 0.45 0.50 0.50 0.43 0.50 0.48 0.50 0.50 

%C29 (253) 0.23 0.26 0.23 0.22 0.24 0.21 0.23 0.22 0.21 

C21/(C21 + C29) 0.16 0.18 0.06 0.07 0.06 0.06 0.17 0.06 0.05 

(C21+C22)/(C21+C22+C27+C28+C29) 0.09 0.10 0.04 0.04 0.04 0.04 0.12 0.04 0.04 

Desmethyl Triaromatic Steroids 

        

  

C28/(C26+C27+C28) 0.29 0.32 0.28 0.27 0.27 0.25 0.27 0.27 0.26 

C26S/(C26S + C28S) 0.47 0.34 0.41 0.41 0.47 0.44 0.40 0.41 0.42 

C27R/(C27R + C28R) 0.56 0.60 0.64 0.66 0.63 0.67 0.66 0.65 0.67 

C20/(C28 + C20) 0.30 0.18 0.07 0.11 0.10 0.14 0.16 0.14 0.13 

(C21 + C22)/(C21 + C22 + C26 + C27 + C28) 0.19 0.12 0.05 0.07 0.06 0.08 0.09 0.08 0.07 

DMD3/C28S 0.19 0.11 0.10 0.10 0.10 0.10 0.10 0.10 0.10 

DMD6/C28R 0.10 0.08 0.09 0.08 0.08 0.09 0.09 0.08 0.09 

 

  BL-2 
Seep-

NDss 

Seep-

SA 

SR-

AS 

SR-TX Beedy-

7550' 

Seep-

Mf1487 
LC-2 MS asph MR asph 

Monoaromatic Steroids   

  

  

  

  

 

  

%C27 (253) 0.31 0.30 0.30 0.18 0.24 0.08 0.28 0.39 0.41 

%C28 (253) 0.45 0.52 0.48 0.54 0.50 0.60 0.48 0.42 0.39 

%C29 (253) 0.24 0.17 0.21 0.28 0.26 0.32 0.24 0.19 0.20 

C21/(C21 + C29) 0.15 0.03 0.04 0.01 0.14 0.01 0.06 0.12 0.33 

(C21+C22)/(C21+C22+C27+C28+C29) 0.08 0.02 0.03 0.01 0.09 0.01 0.04 0.12 0.31 

Desmethyl Triaromatic Steroids   
  

  
  

  
 

  

C28/(C26+C27+C28) 0.33 0.24 0.25 0.24 0.42 0.40 0.28 0.18 0.16 

C26S/(C26S + C28S) 0.35 0.38 0.42 0.40 0.25 0.12 0.40 0.68 0.70 

C27R/(C27R + C28R) 0.58 0.71 0.68 0.71 0.50 0.57 0.64 0.68 0.71 

C20/(C28 + C20) 0.27 0.06 0.00 0.12 0.24 0.01 0.08 0.50 0.72 

(C21 + C22)/(C21 + C22 + C26 + C27 + C28) 0.19 0.03 0.00 0.04 0.19 0.01 0.06 0.24 0.44 

DMD3/C28S 0.13 0.12 0.11 0.05 0.11 0.16 0.10 0.17 0.16 

DMD6/C28R 0.13 0.13 0.12 0.09 0.12 0.15 0.12 0.10 0.10 
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Table A-6.  Methyl triaromatic steroid ratios for aromatic fractions of oils, seep and source rock extracts. 

  BL KC LC MS MR SA1 SA2 SAA SAL 

Methyl Triaromatic Steroids 

        

  

3-/(3- + 4-methylstigmastane 20R) 0.47 0.34 0.35 0.33 0.34 0.32 0.35 0.35 0.34 

(D3 + D4 + D5 + D6)/(D3-6 + 4-methylstigmastane 20R) 0.88 0.88 0.90 0.89 0.91 0.91 0.90 0.90 0.91 

(D3 + D4 + D5 + D6)/(D3-6 + 3-methylstigmastane 20R) 0.78 0.85 0.84 0.85 0.84 0.86 0.84 0.84 0.85 

 

  BL-2 
Seep-

NDss 

Seep-

SA 

SR-

AS 

SR-TX Beedy-

7550' 

Seep-

Mf1487 
LC-2 MS asph MR asph 

Methyl Triaromatic Steroids   
  

  
  

  
 

  

3-/(3- + 4-methylstigmastane 20R) 0.68 0.60 0.63 0.25 0.62 0.52 0.63 0.78 0.78 

(D3 + D4 + D5 + D6)/(D3-6 + 4-methylstigmastane 20R) 0.88 0.92 0.91 0.83 0.88 0.92 0.90 0.89 0.87 

(D3 + D4 + D5 + D6)/(D3-6 + 3-methylstigmastane 20R) 0.77 0.88 0.85 0.93 0.82 0.91 0.84 0.70 0.66 
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Figure A-1.  Mendocino Triple Junction and Salinian block migration from Graham (1978).  Pink polygon 

represents the Salinian tectonic block; shaded rectangle within it delineates approximate location of the 

Salinas Basin.  Ages and corresponding lines represent placement of Mendocino Triple Junction (MTJ) 

relative to North America (grey dashed lines) and the Salinian block (red bold lines).  Solid toothed line 

represents active subduction zone; open toothed line corresponds to inactive zone, and dashed toothed line 

represents former, inferred subduction zone.  The northward migration of MTJ relative to the Salinian 

block provides the basis for some thermal history interpretations (see Fig. 9).   
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Figure A-2.  Global sediment-water interface temperature history.  Paleotemperatures are calculated based 

on paleowater depth and paleolatitude.  These temperatures serve as boundary conditions for the top of the 

basin model.  Temperatures are derived from models by Wygrala (1989), and are available directly through 

PetroMod
®
 software.    
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Figure A-3.  Migration models assuming fault-specific lithology for the Reliz-Rinconada Fault through 

time.  These models assume type II kerogen kinetics and a permeable lithology emulating an open fault 

zone.  The migration maps are the product of 3D basin and petroleum system modeling using a Hybrid 

method, which combines flowpath and Darcy migration methods.  In order to visualize migration in the 

high and low permeability layers, we observe migration outputs from the flowpath method for reservoir and 

carrier layers and Darcy method for the fine-grained layers.  Migration symbols represent total flowpath 

(thin red and green lines in left column) and Darcy (red and green arrows in right column) migration for all 

layers.  Note offset of western side of basin over time.  These maps are of the downward view on the 3D 

model, hence subtle shading reflecting relief.  These results provide contrast with results of the preferred 

model, which assumes type II kerogen but no fault lithology (see Fig. 16).  
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Figure A-4.  Migration models assuming type II-S kerogen and fault-specific lithology for the Reliz-

Rinconada Fault through time.  These models assume type II-S kerogen kinetics and a permeable lithology 

emulating an open fault zone.  The migration maps are the product of 3D basin and petroleum system 

modeling using a Hybrid method, which combines flowpath and Darcy migration methods.  In order to 

visualize migration in the high and low permeability layers, we observe migration outputs from the 

flowpath method for reservoir and carrier layers and Darcy method for the fine-grained layers.  Migration 

symbols represent total flowpath (thin red and green lines in left column) and Darcy (red and green arrows 

in right column) migration for all layers.  Note offset of western side of basin over time.  These maps are of 

the downward view on the 3D model, hence subtle shading reflecting relief.  These results provide contrast 

with results of the preferred model, which assumes type II kerogen but no fault lithology (see Fig. 16). 
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Figure A-5.  Schematic representations of the evolution of wrench systems.  a) This model of wrench 

tectonism begins with en echelon folding, then en echelon synthetic shear zones which eventually link to 

form a unified strike-slip fault (Biddle and Christie-Blick, 1985).  b) One possible conceptual model of 

transtensional basin development after Wu et al. (2009) potentially explains dual depocenter formation and 

a cross-basinal strike-slip fault.  
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APPENDIX B - Guidebook 

THE SALINAS BASIN, CENTRAL CALIFORNIA: A 

PETROLEUM SYSTEM IN OUTCROP 

 

Tess Menotti and Stephan A. Graham
 

Geological and Environmental Sciences, Stanford University, Stanford, CA 94305 

 

Introduction 

In the final decades of the twentieth century, the petroleum industry witnessed a gradual 

paradigm shift in oil and gas exploration: geoscientists collectively realized that 

hydrocarbon (HC) accumulations are the consequence of a complex system of geological 

and geochemical components intimately connected through physical and chemical 

processes.  Petroleum geologists began adopting an integrated exploration approach that 

centers around the concept of the petroleum system, formalized and summarized by 

Magoon and Dow (1994).  This qualitative concept is now routinely incorporated in oil 

and gas exploration and prospect evaluation using quantitative basin modeling software 

(Al-Hajeri et al., 2009; Hantschel and Kauerauf, 2009).   

 

Four elements are critical for a productive petroleum system: source rock, overburden 

rock, reservoir rock, and seal rock (Magoon and Down, 1994; Figure B-1).  In this 

excursion, you will identify these elements, observe their characteristics, and consider 

their implications for development of a petroleum system.  A petroleum system 

incorporates the processes of hydrocarbon generation-migration-accumulation and 

trapping, of which you will also observe field examples. 

 

The Salinas River Valley and adjacent Santa Lucia Mountains of central California, 

U.S.A., offer a unique opportunity to observe a petroleum system expressed in outcrop 

(Menotti and Graham, 2012).  Although the majority of the Salinas Basin remains at 

depth (~4 km maximum burial; Compton, 1966), a shift in relative motions of the Pacific 

and North American tectonic plates uplifted portions of sedimentary basins along coastal 
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California during late Neogene time (Atwater and Stock, 1998; Page et al., 1998; Ducea 

et al., 2003).  This is manifested in the western Salinas Basin as the Santa Lucia Range.  

As a consequence of this uplift, petroleum system elements, such as the source rocks of 

the Monterey Formation (Fm), are now accessible as outcrop exposures, whereas their 

subsurface equivalents still charge the giant San Ardo oil field.  San Ardo field, 

discovered in 1947, has in excess of 500 million barrels of recoverable oil, ranking it as 

the eighth largest producing oil field in California (DOGGR, 2010).  Although production 

of heavy oil (~10-13° API gravity) at the San Ardo field and adjacent fields continues, 

the prospect of unconventional resource potential led to a recent resurgence of 

exploration interest in the basin. 

 

We present two excursions to the Northern and Southern Salinas Valley, which together 

provide an overview of petroleum system elements in the context of a strike-slip basin.  

Outcrops of uplifted and tilted sedimentary cover border the basin’s western edge (Figure 

B-2a).  Observing these exposures allows one to identify and evaluate petroleum system 

elements, to characterize known hydrocarbon accumulations, and to assess the probability 

of undiscovered subsurface accumulations.  The Salinas Basin is of particular 

significance to California petroleum exploration and assessment because this basin offers 

insights into the petroleum potential of offshore central coastal areas (e.g., Sur Basin, 

northern Santa Maria Basin), which are underexplored and lack well control.  Petroleum 

system components represented in this field trip include: (1) multiple facies of thermally 

immature source rock (Stop 1.1), (2) regional and localized structures (Stops 1.2 and 1.4), 

(3) ~1 km-thick exposures of overburden rock (Stop 1.2), (4) migrated biodegraded oil in 

fractures and matrix porosity (Stop 1.5), and (5) production operations at the San Ardo oil 

field (Stop 1.6; see Figure B-3 for a location map).   

 

General Access 

This guide leads you sequentially through the components of a petroleum system, guiding 

the participant through three stops at the northern end of the Salinas Basin, then 

progressing south for the final three stops.  The entire trip can be accomplished in one 

full day, covering a driving distance of ~98 miles.  All stop locations are on public 
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property including the Arroyo Seco Day Use Area in the Los Padres National Forest 

(nominal entry fee) and county roads (Monterey and San Luis Obispo counties).  Several 

stops are located near reservoir dams and an active oil field, however the suggested 

viewing locations are along public roads (permissions and permits are not required). 

 

Equipment & Safety 

This field excursion requires minimal walking as all locations are accessible by vehicle.  

Sturdy walking shoes are recommended.  Locations are accessible via paved roads, and 

many stops are roadside.  Due to road proximity, fluorescent safety vests and/or traffic 

cones are recommended to alert traffic to your presence.  Additional suggested equipment 

includes: long pants (protection against thorny plants and poison oak), sun hat, 

sunglasses, sunscreen, and plenty of drinking water. 

 

Central California is a fairly benign region, but there are a few hazards of which to be 

aware:  poison oak (produces an oil that is irritating to the skin of some people), 

rattlesnakes, ticks, deer (hazards while driving), and high fire danger given frequent 

drought conditions.  Please refrain from smoking and avoid parking over dry grass.  In 

the event of an emergency, the nearest hospital is located in the town of King City: 

George L. Mee Memorial Hospital, 300 Canal St., King City, CA 93930. 

 

There are few towns along the field trip route, therefore we recommend starting with a 

full tank of gas and your food and water provisions for the day.  Rest stop locations, 

restaurants and lodging are in the towns of Greenfield, King City and Paso Robles. 

 

Regional Geology 

The Salinas Basin is located in the Coast Ranges province of central California.  Similar 

to many of California's geologic and physiographic features, this elongate basin stretches 

NNW-SSE and parallel to the transform plate boundary between the North American and 

Pacific plates.  The basin resides on granitic and metamorphic basement rocks of the 

Salinian tectonic block, which is bounded to the east and west by two large-offset dextral 

strike-slip faults: the San Andreas and the Sur-Nacimiento Faults, respectively.  The 
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Salinian block is dominantly viewed as originating from the southern Mesozoic Sierra 

Nevada arc, from a region in the vicinity of modern-day Baja California.  Due to multiple 

episodes of strike-slip faulting beginning in latest Cretaceous time, the Salinian block 

was structurally translated in the NNW direction to its present-day location (Dickinson 

and Butler, 1998; Sharman et al., 2013).  Strike-slip tectonism dominated the Cenozoic 

tectonic regime of California, leading to the development of a marine borderland setting 

and the formation of en echelon pull-apart style basins with adjacent uplifted basement 

blocks (Nilsen and Clark, 1975; Graham, 1978; Dickinson et al., 1979).  The Salinas 

Basin and other coastal California basins subsided very rapidly in late Oligocene-early 

Miocene time with reactivation of northwestward translation of the Salinian block due to 

initiation of the newly-formed San Andreas Fault.  By late Neogene time, regional 

transpression associated with a change in pole-of-rotation of the Pacific and North 

American plates caused inversion and further deformation of the basin (Graham, 1978; 

Page et al., 1998).  This dynamic tectonic history profoundly impacted the development 

of the petroleum system by: 

1) defining initial basin configuration and depositional setting,  

2) rapidly creating abundant accommodation for source rock and overburden 

sediment accumulation, and 

3) structurally deforming the basement and sedimentary cover, resulting in formation 

of migration pathways, traps and fractured reservoirs. 

This field guide leads the participant through explicit examples of these key components 

of the basin’s history. 

 

Basin Stratigraphy and Structure 

The Salinas Basin fill comprises a composite stratigraphy that records two main tectonic 

phases along the margin: (1) the late stages of the Mesozoic forearc setting overlain by 

(2) Eocene to Recent stratigraphy that reflects the evolution of the transform dominated 

margin.  All known petroleum sources and accumulations in the Salinas Basin occur in 

Neogene rocks (Figure B-4) so pre-Oligocene strata are considered economic basement.  

Neogene stratigraphy comprises a succession of predominantly marine facies that records 

a period of deepening and then shallowing water depths.  Geologic ages, dominant 
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lithologies and corresponding water depths of the Neogene-Recent basin fill are noted in 

Figure B-4. 

 

Several structural features impact the basin stratigraphy and are the basis for partitioning 

the basin into three general zones (the eastern, central and western regions): 

1. The San Andreas Fault defines the eastern boundary of the eastern region.  Upper 

Miocene shallow marine facies blanket the relatively shallow basement (<1 km 

deep).  The eastern margin of the basin is referred to as the Gabilan shelf (Figure 

B-2), based on the shelfal paleoenvironment.  

2. An abrupt drop of the basement surface, from east to west, separates the Gabilan 

shelf from the central zone, and is accompanied in some locations by faults, 

including the Los Lobos thrust fault (Figure B-5).  The central zone contains the 

thickest sediment accumulation in the basin (basement depths of ~4 km), all of 

early Oligocene age and younger. 

3. The Reliz-Rinconada right-lateral strike-slip fault separates the central basinal 

zone from the now inverted western region.  Much of the basin stratigraphy is 

exposed in a rim of outcrops along the basin's western margin (Figure B-2).  

These exposures provide a window into the stratigraphic, lithologic and structural 

character of the petroleum system at depth because they are equivalent to 

subsurface units to the east. 

4. The Nacimiento Fault bounds the western edge of the basin and the Salinian 

block.   

The combination of the tectonically-defined basin structure and the stratigraphic response 

to this tectonism sets the stage for petroleum system formation. 

 

Overview of the Petroleum System in the Salinas Basin 

The petroleum system in the Salinas Basin exists almost entirely within the Miocene 

Monterey Formation (Figures 1, 5).  The Monterey Fm is composed of two main units 

(the Sandholdt and Hames Members) and blankets nearly the entire basin with bathyal to 

shelfal facies.  This field trip explores variability in lithofacies and related geochemical 

and rock properties within the Monterey Fm, as well as the role that structural 
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deformation plays on modifying or creating additional petroleum system components 

(e.g., migration and trapping mechanisms, overburden enhancement).   

This trip includes the following petroleum system components: 

1. Source Rock: Sandholdt Mbr of the Monterey Fm; oil-prone organic matter in 

marine shales – Stop 1.1 

2. Overburden Rock: Hames Mbr of the Monterey Fm; sedimentary basin fill  – 

Stops 1.3 and 1.4 

3. Reservoir & Seal Rocks: Upper Miocene shallow marine facies of the Monterey 

Fm; interbedded shelfal sandstones and mudstones – Stop 1.6 

4. Migration-Accumulation, Trapping: A variety of sedimentary and structural 

mechanisms – Stops 1.2, 1.5 and 1.6 

 

 

Part 1: Northern Salinas Basin 

Arroyo Seco and Reliz Canyon – Source rock stratigraphy, strike-slip fault scarp, 

and thick overburden rock 

 

Access: The Arroyo Seco Day Use Area (36° 14' 10.14" N, 121° 28' 44.47" W) is located 

in the Los Padres National Forest, approximately 17 mi drive west from the town of 

Greenfield, CA.  This is the location of the first stop for this excursion; directions to 

subsequent stops are described between stop descriptions. 

 

From locations north of Salinas Valley, follow U.S. Route 101 S to Exit 301/Arroyo Seco 

Rd (~29 mi south of Salinas, just north of Greenfield).  Continue on Arroyo Seco Rd (1.3 

mi), then keep left to continue on Arroyo Seco Rd (14.9 mi).  At the Y-shaped intersection 

with Carmel Valley Rd, bear left to continue on Arroyo Seco Rd (4.5 mi).  Arrive at the 

entrance kiosk to the Arroyo Seco Recreation Area and Los Padres National Forest.  Be 

prepared to pay a park entrance fee ($5-10).  Cross the bridge and turn right into the 

Day Use Area parking lot.   
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From locations south of Salinas Valley, follow U.S. Route 101 N to Exit 293 into 

Greenfield (~62 mi north of Paso Robles).  Continue on S El Camino Real (0.3 mi), and 

then turn left onto Elm Ave/County Rd G16 (5.6 mi).  After crossing Arroyo Seco River, 

turn left to stay on Elm Ave, then continue on County Rd G16 (now merged with Arroyo 

Seco Rd) (6.7 mi).  Once at the Y-shaped intersection of Arroyo Seco Rd and Carmel 

Valley Rd, follow Arroyo Seco Rd to Arroyo Seco Day Use Area as described above. 

 

Arroyo Seco 

STOP 1.1 Source Rock: Sandholdt Mbr of the Monterey Fm  

(36° 14' 10.14" N, 121° 28' 44.47" W) 

This stop combines outcrop exposures in three different locations, all within walking 

distance of one another: Stop 1.1a, Stop 1.1b and Stop 1.1c.   

 

Sandholdt Mbr Overview 

The presence of source rock is the key to hydrocarbon accumulation in the Salinas Basin.  

A rim of outcrops along the basin’s western edge exposes the source rock: the Sandholdt 

Mbr of the Monterey Fm (Figures 2a, 4).  The combination of high organic richness, 

favourable kerogen types (I and II), thickness and lateral extent, and subsurface thermal 

maturity (Mertz, 1984; Marion, 1986) suggest that the Sandholdt Mbr is a viable source 

rock for oil generation in this basin. 

  

Stratigraphically, the Sandholdt Mbr overlies the Vaqueros Fm, reflecting an abrupt 

deepening in marine waters from the shallow marine setting during Vaqueros time to 

upper middle bathyal water depths (500-1500 m) by middle Miocene time.  During this 

period, the continental shoreline was in excess of 200 km east of its current position, and 

the Salinas Basin was consequently isolated from much of the terrigenous sediment shed 

from the mountains to the east.  Instead, mainland-derived siliciclastic sediments were 

captured by the deep-marine San Joaquin Basin to the east.  The restricted shape of the 

Salinas Basin minimized the influx of oxygenated ocean currents.   Upwelling waters 

provided nutrients for phytoplankton growth, resulting in production of copious organic 

matter, which further drove conditions to anoxia (Pisciotto and Garrison, 1981).  This, 
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combined with the absence of detrital input, created an ideal setting for accumulation and 

preservation of organic matter.  

 

Extent of Sandholdt Mbr 

The Sandholdt Mbr is mapped north-to-south over the entire length of the basin and 

onlaps onto granitic basement eastward at the Gabilan shelf edge.  The thickness of the 

Sandholdt Mbr ranges from up to ~900 m in the north to ~240 m in the southern region of 

the basin (Durham, 1974).   

    

Geochemical Properties 

The source rock quality of the Sandholdt Mbr of the Monterey Fm is largely facies-

dependent (Mertz, 1984).  Generally, facies comprising highly laminated shales contain 

an abundance of total organic carbon (TOC; 4-7 wt %) having relatively high hydrogen 

indices (HI; 500-810 mg HC/TOC) and low oxygen indices (OI; 15-30 mg HC/TOC), 

indicating that this source rock facies contains oil-prone Types I and II kerogen (Figure 

B-6).  Tmax values derived from Rock-Eval pyrolysis of outcrop samples range from 308-

438 °C, and vitrinite reflectance (Ro) is in the range of 0.31-0.59% (Mertz, 1984).  The 

minimum threshold for thermal maturity (and entry into the “oil window”) is Tmax of 435 

°C and Ro of 0.6% (Peters and Cassa, 1994).  Thus, although the uplifted source rock 

here is organic-rich and oil-prone, it is thermally immature.  However, well data show 

that the Sandholdt Mbr of the Monterey Fm is buried 1.7 km below the surface 

approximately 20 km east of this location.  Historical 1950’s exploratory wells that 

penetrate the entire Monterey Fm at this locale have Tmax of up to 442 °C, placing the 

source rock in the early oil window (Marion, 1986).  A Tmax of 442 °C requires several 

kilometers of burial, which is accomplished in part by the very thick accumulation of 

upper Miocene strata.  The base of Monterey Fm contour map in Figure B-2b illustrates 

the impressive degree of burial in the eastern Arroyo Seco area since mid-Miocene time, 

as well as a deep structural trough in Hames Valley to the south.  Thus, the main kitchen 

(or pod of active source rock, after Magoon and Dow (1994)) is in the Hames Valley 

trough, and a secondary kitchen underlies the eastern Arroyo Seco area. 
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Observe at Stop 1.1 – Lithostratigraphy 

The Sandholdt Mbr is characterized by well to moderately-laminated, organic-rich 

hemipelagic and turbiditic shales interbedded with authigenic dolostone lenses and 

concretions (Figures 7, 8).  The dolostone units protrude from the outcrop as well-

indurated beds that weather to a distinct orange color.  The Sandholdt Mbr contains 

authigenic phosphate (apatite) nodules and lenses and benthic foraminifera.  Forams are 

easily detectable with a hand lens; the phosphate nodules and lenses are visually 

apparent.  Much less common are re-deposited sediments such as coarse-grained 

turbidites and muddy debris flow deposits.  The Sandholdt section in the Arroyo Seco 

area is nearly complete, although the basal section is in fault contact with crystalline 

basement.  This suggests that there may be missing section at the base.  The section at 

this locality is ~440 m thick (Figure B-7).  This guide leads you through 80 m of that 

section, beginning roughly 90 m above the base of the Sandholdt Mbr.  Beds generally 

dip to the E and SE at ~30°. 

  

STOP 1.1a  (36° 14' 11.92" N, 121° 28' 51.73" W) 

Access: From the parking lot, walk west on a footpath along the southern bank of the 

river.  You will pass a USGS rain gauge station.  A ~5 m tall outcrop of mudstone, shale, 

and dolostone outcrop is freshly exposed along the riverbank. 

Return: To access Stop 1.1b, retrace your steps along the footpath, then cross the parking 

lot to its opposite (southeastern) end.  Walk up to the paved parking lot entrance and 

cross over Arroyo Seco River on the bridge.  Once on the opposite (eastern) shore, 

proceed to a foot trail on the upstream side of the bridge just beyond the park entrance 

kiosk.  Follow this trail northward and upstream, along a tall bluff of the Sandholdt Mbr 

beside the riverbank. 

 

STOP 1.1b  (36° 14' 9.83" N, 121° 28' 39.17" W) 

Access: To view the section in stratigraphic succession, walk as far upstream as the 

outcrop exposures extend, then turn and retrace your steps to walk upsection. 
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Return: To access the final location at this stop, retrace your steps back over the bridge 

to the western shore, and walk down toward the parking lot to the river bank.  Continue 

southward along the river bank in the downstream direction, crossing under the bridge. 

 

STOP 1.1c  (36° 14' 7.32" N, 121° 28' 40.08" W) 

Access: Walk downstream and upsection over banks of freshly cut Sandholdt Mbr 

bedrock.  Proceed downstream no more than ~50 m from the bridge. 

Return: This concludes Stop 1.1.  To proceed to Stop 1.2, return to the vehicle and depart 

from the Arroyo Seco Day Use Area, retracing the Arroyo Seco Rd toward Greenfield.  

From the Arroyo Seco Day Use parking lot, drive 11.2 mi east on Arroyo Seco Rd to the 

intersection with Elm Ave / County Rd G16 (36° 16' 48.11"N, 121° 19' 35.41" W). 

 

 

STOP 1.2  Basin Structure and Potential Petroleum Migration Pathway:  Reliz Fault  

(36° 16' 52.07" N, 121° 19' 22.34" W) 

To access this roadside outcrop, park your vehicle on the broad shoulder of Arroyo Seco 

Rd just before or after the junction with Elm Ave.  Do not park in front of any private 

road gates or entryways, and avoid “No Parking” areas.  Carefully walk down the hill 

along Elm Ave toward the trellis bridge that crosses the Arroyo Seco.  The outcrop is 

exposed in the river terrace on this shore directly across from the bridge. 

 

Reliz-Rinconada Fault (RRF) 

The RRF is a composite of fault segments that bisects the Salinas Basin (Figure B-2b).  A 

number of cross-fault ties suggest this fault has accrued ~40 km of dextral strike-slip 

separation and 2-3 km of dip-slip since late Miocene time (Dibblee, 1976; Graham, 

1976).  Offset of this magnitude resulted in rearrangement of transformed source rock in 

the basin, placing part of the original kitchen in close proximity to the northern swath of 

upper Miocene shelf sandstones.  The RRF also aligns with the boundary between the 

basin’s significantly uplifted western zone and the central region that remains close to 

maximum burial depth.  The transpressional stresses applied to this region in late 
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Neogene time were partly accommodated through dip-slip along the RRF (Dibblee, 

1976). 

 

Fault offset of this magnitude not only profoundly changed the basin geometry, but 

introduced a possible conduit for secondary hydrocarbon migration.  Given the fortuitous 

placement of the fault through the once whole paleodepocenter and therefore its direct 

connection to the hydrocarbon source, the RRF is a critical factor for evaluation of the 

Salinas Basin petroleum system (Menotti et al., 2012).  The degree of fault permeability 

is unclear, as evidence of migrated oil is lacking in the fault zone.  However, well-

exposed surficial expressions of the RRF are very uncommon (this outcrop being the 

exception) and undocumented occurrences are possible.  Alternatively, impermeable fault 

properties may be hypothesized.  Such uncertainty can be addressed with numerical 

modeling by testing a range of fault properties (Menotti et al., 2012).   

 

Observe at Stop 1.2 

An impressive outcrop of the Reliz segment of the RRF is exposed in the terrace bench 

on the northern bank of Arroyo Seco River.  The fault dips at a high angle (~70°) to the 

southwest and juxtaposes Monterey Fm on the hanging wall block against Pliocene 

Pancho Rico Fm in the footwall (Dibblee, 1976).  Fault breccias and drag folds are 

observed in the ~2 m wide fault zone.  From the far (southern) side of Arroyo Seco River, 

the suggestion of a fault trace is identified as a topographic expression to the NNW, at the 

base of the Sierra de Salinas mountains (Figure B-9a). 

 

Return to the vehicle parked on Arroyo Seco Rd.  Drive back down the hill to Elm Ave 

and the bridge, passing the fault outcrop.  Cross the bridge to the southern shore and 

continue on Elm Ave / County Rd G16 (1.4 mi).  Turn right on Reliz Canyon Rd and 

proceed south for 6.4 mi to a locked gate marking the beginning of private road (36° 11' 

50.94" N, 121° 16' 35.88" W).  The next section of this trip traverses through the Hames 

Mbr of the Monterey Fm, to be viewed en route with one stop along the shoulder of Reliz 

Canyon Rd. 
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Reliz Canyon 

STOP 1.3  Overburden Rock: Hames Mbr of the Monterey Fm  

(Begin at 36° 11' 50.94" N, 121° 16' 35.88" W; Stop at 36° 13' 32.79" N, 121° 16' 45.28" 

W) 

Turn around at the locked gate.  This location approximately marks the base of the 

Hames Mbr of the Monterey Fm.  Proceed back on Reliz Canyon Rd heading north.  At 

2.1 mi from the gate, pull off to the shoulder for Stop 1.3.  This stop provides a vista to 

view the most continuous outcrop section of Monterey Fm in the Salinas Basin.  After 

viewing the outcrops at Stop 1.3, continue driving north on Reliz Canyon Rd through the 

remaining section of Monterey Fm.  The upper contact of the Monterey Fm is 2.9 mi 

driving distance north of the gate; the relatively narrow canyon expands into a broad 

valley beyond this point.  As you cross the valley driving north, you intersect the axis of 

an E-W trending syncline capped with Pliocene and Quaternary deposits. 

 

Hames Mbr Overview 

The Hames Mbr of the Monterey Fm is the main contributor of overburden rock in the 

Salinas Basin: 2-3 km of overburden rock overlies the source rock in the depocenters.  

This degree of burial in Arroyo Seco/Reliz Canyon and the Hames Valley areas led to 

organic matter maturation sufficient for oil generation.  Generation potential is confirmed 

for source rock in both kitchens by Rock-Eval pyrolysis data and 1-D basin models 

(Figure B-10; Marion, 1986; Menotti, 2010; Menotti et al., 2012).  However, despite the 

promising maturity of subsurface source rock, as well as minor occurrences of migrated 

oil in outcrops and wellbores in the Arroyo Seco area, commercial accumulations of oil 

west of the RRF are lacking.  Oil prospectivity west of the RRF is low as late Cenozoic 

uplift and contractile deformation reduces the probability of significant accumulations in 

this area.  Therefore recent exploration efforts target the Hames Valley area, west of the 

San Ardo oil field. 

 

The Hames Mbr signifies a transition from deposition dominated by calcareous sediments 

to dominantly siliceous sediment deposition.  This facies, as well as the appreciable 

thickness of the Hames Mbr, is explained by an explosion of diatom productivity as a 
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direct consequence of global mid-Miocene climatic cooling and increased ocean basin 

margin upwelling (Pisciotto, 1978; Graham, 1978; Ingle, 1981). 

 

Surface Expression and Lateral Continuity of the Hames Mbr 

The Hames Mbr blankets much of the basin.  West of the RRF, cliffs of the unit 

commonly line the Arroyo Seco and tributary drainages, including Reliz Canyon.  A 

broad spine of the Hames Mbr extends partially down the center of the basin, with the 

RRF at its core (Figure B-2a).  In the Salinas River Valley, east of this ridge line, the 

majority of the Hames Mbr exists in the subsurface and is extensively penetrated by 

wellbores.  Farther east, age-equivalent units drape the raised basement of the Gabilan 

shelf.  These strata record a transition into a shallow marine paleodepositional 

environment from the basinal facies deposited to the west (Figure B-5). The Hames Mbr 

reaches over 2000 m thickness in the Reliz Canyon and Hames Valley areas, but is 

generally thinner elsewhere (~300-600 m; Durham, 1974).   

 

Observe at Stop 1.3 and while En Route in Reliz Canyon – Stratigraphic Thickness & 

Litho-stratigraphy 

The impressively tall west-facing wall of Reliz Canyon provides a sense of the enormous 

sediment volume recorded by the biosiliceous unit of the Monterey Fm.  The upper ~400 

m of the Hames Mbr are visible in this cliff section and the vegetated hill slope to the 

north.  Beds dip 40-50° to the NE.  Therefore, driving north from the gate on Reliz 

Canyon Rd allows one to survey the total thickness of the Hames Mbr.  At such a high 

dip angle, subsurface isochores of the Hames Mbr over-represent the true stratigraphic 

thickness of the unit.  Therefore, attention must be paid to structural deformation when 

modeling overburden deposition and source rock burial because the mechanism for burial 

(i.e., depositional or tectonic) has implications for petroleum generation (Menotti, 2010).    

 

The Hames Mbr is characterized by regularly-spaced centimeter to decimeter-scale beds 

of porcelanite, porcelaneous mudstone and chert interbedded with siliceous shale, often 

bleached white through weathering processes.  The silica in the original biogenic 

sediments was thermodynamically unstable, making it especially prone to diagenetic 
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alteration.  With burial, opaline silica (opal-A) alters to more stable polymorphs through 

dissolution-precipitation reactions.  Thus, there is a general correlation between silica 

type and depth of maximum burial (Calvert, 1971).  The most common silica type in 

Salinas Basin outcrops is opal-CT (cristobalite-tridymite), although quartz phase silica 

has been measured in the subsurface.  Diatomaceous deposits are present in regions that 

underwent the least amount of burial. 

 

This concludes the northern excursion of the Salinas Basin petroleum system outcrop 

tour. 

 

 

Part 2: Southern Salinas Basin 

Nacimiento Dam, San Antonio Dam and San Ardo Oil Field – Structural 

deformation, petroleum migration and accumulation 

 

Access: Nacimiento Dam (35° 45' 40.97" N, 120° 53' 7.34" W) is located at the southern 

end of the Nacimiento Reservoir.  From the previous stop (Stop 1.3, Reliz Canyon), drive 

north on Reliz Canyon Rd (4.2 mi).  Turn right on Elm Ave / County Rd G16 and continue 

toward the town of Greenfield (4.4 mi).  Turn right on El Camino Real, following signs 

for US 101 S (0.6 mi).  Merge onto US 101 S and continue to Exit 252 / Jolon Rd (40.6 

mi).  Note: this is the second of the two Jolon Rd exits off US 101 S.  After exiting, turn 

right on Jolon Rd / County Rd G18, followed by a quick left on Nacimiento Lake Dr / 

County Rd G19.  Continue on Nacimiento Lake Dr, crossing over the San Antonio River 

via a small trellis bridge (at ~5 mi from Jolon Rd intersection), and turn left just before 

the San Antonio Dam to continue on Nacimiento Lake Dr (6.9 mi from Jolon Rd – 

Nacimiento Lake Dr intersection).  Drive on Nacimiento Lake Dr and turn right into 

Nacimiento Dam utility access area, just beyond two hairpin turns and before the dam 

itself (3.1 mi from left turn by San Antonio Dam).  Avoid “No Parking” areas and gates 

as you park your vehicle.  For information regarding permission and access to the 

Nacimiento or San Antonio Dams, contact the Monterey County Water Resources 

Agency. 
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Points of interest en route to Stop 1.4:   

1. While driving south on US 101, you will pass the San Ardo oil field to your left 

(east).  You will return to this location for your final stop. 

2. The diatomaceous diagenetic facies of the biosiliceous Monterey Fm is exposed 

in the light buff-colored outcrops in the hills near the bridge over the San Antonio 

River.  This unit is informally referred to as the Buttle Diatomite. 

 

Nacimiento Dam 

STOP 1.4  Structural Deformation: Folded Monterey Fm  

(35° 45' 51.53" N, 120° 53' 9.55" W) 

 

Access: After parking your vehicle, walk back up the hill on the shoulder to the outcrops 

along the hairpin turns. 

 

This exposure highlights the severity of structural deformation in the sedimentary cover 

in some localities, which formed in response to late Cenozoic transpressional events 

(Dibblee, 1976).  A change in pole-of-rotation of the Pacific and North American plate 

pair at the end of Miocene time (between ~6 and 8 Ma, and possibly as late as 3.5 Ma; 

Page et al., 1998) led to extensive folding and uplift of the Salinas Basin.  This 

deformational event contributes to the petroleum system in four primary ways: 

1. Tightly folded strata (Figure B-9b-d) overlying the source rock increase 

overburden thickness, adding to the primary overburden from sediment 

deposition. 

2. Tectonism responsible for the folds induced brecciation and fracturing of the 

brittle strata within the Monterey Fm.  These deformation features contribute to 

oil migration by providing secondary permeability pathways that. 

3. Transpressional tectonism caused inversion of the basin, removing the 

sedimentary cover in its entirety in some places.  Eroded material must be 

accounted for when modeling burial history. 
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4. Folds and faults formed in reservoir sandstones on the Gabilan shelf in response 

to the late Cenozoic contractile tectonism.  These structural features become traps 

for migrating hydrocarbons.  

 

Observe at Stop 1.4 

The north side of the road exposes isoclinal folds developed in thin-bedded, fine-grained 

biosiliceous Monterey Fm.  Although the lithostratigraphy at this location is consistent 

with the Hames Mbr of Reliz Canyon, these strata are age-equivalent to the Sandholdt 

Mbr in the Arroyo Seco area. 

 

The tight isoclinal geometry of this unit is accomplished by layer-parallel slip between 

thin beds of contrasting lithologies where the brittle porcelaneous beds glide past one 

another along very thin shale partings to accommodate shortening (Figures 9c, 9d).  This 

exposure also demonstrates how more competent dolostone lenses influence fold 

geometry and position, given dolostone’s resistance to plastic deformation (Figure B-9c).  

Other notable structural features include bed-scale reverse faults and differential 

compaction of fine-grained siliceous layers around dolomitized concretions.   

 

Return to the parked vehicle, turn around, and follow Nacimiento Lake Dr / County Rd 

G19 back the way you came (3.1 mi).  At the T-intersection, turn right to continue on 

Nacimiento Lake Dr / County Rd G19 (you are passing the San Antonio Dam on your 

left) and continue to a short (~4 m tall) sloping outcrop of dark brown sandstone on the 

right side of the road (0.3 mi).  Approach this slowly as it is difficult to locate.  There is a 

broad shoulder on the left side of the road.  Carefully cross traffic and park here. 

 

 

East of San Antonio Dam 

STOP 1.5  Exhumed Oil Field & Migrated Oil in Fractures: Paso Robles and 

Monterey Formations 

(35° 47' 35.94" N, 120° 51' 58.90" W) 
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Cross the road to the exposure of NE-dipping Pleistocene Paso Robles Fm (to the east) 

and Monterey Fm (to the west).  The unconformity separating these units is slightly 

obscured by modern weathering and vegetation.  Locate a small shrub (~ 1-2 m tall) 

growing halfway up the outcrop (Figure B-11a). 

 

The accumulation of hydrocarbons in the Salinas Basin is hampered by the lack of 

coarse-grained reservoir beds in the basinal facies of the Monterey Fm. Instead, 

conventional oil accumulation is mainly restricted to shallow marine sandstone units that 

exist as a broad swath along the eastern flank of the basin (e.g., San Ardo oil field).  The 

lack of higher permeability coarse-grained units connecting mature source rock to 

reservoirs also hinders hydrocarbon migration.  Oil migration in this basin therefore relies 

on a combination of fracture networks and faults within the Monterey Fm, in addition to a 

zone of weathered granite along the basement-Monterey Fm contact.   

 

This location lies near Hames Valley, which overlies the thickest accumulation of 

Monterey Fm in the basin (Figures 1, 2b, 5, 10b) and the main pod of active source rock.  

The exposure here provides evidence for oil migration (originating many kilometers 

below) along fracture planes in porcelanite.  This outcrop is a window into plausible 

processes influencing the petroleum system in the subsurface: (1) the oil-lined fractures 

overlain with oil-saturated sandstone are small-scale examples of a charge mechanism for 

San Ardo oil field, less than 15 km to the north and (2) oil saturation of fracture porosity 

suggests the possibility of an exploration play in fractured shale. 

 

This location also elegantly encapsulates the temporal relationships among petroleum 

system processes.  Episodic uplift and burial produced a chronologic sequence 

documented in (1) the unconformable contact between the units, (2) the intraformational 

clasts within the sandstone, (3) the presence of fractures in the porcelanite and chert, and 

(4) the final surface expression of these strata.  The unconformity not only reflects late 

Cenozoic evolution of the basin from deep-marine to subaerial environments, it also dates 

contractile deformation that formed an anticlinal structure at the San Ardo oil field 

location.   
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Observe at Stop 1.5 

The unconformable contact between the upper Miocene Monterey Fm and the Plio-

Pleistocene Paso Robles Fm is exposed here.  Degraded migrated oil filled fractures in 

the Monterey Fm (Figures 11b, 11c) and saturated the overlying coarse-grained, 

conglomeratic fluvial sandstone of the Paso Robles Fm (Figure B-11d).  Porcelaneous 

pebbles of recycled Monterey Fm are abundant in the Paso Robles Fm, indicating 

significant uplift and erosion of upper Miocene strata during late Pliocene and 

Pleistocene time.  This location is ~1.5 km east of the RRF, which just bypasses the San 

Antonio Dam to the west.  Transpressional motion along this fault and related fault splays 

is likely responsible for the exhumation of this oil accumulation. 

 

Return to the vehicle and carefully cross traffic to merge back onto Nacimiento Lake Dr / 

County Rd G19, heading east, back toward US 101 (6.6 mi).  Turn right on Jolon Rd / 

County Rd G18, cross under the highway, and turn right onto the ramp for US 101 N.  

Drive on US 101 N to Exit 258 / Alvarado Rd (5.9 mi).  You will see the San Ardo oil field 

on your right.  Turn left to cross west over the highway, and proceed right and up to a 

locked gate.  Park here for a panoramic view of the oil field. 

 

 

San Ardo Oil Field 

STOP 1.6  Reservoir Rock, Trap Formation and Accumulation: San Ardo Oil Field 

(35° 56' 51.92" N, 120° 52' 38.80" W) 

 

San Ardo Field Overview 

Due to the shallow depth of the San Ardo reservoirs (<1 km), the 10-13 °API gravity oil 

is moderately biodegraded and requires steam-assist procedures for effective recovery 

(DOGGR, 2010).  From this eastward-facing viewpoint, you are on the hanging-wall 

block of the Los Lobos thrust fault, which is concealed here but mapped between the 

highway and the river.  Petroleum migration to the San Ardo anticlinal structure relies 

primarily on the Los Lobos Fault, which connects the basal Monterey units to these 
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shallow reservoirs.  Additional migration assistance is provided by the eastward 

basement-onlapping sub-Monterey Vaqueros Formation, in conjunction with basement 

normal faults.  In addition to the San Ardo oil field, much smaller oil fields (six to eight) 

produce from age-equivalent shelfal sandstone units to the north, with production 

volumes of less than two million barrels of recoverable oil each (DOGGR, 2010). 

 

Reservoir Stratigraphy 

The reservoir and seal rocks occur within the shallow marine facies of the upper 

Monterey Fm.  Mudstones interbedded with sandstone units (Figure B-5) suggest fine-to-

coarse, deepening-shallowing depositional cycles.  This stratigraphic sequence is 

conducive to forming prospective reservoirs because it ensures that seal rocks cap all 

reservoir beds.  The stacked arrangement of sandstones also simplifies production 

planning because multiple reservoir compartments can be accessed with a single vertical 

wellbore.  On the other hand, the alternating stratigraphy complicates steam injection 

plans and must be considered when designing steam flood operations.  The primary 

reservoirs at the San Ardo oil field are the upper Miocene Lombardi and Aurignac 

Sandstones.  Good reservoir quality has been maintained due to their mature quartzo-

feldspathic compositions (Graham, 1987) and shallow burial histories. 

 

Trapping Mechanisms 

The deepening-shallowing depositional cycles along the late Miocene shelf produced an 

eastward "shingling" of sandstone units in the basal section of the upper Monterey Fm.  

These sandstone pinch-outs form stratigraphic traps in some of the smaller oil fields in 

the basin.  In addition, late Cenozoic transpression flexed and faulted the basement rock 

underlying the San Ardo field, doming the upper Miocene stratigraphy above.  This four-

way closure is the trapping structure responsible for containing the San Ardo oil 

(Graham, 1987).  Due to the relatively simple basement structure in the Salinas River 

Valley, structures of this magnitude are absent elsewhere along the fairway of reservoir 

rock. 
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Field Trip Conclusion 

The giant San Ardo oil field exists because the petroleum system events followed an 

effective temporal sequence.  Because generation, migration and accumulation of 

petroleum are controlled by the processes in the basin, key sedimentary and tectonic 

events must occur in alignment with the petroleum system events (Figure B-12). 

 

Developing an understanding of the Salinas Basin petroleum system beyond this field-

based assessment requires integration of all the elements into a dynamic and 

computational framework.  An effective approach in comprehensive petroleum system 

analysis is possible through basin and petroleum system modeling.  Assimilation of 

stratigraphic, structural and geochemical data into three-dimensional (3-D) models allows 

one to develop explanations for known accumulations (Figure B-13), and to evaluate the 

basin for additional prospectivity.  
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Figure B-1.  Petroleum system elements and processes, stratigraphy and structure of the Salinas Basin and 

field trip stop locations. 
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Figure B-2.  Geologic and Monterey Fm depth maps.  a) Geologic map is simplified from a compilation of 

7.5-minute quadrangle maps originally mapped by Thomas W. Dibblee, Jr., and re-published by the 

Dibblee Foundation and the Santa Barbara Museum of Natural History.  b) Contour map of depth to base of 

Monterey Fm relative to sea level.  This highlights the 40 km of separation along Reliz-Rinconada Fault 

which offsets the western side of the paleo-depocenter.  Depth map is modified from Marion (1986).  

Legend applies to a) and b).  See Figure B-3 for location reference map.  
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Figure B-3.  Location map of field trip route, stops and key geographic localities. 
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Figure B-4.  Generalized stratigraphy of the Salinas Basin.  The strata depicted here are the units relevant 

to the petroleum system; Cretaceous-Eocene strata are also present west of this study area.  Generalized 

rock types and paleo-water depths (PWD) are from Graham (1976).  Benthic foraminiferal stage and age 

framework are based on McDougall (2008).  PSE: petroleum system elements.  
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Figure B-6.  Pseudo-van Krevelen diagram demonstrating the range of Monterey Fm source rock kerogen 

types in Salinas Basin.  Modified from Mertz (1984).  
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Figure B-7.  Stratigraphy of the Sandholdt Mbr of the Monterey Fm based on outcrops in the Arroyo Seco 

area, including the section at Stop 1.1.  Modified from Mertz (1984).  Time scale updated following 

McDougall (2008).  
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Figure B-8.  Images of the Sandholdt Mbr of the Monterey Fm lithofacies, seen at Stop 1.1.  a) Photomicrograph of organic- and foram-rich shale.  White objects 

are foraminiferal tests.  b) Well-laminated, fissile shale.  c) Dark, organic-rich shale with white lenses and nodules of phosphate.  d) Thin to thick turbiditic 

sandstone and conglomerate beds interbedded with mudstone.  e) Phosphate nodule with differentially-compacted shale layers, indicating early formation.  f) 

Dolostone layer interbedded with well-laminated shale.  
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Figure B-9.  Images of Neogene structural deformation.  a) Outcrop expression of the Reliz segment 

of the Reliz-Rinconada Fault (Stop 1.2).  Photo is directed toward the NW.  Rocks on the western 

side of the faulted outcrop comprise the Hames Mbr of the Monterey Fm; the eastern side is made 

up of Pancho Rico Fm.  The fault strikes to the NNW, defining the abrupt change in relief from 

the valley floor to the western mountains.  b) Tight chevron folds in the Hames Mbr at a location 

~14 km NNW of Stop 1.4.  c) and d) Northeast-verging recumbent isoclinal folds in lower 

Monterey Fm siliceous strata at Stop 1.4. 
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Figure B-10.  One-dimensional basin models of burial history and source rock maturation in the a) Hames Valley and b) Arroyo Seco depocenters.  Source rock 

is highlighted with colors corresponding to thermal maturity predicted by the models, which are calibrated with Tmax pyrolysis data.  Modeling was completed 

using PetroMod
®
 software, version 2012.2.  
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Figure B-11.  Images of biodegraded migrated oil in outcrops at Stop 1.5.  a) The unconformity 

between Monterey and Paso Robles Fms is partially concealed by vegetation.  b) Fractures in the 

porcelaneous rocks are filled with migrated oil that has biodegraded to asphalt.  c) Migrated oil 

stains and streaks fracture surfaces in porcelanite.  d) Oil-saturated conglomeratic sandstone of 

the fluvial Paso Robles Fm. 
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Figure B-12.  Petroleum system and tectonic events chart for the Salinas Basin. 
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Figure B-13.  Three-dimensional oil migration and accumulation model demonstrates filling of San Ardo 

field with oil generated from the Hames Valley source rock.  Migration assumes flowpath (buoyancy-

driven) method only.  Modeling was completed using PetroMod
®
 software, version 2012.2.  

 


